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Review of 2018

2018 was a year in which we have achieved a lot: trying to set the course for the
future development of IFW. The most prominent decision in this respect was made
by the panel of international referees within the Germany’s Excellence Strategy, a
program designed to strengthen top-level research at universities in Germany. The
Technical University of Dresden could place six full proposals preselected in the first
stage of the highly competitive procedure. The IFW participated in three of them to
different degrees. It was a great success that among these three proposal the one
with the broadest IFW involvement has been approved, namely the Center of Excel-
lence - Complexity and Topology in Quantum Matter at TU Dresden and University of
Wiirzburg - in short ct.gmat. The IFW will be part of this unique research platform for
comprehensive studies of the fundamental physics of topological quantum materials
and their vast application potential. This achievement can be seen as a confirmation
of the leading position of the IFW's research on quantum and functional materials. It
also presents an ideal context in which the IFW can continue to strengthen its strate-
gic position in the scientific landscape both locally and internationally.

Another forward-looking decision was to start the preparations for a new building
and for strategic enlargement of IFW. The need for more laboratories comes from the
strong involvement of IFW in the ct.gmat cluster. Additionally the new building shall
provide space for the realization of an enhanced technology transfer including flex-
ible application labs for quantum and nanomaterials, endowed professorships and
a business incubator center to foster spin-offs in IFW research fields. In 2018 we
discussed these plans in detail both internally as well as with the Scientific Advisory
Board and the Board of Trustees. We are very happy to get strong support in this mat-
ter from both Boards, the ministry and the municipal administration.

The prerequisite for the realization of our ambiguous plans is a strongly positive vote
of the evaluation panel in 2021, not only for the strategic plans but also for the re-
search output of previous years. We are optimistic that we can achieve top marks for

Strained Nanoarchitectures Lab,
Photo: Jiirgen Losel
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our scientific work and will make every effort. Our research program with the three

pillars of Quantum Materials, Functional materials and Nanoscale Materials provides a
proven framework for that. It is well focused on the investigation of yet unexplored
properties of novel materials with the aim to establish new functionalities and ap-
plications. At the same time it is flexible enough to include new developments and
upcoming topics.

A good measure for the competitiveness of IFW is the success of third party fund-
ing proposals, especially by the German Research Foundation (DFG). In this respect
the IFW was very successful in 2018. A big success was the approval of the second
funding period for the Collaborative Research Centre “Correlated Magnetism: From
Frustration to Topology” (SFB 1143) at the TU Dresden. The IFW is strongly involved
in this Collaborative Research Centre. In the new funding period, from 2019 to 2022,
the SFB will consist of 19 subprojects four of them based at IFW. In 2018, the IFW
continues the strong engagement in DFG Priority Programs. The IFW coordinates two
DFG Priority Programs, one on high temperature superconductivity in Iron pnictides
(SPP 1458) and one on caloric effects in ferroic materials (SPP 1599). In further five
priority programs we participate with several projects, among them the newly formed
SPP on skyrmions.

In 2018, Dr. Aliaksei Charnukha has been awarded a prestigious German national
Emmy Noether Starting Grant funded by the DFG for a period of five years to establish
an independent Junior Research Group in the field of correlated-electron systems at
IFW. The new group investigates ordering and emergent phenomena as well as dy-
namic electronic properties of quantum materials by means of novel terahertz near-
field microscopy and spectroscopy at cryogenic temperatures.

Another field of competition and source of funding is the Leibniz Association. In
February 2018, Dr. Michael Melzer launched the first Leibniz Junior Research Group
on compliant magnetic sensors for e-skins, soft robots and healthcare. It will be
co-funded by the Leibniz Association for 5 years. Also in 2018 two IFW proposal

Lecture for Junior Doctors held by Branchentreff at IFW - meeting Honorary Colloquium for Prof. J6rg Fink
Prof. Jens Freudenberger and Dr. Andy Thomas, place for students with industry, on the occasion of his 80th birthday,
Photo: Hans-Giinther Lindenkreuz Photo: Crispin-Iven Mokry Photo: Hans-Giinther Lindenkreuz
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Prof. Oliver G. Schmidt recieves the Leibniz
Price of the German Research Foundation 2018,
Photo: David Ausserhofer

in the Leibniz competition have been approved: We get funding for a second Lei-

bniz Junior Research Group on correlated materials from first principles which will
start in 2019 and for the appointment of a female professor on the vacant directors
position.

In 2018 we launched the joint Ukrainian-German Project UKRATOP funded by the
Federal Ministry of Education and Research for four years. The scientific goal of
the project with the title “Topological order of electrons in solids: New materials,
Phenomena & application Concepts” is to design new high-quality materials with
exceptional surface and edge conditions resulting from their topological nature.
After the first recruiting workshop in Kiev in May 2018 eight young scientists and
students started their work at IFW in October 2018. In December we organized the
International UKRATOP Workshop “Topological Phenomena in Quantum Materials”
at IFW.

Another important project funded by the Federal Ministry of Education and Research
over the next three years is the network Q.Link.X for tap-proof communication. The
IFW is among the 24 partners that have joined their forces in the Q.Link.X network to
explore the key technology of quantum repeaters. The IFW project is concerned with
semiconductor quantum dots that can emit entangled pairs of photons and thus be-
come ideal information carriers for long-range quantum communication.

All these projects — and those financed by the European Commission - have been
acquired in a highly competitive mode. The success in these procedures is far more
than a financial asset, but proves the quality and competitiveness of IFW in its core
fields.

Three appointment procedures kept us busy in 2018. Despite significant efforts to
accelerate the recruitment of a new director of the IFW Institute for Complex Materi-
als this position is still vacant. We hope that our success in the Leibniz Program for
Women Professors will give new impetus to the joint procedure with TU Dresden and

Laser Lab, Laureate Colloquium at IFW on the occasion of the
Photo: Jiirgen Losel Leibniz Prize 2018 awarded to Prof. Oliver G. Schmidt,
Photo: Hans-Giinther Lindenkreuz
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lead not only to a successful appointment in 2019 but also to more female leader-

ship in science. The second appointment procedure was that for a temporary Joint
Junior Professorship with TU Dresden. In a very quick and cooperative procedure
Prof. Dr. Anna Isaeva has been appointed. The third appointment procedure has been
launched for a research group leader at IFW combined with a temporary professorship
for materials functionalization at the TU Bergakademie Freiberg. The announcement
has been published by the end of 2018. We are now looking forward to a successful
recruitment.

Looking back to 2018, some highlights of the Institute’s life will certainly be remem-
bered. The most prominent one was the Leibniz Prize award ceremony on March 19
in Berlin. Prof. Dr. Oliver G. Schmidt received the Leibniz Prize in recognition of his
outstanding work in the investigation, manufacturing and innovative application of
functional nanostructures. On this occasion we organized a colloquium at IFW where
the Saxon State Minister for Higher Education, Research and the Arts, Dr. Eva-Maria
Stange, and the President of Leibniz Association, Prof. Dr. Matthias Kleiner, appre-
ciated the work of Oliver Schmidt in their speeches. Afterwards the prize winner held
an impressive talk on his research that gave a taste of future projects for which he
would use the prize money.

Another highlight in 2018 was the “International Workshop on Electron and photon
spectroscopies of quantum materials” in the end of January, combined with the hon-
orary colloquium on the occasion of the 80th birthday of Prof. Dr. Jorg Fink. Fifteen
years after retirement, the former director of the IFW Institute for Solid State Re-
search still comes to work almost every day, contributing to the scientific output of
the institute in a very productive manner. His reputation in the scientific community
became visible in the broad and prominent participation in the workshop.

The IFW was also very active in organizing workshops and symposia outside the in-
stitute and in the framework of conferences, for example the session “Geometry and
Topology-Controlled Nanoarchitectures” and two further symposia during the Joint

Long Night of Sciences 2018 at IFW Dresden,
Photos: IFW Dresden
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Conference of the Condensed Matter Divisions of the DPG and EPS, in March in Berlin.

Other examples are the Heraeus-Seminar on thermoelectrics in Bad Honnef, the work-
shop on spin, waves & interactions in Greifswald and the bilateral workshop at SPIN-
TEC in Grenoble. In October 2018 the International Surface Acoustic Wave Sensor
& Actuator Symposium 2018 took place in Dresden. It was the second time jointly
organized by IFW Dresden, SAW Components Dresden GmbH and Silicon Saxony e. V.
Last but not least there have been some internal events that brought together IFW
members in a more social context, like the IFW summer day, the IFW health day and
the Christmas celebration.

Essentially publicly funded, we are obliged to make our research results public. In
2018, IFW scientists have published about 420 articles in scientific journals and con-
ference proceedings. 171 invited talks were presented by IFW scientists at confer-
ences, workshops, seminars and other occasions around the world. In 2018, we were
granted 12 patents, and applications for 4 more patents have been made. Apart from
these scientific communications the IFW continued its large efforts to make scientific
work accessible for the general public and to inspire young people to study science or
engineering. In total, we published 17 press releases. A particularly large media at-
tention was reached on a press release concerning a new broadband optical antenna
for highly efficient extraction of entangled photons. With a yield of 37% per pulse,
it is the brightest source of entangled photons reported so far. An article in nature
electronics on improved thermoelectric devices also received much attention in the
media.

The IFW has been engaged in joint events of the Dresden network of universities and
research institutions. The most prominent event in this respect is the Dresden Long
Night of Sciences which takes place once a year before the summer vacancies. In
2018, again, the IFW offered an ample program which attracted about 3500 visitors.
Another activity of the network is the event “Junior Doctor”. The IFW contributed
not only with an experimental lecture for about 80 kids on low temperature physics
in January but also with a special science show in the graduation ceremony which

Laboratories at IFW Dresden,
Photos: Jiirgen Losel
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took place in September. Besides these big events we organized almost weekly lab-

tours for various visitor groups, from school classes through official representatives
to guests from foreign organization.

So we are looking back to a successful year 2018 in the Institute’s development. We
are quite aware that this is due to the sustainable network of colleagues and part-
ners in universities, research institutes and industry, both, on the regional and the
international scale. We thank all of them for their constructive cooperation and are
looking forward to taking up future challenges together. Special tribute is paid to the
members of the Scientific Advisory Board and of the Board of Trustees as well as the
funding organizations that continuously support and foster the positive development
of the IFW.

QM 65& 9 4&:«&(

Prof. Dr. Bernd Biichner Dr. Doreen Kirmse

Scientific Director Administrative Director
Dr. Oleg Janson, head of the new Leibniz Junior Dr. Michael Melzer, head of the new Leibniz Dr. Aliaksei Charnukha, head of the new
Research Group on correlated materials from first Junior Research Group on magnetic sensors, Emmy Noether Research Group at IFW,

principles, Photo: private Photo: private Photo: IFW Dresden
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Facts & Figures

Organization

The Leibniz Institute for Solid State and Material Research Dresden (IFW) is one of
currently 95 institutes of the Leibniz Association in Germany. It is a legally inde-
pendent association, headed by the Scientific Director, Prof. Dr. Bernd Biichner, and
the Administrative Director, Dr. Doreen Kirmse.

The scientific body of the IFW Dresden is structured into five institutes, the directors
of which are simultaneously full professors at Dresden, respectively Chemnitz Univer-
sities of Technology:

m IFW Institute for Solid State Research, Prof. Dr. Bernd Biichner

m IFW Institute for Metallic Materials, Prof. Dr. Kornelius Nielsch

m IFW Institute for Complex Materials, Dr. Thomas Gemming (temporary)

m IFW Institute for Integrative Nanosciences, Prof. Dr. Oliver G. Schmidt

m IFW Institute for Theoretical Solid State Physics, Prof. Dr. Jeroen van den Brink
Further divisions are the Research Technology Division and the Administrative Divi-
sion.

Financing

The institutional funding of IFW is supplied by the Federal government and by the
German states (Ldnder). In 2018, this funding was EUR 32,862,000 in total.

In addition, the IFW receives project funding from external sources of about 8.2 mil-
lion Euro. Thereof, about 4.2 million Euro came from German Research Foundation
(DFG), 1.6 million Euro from European Union programs, 1.1 million Euro from Federal
Government projects, 0.3 million Euro from industry and 1.0 million Euro from other
donors including the Free State of Saxony.

Photos: Jiirgen Losel
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Personnel

On 31 December 2018, 481 staff members were employed at the IFW, including
93 doctorate students as well as 18 apprentices in six different vocational trainings
and two business students of a vocational academy. Additionally 48 fellowship hold-
ers worked at IFW, among them 19 doctorate students.

Gender equality, as well as work life balance, are defined goals of the IFW Dresden. In
2018, the percentage of women in scientific positions was 24 % and the percentage
of women in scientific leading positions was 27 %. The IFW is regularly audited for
the certificate “audit berufundfamilie” - a strategic management tool for a better
compatibility of family and career.

Number of publications and patents

In terms of publications, the qualitative and quantitative level remains high at the
IFW. In 2018, IFW scientists have published 420 refereed journal articles, a con-
siderable number of them in high impact journals. Furthermore, IFW members held
171 invited talks at conferences and colloquia.

By 31 December 2018, the IFW holds 87 patents in Germany and 105 international
patents.

Photos: Jiirgen Losel
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Research Area 1: Functional Quantum Materials

Pressure-induced dimerization and valence bond crystal
formation in the Kitaev-Heisenberg magnet a-RuCl,

G. Bastien, R. Yadav, R. Beltran Rodriguez, R. Ray, L. Hozoi, A. U. B. Wolter,
B. Biichner and J. van den Brink

Abstract

The magnetic properties of a-RuCl, are described by an anisotropic model of mag-
netic interactions between the Ru ions, whereby such interactions depend on the
direction of the Ru-Ru bonds (Kitaev interactions) on top of isotropic Heisenberg
interactions. A remarkable feature of such combined isotropic and anisotropic in-
teractions is the occurrence of a quantum spin liquid state under in an applied
magnetic field. We investigated the effect of hydrostatic pressure on the magnetic
properties of a-RuCl, by performing magnetization measurements, X-ray diffraction
and ab-initio electronic structure calculations. We discovered a pressure-induced
magneto-structural transition marked by a shortening of one-third of the Ru-Ru
bonds and a simultaneous formation of non-magnetic dimers along such bonds. As
a result, with increasing pressure, the magnetization collapses and a non-magnet-
ic valence bond crystal is realized. Overall, our study reveals the competition be-
tween the Kitaev magnetic interactions and the formation of metal-metal bonds
in a-RuCl, [1].

Introduction to the Kitaev-Heisenberg magnet a-RuCl,

Ruthenium- and iridium-based materials are known to crystallize in different geo-
metries and, due to strong spin-orbit coupling, exhibit a rich physical phenomena.
Of particular interest is the layered honeycomb magnet a-RuCl;, where the Ru** ions
within a layer span a regular hexagonal network (honeycomb lattice). Each Ru* jon
is surrounded by 6 CL ions forming an octahedra and two nearest-neighbor (NN) ions
share an edge of this octahedra. A large spin-orbit coupling of the 4d Ru ions in
such an edge-shared hexagonal network leads to a new type of anisotropic magnetic
interactions: the Kitaev interaction [2, 3], implying that the dominant spin com-
ponent involved in the interaction between two NN magnetic Ru** ions depends on
the direction between the magnetic ions. Due to large inter-layer separation in this
van-der-Waals layered compound, the low-energy physics of a-RuCl, is described by
Kitaev interactions between the Ru* jons with pseudospin-1/2 on the two-dimen-
sional honeycomb lattice in addition to the more isotropic Heisenberg interactions
[4]. The spin-1/2 Kitaev model of a two-dimensional honeycomb lattice is an exactly
solvable model which supports a quantum spin liquid (QSL) state [3]. QSLs are novel
states of matter characterized by the absence of long-range magnetic order down to
lowest temperatures together with a high entanglement of spins, and their magnetic
excitations cannot be understood within the framework of “conventional” magnets.
Therefore, a physical realization of such a state/model is of immense interest theo-
retically as well as experimentally.

While the presence of small but finite Heisenberg couplings in a-RuCl; results in
an antiferromagnetic long-range order at 7, ~ 7 K, a magnetic field of the order of
7-8 T applied in the honeycomb plane can suppress this magnetic order toward the
Kitaev-QSL state [5, 6, 7]. However, the role of other tuning parameters in inducing
the QSL state and realizing novel ground states stills needs to be elucidated further.
In this study, we, therefore, investigated the magnetic properties of a-RuCl, when
subjected to hydrostatic pressure.
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Magnetization measurements under pressure

Magnetization measurements under hydrostatic pressure were carried out using a
high resolution pressure cell developed at the IFW Dresden for a high accuracy mag-
netization measurement under hydrostatic pressure up to 6 GPa. Single crystals of
a-RuCl; obtained via a collaboration with the Oak Ridge National Laboratory, USA
were measured with this pressure cell.

The magnetic susceptibility % of a-RuCl; in the ab plane (honeycomb plane) is pre-
sented in Figure 1 (a) as a function of temperature and for different pressures. At
ambient pressure a phase transition into an antiferromagnetic state was clearly ob-
served at T, = 7 K. Under a small hydrostatic pressure of 0.24 GPa, another tran-
sition occurs at a much higher temperature T;, = 140 K marked by a reduction of
the magnetic susceptibility. This transition occurred at different temperatures when
the sample was warmed and cooled. At 0.6 GPa and higher pressures this transition
is shifted to higher temperatures, followed by a strong suppression of the magnet-
ic susceptibility below Ts,, indicating the onset of a non-magnetic ground state of
a-RuCl; under applied pressure. This suppression of the magnetization under pressure
is a rather unusual feature and reveals a new characteristic of the Kitaev-Heisenberg
magnet a-RuCl,.

The magnetization at 2 K as a function of the magnetic field applied in the basal
plane is represented in Figure 1 (b). At ambient pressure, the magnetization starts
from zero and slowly increases with the strength of the applied magnetic field, as
expected for an antiferromagnet until a critical value of y,H. = 7-8 T, where the an-
tiferromagnetic long-range order is suppressed and a QSL state is realized [6]. At
higher pressure p = 0.24 GPa, the magnetization already shows such an upward step
at piH. = 4.3 T. Since the temperature scan at 5 T, shown in the inset of Figure 1 (b),
confirms the absence of an antiferromagnetic transition above 4.3 T, this jump cor-
responds to the suppression of the antiferromagnetic order by an external magnetic
field, similar to the situation at ambient pressure [6]. Thus, the critical field nec-
essary to induce the QSL state is strongly reduced from the corresponding ambient
pressure value for p = 0.24 GPa. This suggests competition between the QSL phase of
a-RuCly and a non-magnetic state with increasing pressure. At even higher pressures
of 0.6 GPa and 1.8 GPa, the non-magnetic state wins over as seen by the clear col-
lapse of the magnetic response upto 5 T.

These results are summarized in the temperature-pressure phase diagram of a-RuCl,
given in Figure 2. a-RuCl, undergoes a pressure-induced phase transition at a rather
low pressure of 0.2 GPa from an antiferromagnetic into a non-magnetic state. The
transition temperature T, increases rapidly with pressure and reaches room tempera-
ture around p = 1.3 GPa.

X-ray diffraction under hydrostatic pressure and quantum chemistry calculations

In order to elucidate the microscopic origin of the pressure-induced transition at Ts,
toward a non-magnetic ground state and the nature of this state, high-resolution
x-ray diffraction under hydrostatic pressure was carried out by collaborators from the
Technische Universitdt Dresden, Germany and ESRF Grenoble, France. It was found
that T, also corresponds to a structural transition from a monoclinic into a triclinic
phase, where one third of the Ru-Ru links become shorter, as schematically shown
in Figure 3, i.e. a dimerization including all Ru ions takes place. The magnitude of
this change of the structure is remarkable: the corresponding Ru-Ru distance reduces
from 3.5 t0 2.9 A.
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Figure 1. (a) Magnetic susceptibility y of a-RuCl, as a
function of temperature for different pressures. A magnetic
field of 1 T was applied in the honeycomb plane ab. The
cooling and warming curves are indicated by black arrows
around the 0.24 GPa curve.

03 =1 . ; ; .

8 i _pozsor | @ RCly (b)
i ST > I=2K B
£ IV, ,* 0GPa
5 | A | il

= 021 f e s 1
x £ .

%&_’ s SaT

=0

Figure 1. (b) Magnetization of a-RuCl, at 2 K as a func-
tion of magnetic field applied in the ab plane for different
pressures. H, indicates the phase transition from the an-
tiferromagnetic order toward the field-induced quantum
spin liquid. The inset shows the renormalized magneti-
zation M/H at p = 0.24 GPa as a function of temperature
for magnetic fields of y,H =1 T and y,H =5 T. T, indicates
the magnetic phase transition from the antiferromagnetic
order to the paramagnetic state.
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Figure 2. Temperature-pressure phase diagram of a-RuCl,.
The filled and open black circles represent the transition
temperature T, at which the magnetization collapses, ob-
tained, by cooling and by warming the sample, respective-
ly. The red squares represent the transition temperature
T, from x-ray diffraction. The striped area represents the
region where phase separation occurs.
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Pressure

Figure 3. Honeycomb layer of the a-RuCl, structure at 300 K in the monoclinic phase at ambient
pressure (left) and in the triclinic phase at 2.08 GPa (right). The red ellipses represent the pressure-

induced Ru-Ru dimers.

Figure 4. Bonding (left) and antibonding (right) combinations of the relevant Ru orbitals on the
shorter Ru-Ru bonds of the crystal structure in the dimer state as obtained by ab-initio electronic
structure calculations, clearly showing an enhanced overlap in the bonding combination (left panel).

To clarify the implications of this structural transition and its relation to the mag-
netic interactions, we further performed ab-initio electronic structure calculations
at the IFW Dresden based on the refined crystal structures at different pressures as
determined by x-ray diffraction. These calculations revealed an enhanced overlap
of the higher energy occupied orbitals of the Ru** ions (see Figure 4) which favors
an opposite alignment of spin moments at the Ru sites participating in the shorter
bonds. This antiferromagnetic interaction between such neighboring Ru ions implies
the formation of non-magnetic dimers forming a valence bond crystal and explains
the collapse of the magnetization under hydrostatic pressure.

In summary, the combination of magnetization measurements, x-ray diffraction and
electronic structure calculations enabled us to determine the nature of the pres-
sure-induced phase transition in a-RuCl,. Our study shows that in a-RuCl,, under
pressure, Kitaev physics is in competition with the formation of spin singlet valence
bonds: indeed, a-RuCl, shows the occurrence of both a quantum spin-liquid state
under magnetic field, which is relevant for its topological properties, and a spin solid
under hydrostatic pressure, the spin singlet valence bond crystal.
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Engineering Kitaev exchange in stacked iridate layers:
impact of inter-layer species on in-plane magnetism

R. Yadav, M. S. Eldeeb, R. Ray, S. Aswartham, M. I. Sturza, S. Nishimoto,
J. van den Brink and L. Hozoi

Abstract

Novel functionalities may be achieved in oxide electronics by appropriate stack-
ing of planar oxide layers of different metallic species, MOp and M'0q. The simplest
mechanism allowing to tailor the electronic states in such stacked architectures is
of electrostatic nature: M-M’" charge imbalance. To clarify the effect of interlayer
electrostatics on Kitaev magnetic interactions, we focused on the iridate H,Lilr,0,,
a recently proposed realization of the Kitaev spin liquid. By quantum chemical cal-
culations, we show that the precise position of H* cations between magnetical-
ly active [LiIr20,]* honeycomb layers has a strong impact on Kitaev couplings. In
particular, stacking with straight interlayer 0-H-0 links is detrimental to in-plane
Kitaev exchange since coordination by a single H-ion of the 0 ligand implies an axial
Coulomb potential and unfavorable polarization of the O 2p orbitals mediating Ir-Ir
interactions. Our results therefore provide valuable guidelines for the rational design
of Kitaev quantum magnets, indicating unprecedented Kitaev couplings of = 40 meV
if linear interlayer linkage is removed.

Kitaev exchange and spin-liquid ground states in honeycomb iridates

The prospect of realizing spin-liquid (SL) ground states in layered honeycomb
materials with strong spin-orbit interactions has triggered intense research ac-
tivity in relation to these lattice systems. Quantum SLs are of particular inter-
est in connection with properties such as protection of quantum information and
the emergence of Majorana fermions. On a honeycomb lattice (Figure 1), the es-
sential ingredient for the formation of a quantum SL state is the so-called Kitaev
coupling (K) between nearest-neighbor (NN) magnetic sites, a bond-dependent
Ising-like exchange that must be large enough as compared to the more conven-
tional NN Heisenberg J. It reaches quite robust values for d° electron configurations
in iridium honeycomb oxides such as Na,Ir0, [1] but also in the ruthenium halide

RuCly [2]. In the latter, a SL phase is realized by applying an external magnetic
field [3].

Figure 1: Layered honeycomb network of IrQ; octahedra in H,LiIr,0,. For the the most idealized stack-
ing pattern, interlayer connectivity is realized through linear 0-H-0 links.
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One peculiar prediction on the quantum chemical computational side is an enhance-
ment of the Kitaev coupling K at large Ir-O-Ir bond angles [4]. The Ir-O-Ir bond an-
gles are 90° for cubic edge-sharing octahedra, but in most honeycomb compounds
they reach larger values due to trigonal compression of the oxygen cages. The larg-
est Ir-0-Ir bond angles so far have been reported for H,LiIr,0,, nearly 100°. Inte-
restingly, a SL ground state was recently inferred for this material [5]. We examined
in this context the Kitaev interactions of H,LiIr,0, by quantum chemical computa-
tional methods [6, 7] but for ideal stacking of the honeycomb layers found rather
modest K values as compared to, e.g., Na,Ir0, [1] and earlier predictions for 100°
Ir-0-Ir angles [4]. In particular, on both types of Ir-Ir links the Kitaev K is ferro-
magnetic, with K = =10 meV [6, 7]. The bond ‘asymmetry” is only 5 % and residual
Heisenberg interactions are weak; the ratio |K/J| is |K/J| = 6, which puts the system
relatively close to the ‘pure” Kitaev limit. The additional exchange anisotropies I" can
even exceed J in magnitude but being frustrating they do not act towards long-range
magnetic order.

From the values and bond asymmetry of the NN magnetic interactions, H,LiIr,0, ap-
pears to be indeed closer to the Kitaev model than any other A,Ir0, iridate
(A = Li, Na) considered so far. It is known, however, that in the A,Ir0, systems it is
not the residual NN couplings that cause, at low temperatures, the experimentally
observed zigzag ordered state, but the longer-range magnetic interactions that are
present as well, even if the latter can be weak and of the order of a few meV. To test
the situation for H,LiIr,0,, we computed a generic phase diagram by using the NN
quantum chemistry coupling parameters plus farther-neighbor isotropic Heisenberg
J's, second-neighbor (J,) and third-neighbor (J;). These calculations [6] were per-
formed as exact diagonalizations for 24-site clusters with periodic boundary condi-
tions, in analogy to earlier IFW studies [1, 2, 4]. We found that the quantum SL
phase is quickly destabilized by farther-neighbor interactions of Heisenberg type
(see Figure 2). If in H,LiIr,0, the values for J,, J; are similar to the ones in the A,Ir0,

Figure 2: Phase diagram obtained by exact-diagonaliza-
tion calculations using ab initio NN interactions and

variable second- and third-neighbor isotropic couplings
J, and J;. Schematic spin configurations are also shown.
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Figure 3: Ir,0, plaquette and the O 2p orbitals mediating superexchange on that plaquette. There are
two 5d t,, components per Ir site (not shown) having direct, m-type overlap with the O 2p orbitals
depicted in the figure. Adjacent H's strongly affect the d-p overlap matrix elements, through unfa-
vorable polarization of the bridging-ligand 2p functions

family, long-range magnetic order of zigzag type is expected for the NN effective
couplings computed on the basis of the crystal structure derived from x-ray dif-
fraction data [5]. A possibility for a quantum SL ground state remains only when
J,+ J;<1.2 meV. If such is indeed realized in H,LiIr,0;, the question arises why the
farther-neighbor magnetic interactions in this material are so much smaller than es-
timates made for the A,Ir0, systems.

Interlayer electrostatics, impact on Kitaev couplings

From a structural point of view, two groups of compounds can be identified within
the family of 5d° honeycomb iridates: Na,Ir0, and a-Li,Ir0,, where each cation in-be-
tween the honeycomb-like sheets has six adjacent oxygen sites, and Cu,Ir0; plus
H,LiIr,0, displaying 0-M'-0 contacts with just two oxygen NNs for each inter-lay-
er cation M’, if stacking faults are absent. For the latter type of interlayer connec-
tivity, coordination by a single M’ cation of each O ligand implies an out-of-plane
field and polarization of the 0 2p valence electronic cloud along the 0-M’-0 axis. We
quantified the effect of such anisotropic out-of-plane fields in additional calculations
where the two hydrogen ions next to the two O sites shared by Ir NNs were simply
taken away. We found that removal of two H’s next to the bridging ligands results
in a nearly four-fold increase of the Kitaev exchange between in-plane NN pseudos-
pin-1/2 sites: from = -10 meV to -40 meV by spin-orbit configuration-interaction
calculations.

A large amount of stacking faults was evidenced in H,LiIr,05, most probably related
to the rare situation in which H is bridging two adjacent O sheets. Having the hy-
droxyl bond in mind, it has been pointed out that an alternative way of writing the
chemical formula of this compound is LiIr,0,(OH),. An idealized picture arising from
this formula is then that of alternating [LiIr,06]* and [LiIr,(OH),]* honeycomb-like
layers (or slabs), the latter with all bridging O’s replaced by hydroxyl groups, as in
the related material Li,Pt(OH),. The weak bonding between layers and the inherent
stacking disorder is even better highlighted in such a representation, the frail hydro-
gen bonds 0-H-0 being more apparent. In this context, our results strongly suggest
the existence of both ‘“ideally stacked” (i.e., weak, = —10 meV) and ‘fault-present’
(i.e., strong, = -40 meV) Kitaev exchange couplings in H,LiIr,0,, which then makes
the modelling of the extended magnetic lattice more complicated.
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In sum, linear interlayer linkage with oxygen and inter-layer cation sites aligned
in three-center 0-M'-0 bonds reduces orbital overlap along Ir-O-Ir paths within
the honeycomb-Llike LiIr,0, sheets and the Kitaev couplings, through polarization
and bending towards the vertical 0-M'-0 axis of the Kitaev-active 0 2p orbital. We
demonstrated this for stacked [LiIr,04]*- honeycomb sheets with 0-H-0 linear link-
age but similar effects should govern the magnetism of related compounds such as
Cu,Ir0,. For the latter, the interlayer 0-Cu-0 linear contacts are also referred to as
dumbbell bonds. Interestingly, for the lighter inter-layer cation, a large amount of
stacking faults has been experimentally determined [5]. Our computational findings
indicate that randomness in stacking of the honeycomb layers and H-ion vacancies
would remove the axial cationic potential at least for part of the O ligands, which
yields an unparalleled Kitaev interaction strength of —-40 meV for Ir-O-Ir angles of
~ 100°, larger by factors of 2-3 as compared to the honeycomb Kitaev-Heisenberg
material Na,IrO, [1] and 6 in comparison to RuCl3 [2]. Our results therefore provide
valuable insights into the magnetism of the SL candidate H,LiIr,04 and additionally
simple rules for achieving the Kitaev SL ground state in other honeycomb iridates:
large Ir-0-Ir bond angles in the region of 98°, since J — 0 in that range [4, 7,
8], and coordination of the honeycomb-plane ligands by more than one inter-layer
cation. Both features, the nature and the position of ionic species next to the honey-
comb sheets and the size of the Ir-O-Ir bond angles, can be in principle more effec-
tively tailored in films and stacked heterostructures.
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Unraveling the Nature of Magnetism of the 5d“ Double
Perovskite Ba,YIrQ,

S. Fuchs, T. Dey, G. Aslan-Cansever, A. Maljuk, S. Wurmehl, B. Biichner, V. Kataev

Abstract

Predictions of exotic quantum states in complex iridium oxides have yielded a strong
interest to their magnetic properties. We report an electron spin resonance (ESR)
study of a peculiar member of this family, the double perovskite Ba,YIrO [1]. On gen-
eral grounds, it is expected to be nonmagnetic due to the strong coupling of the spin
and orbital momenta of Ir* (5d*) ions. However, controversial reports on either strong
antiferromagnetism with static order at low temperatures or just a weak paramag-
netism have triggered a discussion on the breakdown of the conventional scenario of
the strongly spin-orbit coupled ground states in the 5d* iridates and the emergence of
a novel exotic magnetic state. We show that the magnetism of Ba,YIr0Q, is solely due
to a few percent of Ir** and Ir®* magnetic defects while the regular Ir** sites remain
nonmagnetic. Remarkably, ESR data evidence spin-spin correlations between these
sites, suggesting a long-range character of superexchange in the double perovskites.

Introduction

Complex transition metal (TM) oxides feature an intimate interplay of spin, orbital
and lattice degrees of freedom as well as strong electronic correlations which give
rise to such fascinating phenomena as high temperature superconductivity (HTS), co-
lossal magnetoresistance, multiferroicity and many other intriguing effects. The car-
rier of spin S and orbital L magnetic moments in these compounds are TM ions with
the incompletely filled d-electronic shell. The superexchange interactions between
magnetic ions provided by chemical bonds yield complex quantum spin networks of
different topology which often exhibit unconventional magnetic behavior.

In many of the prominent members of the TM oxides family such as the celebrated
HTS cuprates the orbital momentum of Cu?® (3d°, S = 1/2) is quenched and the mag-
netic moment is of the almost pure spin origin rendering these compounds Heisen-
berg-like isotropic magnets. Importantly, for about 10 years, another subclass of TM
oxides — complex iridium oxides - have attracted an unceasingly large amount of
interest in the condensed matter community worldwide due to predictions of exotic
ground states in these materials, such as a spin-orbit assisted Mott insulating state,
quantum spin liquid phases, Weyl semimetallic behavior, and HTS (see, e.g., [2, 3]).
In contrast to the cuprates, the Irion in oxides possesses an orbital momentum L =1
and the strong spin-orbit coupling (SOC) characteristic of the heavy 54 TM ions cou-
ples S and L to the total angular momentum J. As a result, in its typical oxidation
state Ir*, the Ir jon (5d°, S = 1/2, L = 1) is characterized by the magnetic Kramers
doublet j4 = 1/2 which complex structure is in the core of theoretical models predict-
ing exotic magnetic behavior of iridates [4]. In contrast, in the case of Ir** (5d“), SOC
should yield a singlet ground state with the total angular momentum J = 0, making
Ir**-based iridates nonmagnetic.

In this respect, Ir** double-perovskite iridates Sr,YIrO,, Ba,YIrQ,, and their solid solu-
tions have received recently a great deal of interest due to controversial reports on
the observation of either strongly antiferromagnetic behavior with static magnetic
order at a low temperature [5, 6] or only a weak paramagnetism [7-9]. This has trig-
gered in turn a substantial number of theoretical works developing various scenarios
of the breakdown of the S-L coupling in 4d* and 5d* Mott insulators and its possible
relevance to the Ir** double-perovskite iridates [10-15]. Considering the controversy
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of experimental results and theoretical predictions, it was of paramount importance
to identify the exact origin of magnetic behavior of these compounds and to consoli-
date experimental findings with existing theories.

ESR spectroscopic identification of magnetic species

In the challenging task of identifying the origin of unexpected magnetism of the title
compound we have employed multifrequency electron spin resonance (ESR) spectros-
copy which enables to separate different contributions to the total static magnet-
ization, to study the dynamics and correlations of different spin species, to deter-
mine their spin multiplicity, and to measure their intrinsic spin susceptibility. Indeed,
Ba,YIr04 shows a rich ESR spectrum comprising several lines (Figure 1). At the small-
est excitation frequency v = 9.56 GHz one observes two low-field peaks characterized
with the spectroscopic g-factors g = 2.00 and g,; = 1.9 and the triplet set of lines at
the high-field side with g, = 1.49 (Figurela). Here, g = hv/(ugH,,) and h, pg, and H,
are Planck constant, Bohr magneton and resonance field, respectively. The single lines
g and g4 Can be straightforwardly assigned to magnetic species carrying the spin
S =1/2. With increasing v the g, and g, lines as well as the central line of the g,
triplet are getting progressively more separated from each other (Figure 1b) as is ex-
pected for ESR signals from the spin species with different g-factors. Remarkably, this
is not the case for the satellites of the g, peak. Being resolved at ~10 GHz, at higher
frequencies they remain hidden under the broadened main peak, suggesting that this
group of lines is characterized by the same g -factor g, = 1.49. Such a triplet struc-
ture typically arises from magnetic species carrying spin S = 3/2 which 4-fold degen-
eracy of the spin levels is partially lifted by the crystal field.

T T T T T T T T 120 }3|, = 82.18 GHz | Gen=20g =190 1
- F o i mid ¥
100 K 8
3 50 K = |8 Goore = 1.49
g @ |3 15 z
5 O 80F2 30 35 40 (b) i
T > Magnetic field (T)
=) Q
3 4K S 60} A ]
g Z T=4K 2
i S aof £ ]
| | v=9.56 GHz right | S =312 - =
Gleft Imid .%
§=12 S=12 . . ' . . 20 5 i
340 360 380 400 420 440 460 480 5 0.3 0.4 0.5
Magpnetic field (mT) ) < s S ST
0 1 2 3 4 5 6
Magnetic field (T)

Since the integrated intensity of an ESR signal I is proportional to the static
susceptibility y of the resonating spins [16], it is possible to evaluate individual
contributions of the magnetic centers in Ba,YIrO, to the total static magnetic re-
sponse and to analyse them in terms of the Curie-Weiss law LB} ~ x = C/(T - ).
Here C ~ gS(S + 1)n; is the Curie constant, n; is the spin concentration, and 6 is the
Curie-Weiss temperature being a measure of the magnetic interaction strength. The
results of such an analysis are summarized in Table 1. The total concentration of
spins contributing to the ESR spectrum =n; is about 4 % per unit cell, in agreement
with the static magnetic data [7]. The S = 3/2 centers have the largest 6 ~ -10 K and,
thus, are “more correlated” than other spin species contributing to the signals g
and g,,4. In the ESR response these magnetic correlations manifest in the broadening
of the signals below T~ 20 K (Figure 2).

Figure 1: (a) ESR spectra (field derivatives of absorption)
at v =9.56 GHz at three selected temperatures. The lines
at ~340 and ~360 mT and a triplet structure centered
around ~460 mT are labeled as gy, Giar aNd Giigner TESPEC-
tively, with the spin values assigned to each line;

(b) Frequency v vs resonance field H,., dependence of
the peaks in the ESR spectrum (data points). Solid lines
are fits to the relation hv = gugH,., yielding the g-factor
values as indicated in the plot. The insets show spectra
at two selected frequencies. Arrows in the upper inset in-
dicate the expected positions of the satellites of the g,
peak in the spectrum at 82.18 GHz which are resolved at
9.5 GHz (lower inset).
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Figure 2: Temperature dependence of the width AH

of the ESR signals g, Gmiar and Giigne (Main peak) at

v =9.56 GHz. The growth of AH(T) below ~ 20 K indicates
the onset of the critical regime characterized by the
slowing down of the timescale of spin-spin correlations
and a growth of their spatial extension. An increase of
the width of the g, line associated with S = 3/2 species
above ~ 35 K is characteristic for § = 3/2 systems where
the phonon modulation of the crystal field potential gives
rise to a T-dependent spin-lattice relaxation at elevated
temperatures.

Figure 3: Statistical analysis of the distribution of
magnetic centers on the double perovskite (DP) lattice
A,BB'O,. If Ir* (S = 1/2) and Ir** (S = 3/2) centers can
reside on both B and B’ sites the problem reduces to that
on the simple perovskite (SP) lattice ABO,. (a) Definition
of exchange path units in the DP lattice: between nearest
corner shared octahedral B'0g and BO; - p,; via two oxy-
gen bridges B’-0-0-B’ - p,; via the bridge B"-0-B-0-B’ - p,;
dis the geometrical distance between two selected sites;
(b) - (d) Examples of the clustering of defects (colored
spheres) on an SP lattice with the edge length of N = 21
sites with increasing their concentration n. The defects
are connected in a cluster by the maximum exchange
path length of 2p,. Defects belonging to the same cluster
have the same color. (a) n =2 %, practically all defects
are independent; (b) n =4 %, defects are coupled in mid-
size clusters; (c) n =10 %, practically all defects belong
to the same cluster.
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Origin of magnetism of Ba,YIr0,

The small number of magnetic centers in the studied samples of Ba,YIrO4 enable a
conclusion that the majority of Ir** (5d*) ions in this compound is in the expect-
ed nonmagnetic J = 0 state. Thus, the observed magnetic response can be due to
the defect Ir sites in the structure which are likely to occur in a real material. In
this respect, particular striking are the S = 3/2 centers. Only Ir* (5d°) ions have
such a spin value and can exhibit such a triplet ESR structure. A strong negative
shift of the g-factor g, = 1.49 from the spin-only value of g, = 2 can be naturally
explained by a combined influence of the second order SOC effect and the counter-
acting effect of the strongly covalent character of Ir-0 bonds of the highly oxidized
Ir* [17]. The S = 1/2 ESR line g, is characterized by a smaller negative shift of the
g-factor from g, = 2. It can be assigned to Ir** (5d°) centers with the effective spin
Jer = 1/2 covalently bonded with the ligands in agreement with ESR observations of
Ir* centers in other hosts with nearly cubic local symmetry [18,19]. Finally, the ESR
signal g« = g, = 2 presumably arises from some S = 1/2 defect centers without siza-
ble covalency effects, presumably from stable radical centers localized at structural
imperfections often found in oxide materials (see, e.g., [20]).

The fact that, despite a relatively small concentration of Ir-related defects, they ex-
hibit spin correlated behavior at low temperatures implies the significance of long
superexchange paths involving several oxygen bridges. This supports theoretical sce-
narios of the long-range character of magnetic interactions in the 5d double per-
ovskites [21,22]. In this situation, as our numerical simulations show (Figure 3),
magnetic defects may form extended correlated clusters even in a moderate concen-
tration of < 10 %.

Conclusion

Our multifrequency ESR experiments on the pentavalent iridium double perovskite
Ba,YIr0, reveal different paramagnetic centers with the total concentration of ~4 %
and completely explain the overall static magnetic response. The major contribution
can be unambiguously assigned to the defect Ir** S = 3/2 sites which show clear
signatures of magnetic interaction at low temperatures. These experimental results
give evidence that the regular Ir** (5d*) ions remain in the nonmagnetic J = 0 state
which rules out the scenario of the breakdown of the spin-orbit coupled j.¢ states in
the 5d* double perovskite iridates and the occurrence of a weak magnetic moment on
every Ir** (5d*) site.
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Table
Signal g-factor Spin 0 (K) IBR/ L ER (%) | 0y (%)
Jert 2.00 1/2 ~-2 ~7 ~0.6
G 1.99 1/2 ~-2 ~20 ~1.7
Gright 1.49 3/2 ~-10 ~73 ~1.9

Table 1: Parameters of the lines in the ESR spectrum of Ba,YIrO,: g-factor, spin value S,

Curie-Weiss temperature 6 obtained from the T-dependence of ESR intensities of individual lines
LBk~ = C/(T - 0), relative spectral weights of the signals I=*, and absolute concentration of spins
per unit cell n,.
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Figure 1: DMI-free magnetic skyrmion stabilized on the
Co spherical shell with radius 17 nm and easy-normal
anisotropy.

Multiplet of Skyrmion States on a Curvilinear Defect:
Reconfigurable Skyrmion Lattices

V. Kravchuk, D. D. Sheka?, A. Kakay?, 0. M. Volkov?, U. K. RoRler, J. van den Brink,
D. Makarov?, Y. Gaididei®

Abstract

Geometrical curvature of magnetic film modifies properties of topological magnetic
solitons: domain walls, vortices, skyrmions. Here we focus on new properties of chiral
magnetic skyrmions arising due to the curvature. We show that a skyrmion can be ef-
fectively pinned on a localized curvilinear defect. The pinning can significantly lower
the skyrmion energy. Thus, a skyrmion induced deformation of an elastic magnetic
film is predicted. Periodically arranged curvilinear defects can result in a skyrmion
lattice as the ground state. A skyrmion pinned on a curvilinear defect demonstrates
a multiplet of equilibrium states forming a ladder of energy levels. A switching be-
tween these states can be controlled by the pulse of magnetic field.

Topology meets curvature in magnetism

Micromagnetism is an area of solid state physics where topological solitons (TS) are
usual objects of study. A domain wall is the simplest example of a one-dimension-
al TS. Two-dimensional TS are divided into two groups: the meron-like and skyrmi-
on-like solitons, which have half-integer and integer topological charge (defined
by the “wrapping number” as degree of mapping from the physical two-dimensional
space to the Bloch sphere encoding the orientation of the magnetization vector),
respectively. Vortices in easy-plane magnets and chiral skyrmions in noncentrosym-
metric magnets are typical examples of merons and skyrmions, respectively. Existence
of 1D and 2D TS is reliably confirmed experimentally. This is in contrast to Hopfions -
the 3D TS, which were predicted four decades ago but they still require an experimen-
tal evidence. All these objects are solitons because of spatially localized energy den-
sity and they are topological because there is no continuous and local deformation
of the magnetization, which may unwind them, i.e. transforms them to the uniformly
magnetized state.

Besides the topological charge, most TSs are characterized by chirality - the bi-
nary quantity, which is associated with clockwise (CW) or counter-clockwise
(CCW) rotation. For example, chirality determines CW or CCW rotation of magnet-
ization in a Bloch domain wall when moving from one domain to another, it de-
termines CW or CCW magnetization circulation around the core of the magnet-
ic vortex. In planar films and rectilinear wires the TSs are doubly degenerate with
respect to the chirality. However, curvature of the magnet can lead to strong ef-
fects of the chirality symmetry breaking. For example, a domain wall on a Mdbius
stripe exhibits a coupling between geometrical chirality of the stripe and chiral-
ity of the domain wall magnetic structure, which selects a preferred chirality [1].
Velocity of the vortex domain wall on a tube is chirality dependent [2]. A magnetic
vortex on a spherical shell experiences a chirality-dependent deformation [3] and
demonstrates the chirality symmetry breaking in the process of the vortex polari-
ty switching [4]. Many effects of the chirality symmetry breaking can be explained
by emergence of the curvature induced exchange driven Dzyaloshinskii-Moriya
interaction (DMI) [5]. A prominent example of this effect is stabilization of
a magnetic skyrmion on a ferromagnetic spherical shell free of intrinsic chiral in-
teractions [6], see Figure 1. Thus, chirality is the point where topology meets
curvature.
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Curvilinear defects enrich physics of magnetic skyrmions

A chiral skyrmion is a localized particle-like TS, which is stabilized in films of non-
centrosymmetric magnets due to the presence of chiral interactions [7, 8]. Nontrivial
topology of skyrmions and efficient coupling with spin currents are promising con-
cepts for a number of spintronic applications, e.g. all current controlled computer
memory and logic elements, relying on the topological Hall effect [9]. In order to
use skyrmions in devices, their condensation into periodic lattices in the presence
of magnetic field has been deemed an important effect necessary to employ their
impact on electronic transport [8]. Our theoretical studies now demonstrate that an
array of curvilinear defects periodically arranged on the magnetic film can induce a
field free skyrmion lattice [10], see Figure 2(c). In this case, symmetry of the skyrmi-
on lattice can be arbitrarily controlled.

In order to study the curvature effects on skyrmion properties we consider a simple
model, which includes curvature and allows the skyrmion stabilization. Namely, we
studied a thin curvilinear ferromagnetic film which has the following magnetic inter-
actions: the isotropic exchange of the strength A, easy-normal uniaxial anisotropy of
the strength K, and the interfacial DMI of the strength D. This system has a length
scale [, = (A/K)"? and in statics it is completely controlled by a single dimension-
less parameter d = D (AK)™V2. The physical meaning of length [, is understood to fix
a typical domain wall width, and for common magnetic materials one can estimate
[, = 5nm. Parameter d is the DMI strength measured in units of the domain wall
energy density. For planar films, stable skyrmions exist under the condition IdI<4/x
and have the following features: (i) for a given value of d the skyrmion solution is
unique; (ii) the skyrmion energy is always higher than the energy of the uniform
perpendicular state, i.e. the planar skyrmion is an excitation of the ground state. The
curvature changes both of these well known features.

For a curvilinear magnetic film in form of an arbitrary surface of rotation we derived
a general equation, which describes all possible equilibrium magnetization states
of the film [10]. Generally, this equation has topological as well as non-topological
solutions. An example for a certain case of a curvilinear defect in form of GauRian
bump is shown in Figure 2. There is a number of principal differences as compared

Figure 2: Individual skyrmion profiles and skyrmion
lattices. (a): Equilibrium magnetization states of a single
GauRian-shaped concave bump are shown in a vertical
cross-section view. Arrows indicate the magnetization
distribution with the normal component coded by the
color. The insets I, II, I" and II show the magnetization
profiles in terms of ©(s) - the angle between magnet-
ization and normal to the surface as a function of the
distance along the surface. Vertical shows distribution
of the corresponding energy levels in units of energy of
the Belavin-Polyakov soliton. The GauRian bumps have
amplitude A = 3/, and radius r, = . (b): Two skyrmion
states with big (I) and small (II) radii are shown on the
same bumps arranged in a square lattice. These skyrmion
solutions can be considered as logical states “1” and “0”
of an information bit. (c): Skyrmion lattice as a ground
state.
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Figure 3. Diagram of skyrmion states for Gaulian bump
with radius r, = (. In the white area the skyrmion
solutions does not exist. Number of any other area (see
legend) coincides with the number of stable skyrmion
solutions. At least one skyrmion solution exists within
the gray area ‘0", however the bump center is a position of
unstable equilibrium for it. Within the other areas the cor-
responding number of skyrmions are pinned at the bump
center. The horizontal dashing shows areas where one of
the multiplet skyrmion states is the ground state

of the system. Star marker shows parameters of Figure 2.

to the planar case: (i) Topologically non-trivial (Q = 1) as well as trivial (Q = 0) solu-
tions are generally not unique: for given values of geometrical and material parame-
ters a set of equilibrium magnetization states can appear with a ladder of energy lev-
els. This makes the curvilinear defect conceptually similar to a quantum well with a
finite number of discrete energy levels. However, in contrast to the quantum systems
only transitions between levels with the same Q are allowed. Such transitions are
expected to be accompanied by emission or absorption of magnons. (ii) The lowest
energy level can be a topological non-trivial (Q = 1) skyrmion state. Therefore, cur-
vilinear defects arranged in a periodical lattice generate a zero-field skyrmion lattice
as a ground state of the system, see Figure 2(c).

Let us consider skyrmions of small and big radii, which are shown in the Figure
2 (a,b) as states I (“1”) and II (“0”), respectively. Their radii are close to extrema
points of the GauRian curvature. The radius of skyrmion II is one order of magnitude
smaller than the radius of the skyrmion stabilized by the intrinsic DMI in a planar
film for the same value of d. Thus, the small radius skyrmion is stabilized mostly by
the curvature induced DMI [6], while the big radius skyrmion is a result of the coop-
erative action of the intrinsic DMI and curvature. Note also that the big and small
skyrimons have opposite chiralities. This is a result of direct competition of the in-
trinsic and curvature induced DMIs. The topologically trivial state I' can be treated as
a joint state of small and big radii skyrmions, which compensate topological charges
of each other. And the state II" is an intermediate one between uniform m = e, and
normal m = n states, what reflects the competition between exchange and anisot-
ropy interactions. The structures of the states I and I" as well as states II and II" are
very close but differ in the presence or absence of the small-radius skyrmion at the
bump center. In Figure 2(a) we show only stable solutions with the total change of
magnetization tilt angle not larger than . Solutions with the larger variation of the
tilt angle, so called skyrmioniums are in principle also possible.

[0] :unst.
[1] :singlet
:doublet
:triplet AN

-3 -2

In order to systematize possible skyrmion solutions that can appear on Gauldian
bumps, we build a diagram of skyrmion states, see Figure 3. For the given bump am-
plitude and value of the DMI constant all equilibrium radially symmetrical solutions
(topological as well as non-topological) of the Landau-Lifshitz equation have been
numerically constructed. Then a linear stability analysis was applied for each of the
solutions. The results are presented in form of the diagram, Figure 3. The following
general features can be established: (i) The range of skyrmions existence widens with
increasing bump amplitude. (ii) For a wide range of parameters (gray area ‘0) the
skyrmion centered on the bump experiences a displacement instability because the
bump center is a position of unstable equilibrium. (iii) In the vicinity of the critical
value IdI = 4/m there is a wide area of parameters (the dashed area), where the skyr-
mion state has the lowest energy in the class of radially symmetrical solutions.
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Our systematic theoretical study establishes bumpy or otherwise curvilinearly dis-
torted ferromagnetic films as promising arena for the stabilization and control top-
ological solitons. In particular, switching between different pinned skyrmion states
may endow such films with novel functionalities for spintronic applications.
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Mapping Chiral 3D Magnetic Textures at the Nanoscale

D. Wolf, S. Schneider, D. Pohl, F. Harder, J. Krehl, B. Rellinghaus, K. Nielsch,
B. Biichner, A. Lubk

Abstract

Novel synthesis methods and the discovery of complex magnetic textures at the na-
noscale triggered an expansion of nanomagnetism into three dimensions (3D) explor-
ing unconventional magnetic configurations [1] such as skyrmions with correspond-
ing applications in field sensing [2], magnetic memory [3], and spintronics [4, 5].
Further advances in nanomagnetism including skyrmionics particularly depend upon
the ability to build a fundamental understanding of the full 3D spin texture including
its coupling to surfaces and interfaces as present in devices. Here we report on the
development of high-resolution 3D magnetic field mapping techniques and applica-
tion to chiral magnetic textures (including skyrmions), addressing several technolog-
ical and conceptual challenges.

Introduction

Advances in nanomagnetism depend upon the ability to build a fundamental un-
derstanding of materials in which complex 3D magnetic textures can be generated,
stored and manipulated. A prominent example is the large class of chiral textures,
such as magnetic vortices and skyrmions, which occur by balancing multiple mag-
netic interactions, with the symmetry of the latter playing a crucial role. In particu-
lar, magnetic skyrmions are stable and highly mobile textures with a topologically
non-trivial non-coplanar spin structure. The existence of skyrmions has been theoret-
ically predicted with crucial contributions from scientists of the IFW Dresden [6-8]
before their direct observation in bulk and thin film chiral magnets [9, 10]. The con-
cept has transformed our approach to spintronics because it provides an example of
how nanometre scale magnetic inhomogeneities may address fundamental challenges
of high data rate, low energy electronics for information technologies. Indeed, in
the wake of this discovery, a whole zoo of non-trivial textures [e.g. 11-13] including
different types of skyrmions, magnetic bobbers, or merons have been theoretically
predicted and eventually found in different material classes and geometries - with
the goal to exploit these nanosized solitons as information bits in data storage and
to perform logical operations by moving them in magnetic nanostructures [14, 15].
Studying 3D magnetic configurations at the nanoscale requires new techniques for
high resolution imaging of spin textures.

Several Transmission Electron Microscopy (TEM) techniques such as in-line electron
holography [5] or off-axis electron holography [16] have been heavily used for stud-
ying magnetic configurations in nanoscale geometries as they facilitate the quanti-
tative measurement of the projection of in-plane (i.e. perpendicular to the beam)
components of the magnetic induction (B-field) [21, 22]. In the double aberra-
tion-corrected FEI Titan3 80-300 microscope of the IFW, recently equipped with an
electrostatic biprism for off-axis holography, magnetic structures, down to several
nanometers depending on the thickness and magnetization of the sample of interest,
can be resolved. A higher “magnetic” resolution in the magnetization component
parallel to the electron beam and thus perpendicular to the sample surface may be
achieved by means of a measurement of the electron-energy-loss magnetic chiral di-
chroism (EMCD) [18]. As with the X-ray counterpart of this approach (X-ray magnetic
circular dichroism, XMCD), this method allows for the element-specific measurement
of the asymmetry in projected density of states of the majority and minority out-of-
plane spin and orbital angular momentum states of 3d transition metals [19].
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To employ the technique for the investigation of nanomagnetic textures, we recently
revisited the theory of EMCD in order to identify diffraction conditions, in particular
the sample thickness and the crystal orientation, which maximize the typically small
EMCD signal (e.g., in helimagnets) [20]. If additional symmetries or other boundary
conditions are present it is occasionally possible to derive the 3D magnetic configu-
ration from one projection only. However, the reconstruction of arbitrary fields (most
notably chiral ones) calls for an extension of the conventional 2D mapping on which
we elaborate in the following.

Tomographic Electron Holography

Indeed, combining off-axis electron-holographic magnetic field mapping and to-
mography (part of which developed in the IFW) allows for quantitatively recon-
structing spin textures in 3D [21, 22]. In order to reconstruct the 3D distribution
of the vector field B, a tilt series of holograms (projections) has to be recorded and
fed to tomographic reconstruction algorithms. By tilting about a particular axis, we
obtain a complete set of projections of the Cartesian component parallel to that
tilt axis, which suffices to reconstruct that component tomographically in 3D (see
Figure 1). This approach has been previously used by us to study, e.g., magnetic
nanowires [20, 21]. To reconstruct the full vector field B three tilt series around per-
pendicular axis are necessary. Commercially available TEM specimen holders, howev-
er, allow tilting only about two independent axes. Therefore, we have to use the so-
lenoidal character of the B-field, i.e. div B = 0, to obtain one unknown component.
The whole acquisition and reconstruction process is elaborate involving various
alignment, registration and reconstruction steps (see [21, 22] for details of these
crucial steps). In the result section the first example of a full EHT reconstruction
of magnetic states in a stacked Cu-Co nanowire is shown. Note that in addition to
the previously mentioned limitations imposed by the tilt geometry of the specimen
holder a number of other technological challenges currently prevent the application
of the technique to a wider range of problems notably including magnetic textures
under cryogenic conditions as well as magnetic textures stabilized by external mag-
netic fields such as skyrmions. Recently we undertook the first step to overcome
these and result of a first EH tilt series on spin textures in isotropic helimagnets,
namely Fe, sCo, ,sGe, are shown below [23].

Results

Employing dual-tilt-axis EHT we reconstruct the remnant magnetic configuration of
an electro-deposited Co/Cu multilayered nanowire (NW) (Figure 2). The 3D structural
and chemical distribution was obtained simultaneously from the mean inner poten-
tial tomogram (Figure 1c) reconstructed from the electric phase shift of the NW. The
3D magnetic induction distribution has a spatial resolution of approximately 10 nm
and reveals the presence of vortex states and homogeneously polarized states in the
individual Co disks. Moreover the vortex states are individually canted with respect to
the NW axis. A deeper analysis involving micromagnetic considerations reveals that
the presence of different magnetic states as well as the canting can be traced back to
the shape of the individual Co disks as well as local anisotropy variations.

To extend the tomographic investigation to skyrmion textures, notably those in B20
helimagnets (Fe,4;Co,;Ge in our case), the holographic tilt series has to be recorded
under cryogenic conditions and applied external field rotating with the sample. While
we currently work on a magnetic field holder, liquid nitrogen cooling can be facili-
tated by using a dedicated cooling holder. Pertaining technical limitations of these
holders restrict the tilt angle to +30° in this case preventing a full tomographic re-
construction.
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Figure 1: Principle of EHT for the 3D reconstruction

of intrinsic electro-magnetic fields. A tilt series of
holograms covering a tilt range of 360° is recorded,

and reconstructed holographically. The resulting phase
image tilt series is separated in its electric/magnetic
part by calculating half of the sum/difference between
opposite (180° mutually tilted) projections. To obtain
the 3D electric potential the tilt series of electric phase
image is tomographically reconstructed. To obtain the 3D
magnetic field, i.e. one component in direction of the tilt
axis, the magnetic phase images need to be differenti-
ated in direction perpendicular to the tilt axis prior the
reconstruction.
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Figure 2: 3D reconstruction of a Co/Cu multilayered
nanowire (NW) by EHT. (a) The electric phase shift (grey
scale) is proportional to the projected potential of the
NW. (b) The magnetic phase shift (red-white-blue) is pro-
portional to the magnetic flux illustrating the stray field
of the NW. (c) The electrostatic potential displays the
3D morphology of the Cu (blue) and Co (red) segments.
(d) Direction of the 3D magnetic induction representing
the magnetic configuration within the Co cylinders, i.e.,
(counter-)clockwise ([C]CW) vortex states (e=h). The
outer Co segments (i,j) are magnetized almost homo-
geneously in mutually opposite direction. This explains
why a magnetic stray field leaks out of the NW at these
positions as observed in the magnetic phase shift (b).

Figure 3: Dependence of the in-plane magnetic induction
on the specimen tilt around the propagation axis of the
helical phase in a Fe, 4;C0, 0sGe nanoplatelet. (a) In-plane
component B, normalized to the specimen thickness. The
tomographic tilt axis and the direction of the thickness
gradient are indicated by black arrows. The inset shows
the corresponding L-TEM image. (b) Line profile of the
projected in-plane magnetic induction Bx along the red
arrow in (a) and sinusoidal fit using the function denoted
above. (c) B-field amplitudes B, obtained from likewise
determined fits to the induction maps as function of

the tilt angle. Simulations for (z-invariant), pure helical
spirals (solid line) and with chiral surface twist (dashed
line) are included for comparison. (d) Amplitude A of the
undulation of the magnetic stripe contrast (perpendicular
to the helical axis) around its mean value as a function of
the thickness in units of the modulation length L.
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We therefore compared the information obtained from a cryogenic external-field-free
tilt-angle-limited tilt series of the helical phase and quantitative reconstructions of
projected in-plane magnetic fields in the skyrmion lattice from off-axis holography
with different surface modulations of the skyrmion texture, e.g., the chiral surface
twist (Figure 3). The results suggest that none of the previously proposed 3D spin
texture modulations for skyrmions can explain the observed effects of overall damp-
ing of the projected fields and their modulation under rotation, and more compre-
hensive tomographic studies are require to explore this surface modulation [23].
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To sum up, our results facilitate the generation of a complex picture of the mag-
netization behaviour in various nanomagnetic configurations, which allows to set
up a micromagnetic model including exchange, demagnetizing field, and crystalline
anisotropy, within the exact geometry of the nanomagnet. We anticipate further im-
provements by including additional tilt series (e.g., employing improved 3-tilt axis
tomography holders), improved vector field reconstruction schemes and adapted
micromagnetic modeling of the magnetostatic potential, explicitly exploiting the
a priori knowledge of the B-field. The technique holds large potential for revealing
complex 3D nanomagnetization patterns, e.g., in chiral magnets, nanomagnets (e.g,
nanowires) and frustrated magnets, currently not possible with other methods at the
considered spatial resolution regime.
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Research Area 2: Function through size

Selective laser melting and recent trends in processing of
Cu-based shape-memory alloys

T. Gustmann, P. Gargarella?, U. Kithn and S. Pauly

Abstract

A Cu-based shape-memory alloy with the nominal composition (wt%) 81.95Cu-11.85
Al-3.2Ni-3Mn was additively manufactured via selective laser melting. Bulk as well
as complex designed samples with a high relative density of up to 99 % could be
fabricated in order to analyze the interrelations between the processing, micro-
structure and, for instance, the transformation behaviour. The transformation tem-
peratures were studied by means of calorimetry and compared with those of other
rapidly cooled specimens, viz. spray-formed material. The processing has a strong
impact on the resulting grain size as well as the thermal history and, therefore, on
the shape-memory properties.

The findings in our work imply that selective laser melting is a promising manufac-
turing technique for Cu-based shape-memory alloys in the near future. It allows an
adjustment of the transformation temperatures already during manufacturing with-
out the need of a subsequent heat treatment as usually required for conventional
manufactured counterparts.

Cu-based shape-memory alloys

Often called “smart materials”, shape-memory alloys (SMAs) are able to recover a
shape change caused by plastic deformation on heating. This reversible shape recov-
ery is known as shape-memory effect (SME) [1-3]. It is related to the transformation
of a low-temperature phase (martensite) to a high-temperature phase (austenite)
and vice versa, which can be stress-induced or temperature-induced [1].

The probably most widely-used shape-memory alloy, near equiatomic NiTi, is only
operational up to temperatures of about 353 K [1-2]. Hence, extensive research
has been conducted in order to increase the transformation temperature (e.g. aus-
tenite-start: A;) by developing new alloy compositions, that can be applied at
temperatures above 373 K, the so-called high-temperature shape-memory alloys
(HTSMAs) [3]. The HTSMAs based on NiTi like TiNiPt or NiTiHf are relatively expensive
and difficult to manufacture [1]. Therefore, another group of materials derived from
Cu-based alloys has attracted attention, mainly due to their relatively low manufac-
turing costs and promising shape-memory properties [4-7].

Especially Cu-Al-Ni-Mn alloys (e.g. 81.95Cu-11.85Al-3.2Ni-3Mn [5]) are interesting
in terms of applications because of their improved thermodynamic stability and due
to transformation temperatures that can be adjusted in a broad regime [1, 7]. This
provides important advantages in the field of actuation and sensing, where SMAs can
be used e.g. as springs, wires or strips [2]. Yet, these alloys are inherently brittle in
the polycrystalline state due to intergranular cracking, which is mainly caused by a
high elastic anisotropy [1]. This anisotropy is more pronounced in coarse-grained
alloys, which are generally produced under relatively low cooling rates [1, 7]. It has
been shown that the poor workability of coarse-grained Cu-Al-Ni-based alloys can be
partially overcome by refining the microstructure through the addition of grain refin-
ers such as Zr [5], Ti [7] or Mn [8]. An alternative route for grain refinement in Cu-
based shape-memory alloys constitutes in rapid solidification like spray forming [9]
or additive manufacturing, viz. selective laser melting [4-6].
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With its high intrinsic cooling rates, selective laser melting (SLM) creates a bulk
part layer by layer through melting of specific, predefined small volumes of a powder
bed. The processing of a thin powder layer, typically below 100 pm, on massive sub-
strate plates in combination with small laser spot diameters results in a fast
removal of the heat comparable to quenching [10]. These unique processing condi-
tions have a strong impact on the microstructure (e.g. grain size) and, in turn, also on
the martensitic transformation. Especially the transformation temperatures of Cu-
based shape-memory alloys are known to strongly depend on the grain size next
to factors like chemical composition and the phases present [1, 5]. It is known
that for Cu-based shape-memory alloys the transformation temperatures decrease
with decreasing grain size [6, 9]. This makes SLM a very attractive method to process,
because the resulting microstructure consists of relatively small grains. First of all,
the material becomes more ductile [5]. On the other hand, the microstructure and
the transformation temperatures can be tailored to some extent due to the possibility
to control the energy dissipated into the powder layer (powder layer thickness
z = constant) [13]:

E=P/v-h-z (1)

by adjusting the laser power (P), the scanning speed (v) and the spacing between
two neighbouring tracks (h), the so-called hatching distance [4-6, 11]. This unique
tool does not exist for conventional manufacturing techniques such as casting.

Selective laser melting of 81.95Cu-11.85Al-3.2Ni-3Mn

A key aspect of samples prepared by SLM is the resulting porosity, which can be rel-
atively high compared to conventionally processed material (e.g. as-forged) and
which is usually detrimental for the mechanical properties [12]. Therefore, the pro-
cess parameters had to be optimized first for processing of the shape-memory al-
loy (wt%) 81.95Cu-11.85Al-3.2Ni-3Mn in order to obtain almost defect-free samples
during SLM (see Figure 1a).

In order to determine a suitable process window for SLM fabrication, selected param-
eter combinations from single-track experiments (see [4]) were transferred to the
manufacturing of bulk samples with 8 x 8 x 8 mm?® (z = 0.09 mm). The highest relative
density was achieved for a range of energy inputs from 30 to 40 J/mm? by using a
high laser power of 330 W, which improves melting, scanning speeds from 700 to
1200 mm/s and hatching distances from 0.12 to 0.16 mm (cf. Tab. 1). A computer
tomography image of a one-way shape-memory effect demonstrator (tension spring,
see Figure 1b) shows the size and distribution of residual pores (see Figure 1c). The
formation of pores during SLM, even if optimized parameters are used, strongly de-
pends on the processing conditions such as the powder material, sample geometry or
part orientation [12]. However, it could be observed that the process parameters de-
veloped for bulk parts were also suitable for the fabrication of lattice structures and
more or less complex demonstrators with relative low porosity (tension spring: mean
equivalent pore diameter - dy, = 0.085 mm; d,;, = 0.03 mm; d,,, = 0.138 mm).

Microstructure and transformation behaviour

A SLM sample with high relative density was used to study the phase formation by
means of X-ray diffraction and compared to spray-formed material (see [9]). The
chemical composition was found to be similar for both specimens and did show only
slight deviations from the nominal composition (e.g. SLM in wt%: 82.05Cu-11.84Al-
3.21Ni-2.9Mn). For both materials, only B°;-martensite was found and the formation
of oxides could be avoided due to the low amount of oxygen (< 200 ppm) in the
samples.

building direction &%

Figure 1: Substrate plate (50 x 50 x 15 mm?) with a set of
scaffolds and a tension spring produced by SLM (a).

The tension spring in the initial state (b) is used as a
demonstrator to illustrate the one-way shape-memory
effect. The depicted area was investigated by X-ray
computer tomography (CT, top view illustration) before
testing (c). It should be noted that all pores (red,

volume fraction = 0.5 %) detected in the indicated
sample volume by CT are projected onto the cross section.
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Figure 2: Optical micrograph from the centre of a spray-
formed (a) and SLM sample perpendicular to the building
direction (b). The insets show SEM images of the marten-
sitic microstructure. Martensite laths are visible and can

vary in size and arrangement.

In addition, the grain sizes were determined for the spray-formed and SLM material
as shown in Figure 2 and Tab. 1. The insets of Figures 2a and 2b show the typical
martensitic microstructure. The determination of the grain size is slightly aggravated
because both processing techniques either lead to a more or less pronounced gradi-
ent microstructure (spray forming: see [4]) or elongated grains (SLM, see Figure 2b).
The relatively large scattering of grain sizes in the SLM part is characteristic for this
manufacturing process and also occurs for other alloys [11]. Smaller grains prefer-
entially form at the overlap of melt track margins (region ii, see Figure 2b). Here,
refined grains with typical sizes of about 15 pm can be found. In contrast, large grains
(region i, around 65 pm), elongated in the direction of the heat flow, can be found
in the center of each melt track. The grains in the spray-formed material are substan-
tially bigger (138 + 28 pm), owing to the large dimensions of the billet and thus the
resulting lower cooling rate [9]. In the SLM samples, the grains exhibit only diameters
around 45 + 33 pm (SLM: high energy input, cf. Tab. 1). Thus, the SLM technique is an
efficient method to produce refined microstructures of 81.95Cu-11.85A[-3.2Ni-3Mn.

Tab. 1 also lists the transformation temperatures of the spray-formed and SLM spec-
imens. The transformation temperatures are in the range as referred in [9, 14].
A minimum of two samples each (two cycles) were measured by means of differ-
ential scanning calorimetry (DSC) and in Figure 3, the curves of the reverse (mar-
tensite-to-austenite: heating) and forward (austenite-to-martensite: cooling) trans-
formation are plotted for both processing techniques. There is a reversible change
from monoclinic f°, to a cubic B,-phase. A relative small thermal hysteresis (A-M,,
cf. Figure 3) of around 15 K was found, what is consistent with literature [1, 7, 9].
While the hysteresis of SLM samples shows only slight deviations between the first
(14 K) and the second cycle (13 K), the difference for spray-formed samples was
more pronounced (13 Kand 9 K, respectively). In other words, it can be seen that the
transformation temperature differences between the first and second cycle are only
negligible in contrast to the spray-formed material.

The transformation temperatures of Cu-based shape-memory alloys have been re-
ported to depend on the grain size [7] and to obey a Hall-Petch relation [14]. The
present results imply a similar behaviour as it can be seen by the shift of about
50 K of the curves towards higher temperatures if the grain size is increased (cf.
Tab. 1). Furthermore, the DSC results reveal that the transformation temperatures
of 81.95Cu-11.85Al-3.2Ni-3Mn can be controlled during selective laser melting by
modifying the energy input [6]. This illustrates the high potential of SLM not only for
processing this material with a refined microstructure but also to directly adjust its
transformation temperatures.

Conclusions

The shape-memory alloy 81.95Cu-11.85Al-3.2Ni-3Mn was successfully processed by
selective laser melting. The alloy solidifies into 3°;-martensite with a refined micro-
structure due to the high cooling rates during processing. Using an energy input be-
tween 30-40 J/mm?, bulk specimens as well as more complex designed samples can
be fabricated with high relative density.

The transformation temperatures in the present alloy are very sensitive to the grain
size/cooling rate. With increasing grain size they tend to shift towards higher values.
Nonetheless, the variation of the transformation temperatures in contrast to the de-
viation in the grain size is significantly small. As a reason, further microstructural in-
vestigations were conducted to fully clarify the correlation between the processing
technique, the transformation behaviour and the mechanical properties (e.g. deform-
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ability, shape recovery) [6, 15]. The present work shows that selective laser melting
can be used to produce parts of a Cu-based shape-memory alloy whereby the trans-
formation temperatures can be tailored in situ. In contrast to conventional manufac-
turing techniques, additional post-processing steps are not needed.
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Tables

Tab. 1: Relative densities, grain sizes and the transformation temperatures of selected
81.95Cu-11.85Al-3.2Ni-3Mn samples prepared by spray forming and SLM (low energy
input: £ = 30.9 J/mm?, high energy input: £ = 38.1 J/mm?3). The characteristic tem-
peratures are defined as in Figure 3 and represent the values from the second cycle.

Sample Relative density | Grain size Ajeak Meai
(%) (um) (°0
Spray-formed 99.0+0.5 138 +28 152+1 140 £ 1
SLM (low energy input) 98.8£0.1 44 £ 30 102+1 89+1
SLM (high energy input) 98.9+£0.1 45 £33 106+ 1 90+1

Normalized heat flow

//

75 90 105 120 135 150 165
Temperature (°C)

Figure 3: DSC-curves of a spray-formed and SLM sample
(energy input: £ =33 J/mm?). The shift in the trans-
formation temperatures to higher values in case of the
spray-formed material is attributed to the lower cooling
rate during processing or rather the larger grain sizes

(cf. Figures 2a and 2b, see Tab. 1). Beside the peak
values, the four characteristic temperatures of the diffu-
sionless phase transformation are A,, A;, M, and M, which
means austenite-start, austenite-finish, martensite-start
and martensite-finish, respectively.
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Abstract

The precise temperature control of optoelectronic devices is detrimental for their
operation. Thermoelectric coolers produce chilliness when an electric current is ap-
plied, and could therefore be important elements of a local thermal management for
such devices. But so far, miniaturized thermoelectric coolers have not yet been im-
plemented for this purpose since a fabrication technology of micro-thermoelectric
coolers (u-TECs) that is compatible with semiconductor technology needed to be im-
plemented and the performance of such devices demonstrated. Here we show that
u-TECs fabricated by a combination of lithographic structuring and electrochemical
deposition techniques feature high reliability and fast response times. These devic-
es survived more than 10 million duty cycles and one month of steady-state opera-
tion without degradation at cooling response times of one millisecond. To achieve
these mile stones, fabrication technology as well as device design and device char-
acterization were developed and optimized. By directly coating the deposits of the
thermoelectric material after the electrochemical deposition, the electrical contact
resistances between thermoelectric material and metal electrode could be drastically
decreased. By using finite element analysis we further optimized the device geome-
try, especially the thicknesses of the electrical top and bottom contacts.

Local cooling by y-TECs

Next generation electronic devices require intelligent thermal management strategies
in order to remove high density heat fluxes from the active electronic parts. The ther-
mal challenge grows with advancing levels of integration. Jointing more and more
functionality into ever-decreasing space increases the thermal budget, i.e. the heat
flux densities. Especially optoelectronic devices demand a very precise thermal sta-
bilization in order to produce a precisely defined wavelength. Hence, hardware solu-
tions for a smart and efficient thermal management are sought for. y-TECs utilizing
the Peltier effect could locally cool electronics, provide an active temperature control
and mitigate hot spots. To make this vision reality, the fabrication technology needs
to be developed, the p-TEC device geometry with all its components optimized, as
well as the performance of the y-TECs characterized [1, 2].

Amongst the variety of thermoelectric materials and processing technologies, we re-
alized the p-TECs by the electrochemical deposition of tellurium-based thermoelec-
tric thick films combined with micro-structuring by lithography. Such a technology is,
in principle, compatible with semiconductor fabrication technology in the comple-
mentary metal-oxide-semiconductor (CMOS) back-end fabrication line. The deposi-
tion of the functional films is done at room temperature and the approach is scalable.

Specific features of the p-TECs design and device integration

An as-prepared array of y-TECs is shown in the scanning electron microscopy (SEM)
image of Figurel (left). A color-coding is added to parts of the SEM image to identify
the components of the y-TECs. The size of the active thermoelectric material (green
and red) is approximately 30 pm x 40 pm x10 pm - the optimal geometry of the
n-type and p-type material may vary as a consequence of different intrinsic material’s
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properties, Seebeck coefficient, electrical conductivity and thermal conductivity, of
the two semiconductors. The metal top contact is free-standing. Usually, thermoelec-
tric devices do not have a free-standing top contact but a second substrate with the
top contacts, so that both substrates sandwich the active thermoelectric material.
This creates a situation in which differences in the thermal expansion coefficients
of the different materials (n-type, p-type semiconductor, metal) produce thermome-
chanical stress during operation because the constrained geometry does not allow for
the expansion. But due to the free-standing design of the p-TECs, thermal expansion
during operation does not create a critical failure mechanism, as will be seen later.

The integration of the y-TECs is envisioned in a way as shown in Figure 1 (right). The
active laser component will be enclosed by the y-TEC so that it is covered by the met-
al bridge. This still results in a situation in which the total device can expand to the

top upon cycling and transfers the cooling to the component below the metal bridge.

Extremely high cycling reliability and stability of the p-TECs

The cooling of the y-TECs is characterized by a thermal imaging technique. Hereby,
the temperature induced changes in the reflectivity of the top surface of the devices
are measured while electrical current is applied. Given a calibration, the temperature
difference between the device in its on- and off-state can be deduced. Further, the
device’s response during the full duty cycles is accessible, as well as the average re-
sponse of several devices connected in series. An averaging over several duty cycles
reduces the signal-to-noise ration. A false-colored thermal image of two y-TECs in a
series-connection during duty is shown in Figure 2 (a). Using this thermal imaging
technique, it is demonstrated that the y-TECs show an optimum cooling at an applied
current of approximately 80 mA, see Figure 2 (b), well in accordance with a finite ele-
ment (FE) simulation. The maximum cooling is reached within a time faster than 1 ms
(not shown here) which represents a very fast response time of the device.
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Figure 1) y-TECs and concept of device integration.
Left: Scanning electron microscopy view of y-TECs
characterized by their free-standing metal bridge, in part
color-coded to visualize n-type and p-type (green and
red) thermoelectric material, as well as free-standing
metal-bridge (blue). Right: Concept of device integration,
in an optimized design that refers to our thermoelectric
n-type and p-type materials with different intrinsic
materials properties, hence also different geometry of
both legs. The schematics visualize the step-by-step
fabrication technology, starting with bottom contacts,
deposition of the thermoelectric legs of both types and
deposition of the metal bridges. The p-TECs encloses a la-
ser and supports the control of the temperature stability.

Figure 2: Cooling performance of y-TECs. (a) Optical
microscopy image of an integrated p-TEC device and
thermoreflectance images with applied electric current
of 4 mA, 21 mA and -21 mA. (b) Net cooling temperature
of two leg pairs in an electric current range from 5mA

to 140mA at room temperature (~20 °C) and ambient
environment. The inset shows the optical and thermore-
flectance images with applied electric current of 70 mA.
Figure and figure caption reproduced with permission from
Ref. [1], G. Li et al, Nature electronics 1 555-561 (2018),
copyright Nature publishing group 2018.
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Figure 3: Device durability of y-TEC devices. (a) Long-
term cooling stability test of two-series connected y-TECs
with constant applied current of 70mA. The black dots
represent the net cooling temperature and the red stars
represent total resistance of these two p-TECs. (b) Cycling
reliability of y-TECs with cooling pulses (1ms on and 4 ms
off), represented as the cooling temperature as a function
of cycling number and cycling time for two spate exper-
iments: cooler 1 for the first experiment (black squares)
and cooler 2 for the second experiment (red star). Figure
and figure caption reproduced with permission from

Ref. [1], G. Li et al, Nature electronics 1 555-561 (2018),
copyright Nature publishing group 2018.

Cycling Number

The most remarkable feature of the p-TECs is their extremely high reliability. For ap-
proximately 1000 h of constant duty, there was almost no decrease in the measured
temperature difference, AT, observed, characterized using two in-series connected
U-TECs, see Figure 3 (a). A slight increase in the internal resistance of those u-TECs
was seen in the first 100 h of the experiment, and a steeper increase after 100 h. In
another experiment, fast electric current pulses were applied to y-TECs, and their
response characterized. Hereby, the electric current was applied for 1 ms, the off-
time was 4 ms. It was shown for two different py-TECs that more than 10 million
cycles could be applied without degradation. This extremely high cycling reliability
is a specific feature of the here prepared y-TECs and has not been demonstrated in
literature before. The reason is found in the fabrication technology (i) and in the de-
vice design (ii): (i) We implemented a processing in which the active thermoelectric
material is instantly metallized after deposition. By this, we reduced the electrical
contact resistances compared to state-of-the-art devices, and improved the adhesion
between thermoelectric material and metallization. The interface between thermo-
electric material and metallization is often the source of device failure or degrada-
tion, and consequently the improvements of the interface quality are reflected by
a high device reliability and stability. (ii) We used a p-TECs design that features a
free-standing metal bridge. This allows for a thermal expansion with only a minimal
thermomechanical stress within the devices. Therefore, this y-TECs design supports a
high device reliability and stability, too.

Design guidelines for p-TECs by finite element analysis

The p-TECs design and further performance optimization of the p-TECs requires an
analysis of the thermal and electrical fluxes within the devices. Therefore, the impact
on the performance from the geometry of all components, i.e. thermoelectric mate-
rial, bottom contact, top contact, as well as the arrangement of the y-TECs on the
substrate was analyzed by finite element simulation using realistic material’s proper-
ties defined by our technology, as well as the geometrical constrains of the intended
application. Especially the optimal thickness of the top and bottom contacts were in
the focus. Other than in macroscopic thermoelectric devices, the distribution of the
electrical current lines as well as the heat spreading ability of the contacts needs to
be considered, resulting in specific design guide lines for micro-devices. By using
finite element simulation, we obtained the current and temperature distributions of
the p-TECs under realistic materials’ properties assumptions.
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We showed that an increased thickness of the metallic contacts enables an over-
all reduction of the internal resistance of the device by minimizing Joule heating
losses, being this a counterintuitive mechanism. Additionally the metallic contacts
improve the heat spreading ability which results in an increase of performance of
the p-TECs.
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Rolled-up microcoils for ESR and NMR
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Abstract

We report the realization of miniaturized electromagnetic resonators, inductive and
mutually coupled coils, by rolling up ultrathin films into cylindrically shaped devices,
and proof their functionality by electron spin resonance (ESR) and nuclear magnetic
resonance (NMR) measurements, where such coils are used for excitation and detec-
tion of electronic and nuclear spins, respectively [1]. Further development of these
coils have the potential for applications in electronic devices as well as in strongly
downscaled, compact ESR and NMR spectrometer. The success of this work is based
on the concentrated joint efforts of two institutes of the IFW and their specific ex-
pertise. On the one hand the unparalleled knowledge on rolled-up nanotechnology
developed at the IIN, and on the other hand the profound expertise on NMR and ESR
spectroscopy at the IFF.

Introduction

The key challenge of modern large scale ESR and NMR devices is the resolu-
tion and sensitivity which strongly depend on the filling factor of the resona-
tor volume and on the strength and homogeneity of the applied static magnetic
field. The latter factors require application of helium cooled superconducting
magnets increasing the overall system cost and the size. The size of the system
relates to the volume of the analyzed material, which should be kept as high as
possible to approach a unity filling factor of the resonator. The resonator of an
NMR system is a coreless magnetic solenoid that transfers energy in the form of
radio frequency (1 MHz -1 GHz) resonantly to the nuclei of a material. More com-
plex geometric structures are required for ESR resonators due to much higher fre-
quencies (5 GHz -1 THz) to transfer energy to electrons. The combination of com-
plimentary NMR and ESR techniques in portable devices will be a breakthrough
in comprehensive materials analysis. Miniaturization of resonators is the cru-
cial step towards the overall down-scaling of resonance based systems, their cost
efficiency and a broad spreading via portable rapid analytical systems. Further-
more, soft-matter research and rapid testing of biological moieties often de-
mand small analytical systems due to limited sample quantities of e.g. thin mem-
branes, porous media, cells and low concentration biological solutions. Therefore,
small volume detectors, sampling systems and miniature-integrated electronics are
essential.

Small-scale NMR of sample volumes down to 5 nL was first demonstrated using a
standard resonator copper coil, which was wrapped around a capillary [2]. Later,
planar coils on a chip have been realized for both NMR [3, 4] and ESR [5-8]. This
allowed high-throughput analysis by insertion of multiple probes into a single mag-
net [9] involving even a microfluidic system design [10] to sample probes. Howev-
er, planar NMR coils on a chip suffer from low sensitivity and a construction-related
inhomogeneous distribution of oscillating and static magnetic fields. For ESR, the
main issue is the magnetic coupling efficiency of the oscillating magnetic field and
the sample [6]. Moreover, special shim coils are usually applied for high resolution
chemical NMR, and gradient coils are used for magnetic resonance imaging (MRI).
On a micro scale, implementation of all the elements is, however, a challenging
task.
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Here, we report the fabrication of cylindrical micro coils (Figure 1a), and demon-
strate their functionality by NMR and ESR experiments [1]. It is especially important
to achieve an ideal cylindrical shape [11] of the resonators, shimming and gradient
coils, and to integrate them within a single device on a chip to realize a high degree
of magnetic field control at the micro scale. The small-scale cylindrically shaped de-
vices are either created in a sequential one-by-one fabrication routine [12] or pro-
cessed in parallel by planar microfabrication techniques requiring numerous prepa-
ration steps and large occupied areas on the microelectronic chip surface. The NMR
and ESR experiments prove the unique features of these highly sensitive micro coil
electromagnetic resonators, and their high quality factor.

Rolling up microcoils and their fabrication

Fabrication of microscale solenoid coils is a demanding task for conventional micro-
fabrication technologies. Fortunately, the rolled-up technology is well suited for this
task clearly demonstrating the potential for realization of various configurations of
coils revealing inductors and transformers (Figure 1). Integrated with capacitors in a
single fabrication process these devices could reveal extremely sharp resonances re-
quired for electronic and spectroscopic applications. The fabrication of the coils and
whole resonators is accomplished on a planar surface applying conventional clean
room based microfabrication processes and novel shapeable polymeric materials
which were developed at the IFW [13, 14]. The fabrication begins with pretreatment
of the wafer surface that imply cleaning and functionalization with self-assembled
molecular layers that improve adhesion of the polymeric layers. Then the three lay-
ers of polymers, namely the sacrificial layer, the hydrogel layer and the reinforcing
layer (Figure 1b) are directly lithographically patterned on these wafers. Once the
polymers are ready, a layer of a conducting material (Cu) is structured on the surface
of the reinforcing layer resulting in “IT” shaped conductors. The layers were self-as-
sembled into tubular “Swiss-roll” architectures upon etching off the sacrificial layer
and swelling of the hydrogel layer resulting in an enhancement of the inductance
and reduction of the footprint area to almost 50 time its initial value (Figures 1c, d).
A simple structuring of the planar conductor allow a fine tuning of the final 3D coils
revealing zero pitch flat cable coils or helixes (Figure 1e).

Proof-of-principle ESR and NMR experiments using microcoils

We have applied the microscale self-assembled coil as an NMR transducer to
probe nuclear spin states in a small volume of a model material. The self-assem-
bled microcoil was introduced in a commercial NMR probe forming an LC resonator
(Figures 2a, b). In this configuration, the microcoil is able to transfer energy into
the material subsystem and receive the response signal. We used glycerin in the inner

Figure 1: Illustration of the self-assembly of functional
3D magnetic components using shapeable ultrathin films.
a) Self-assembled and encapsulated 3D device revealing
coils and their mutually coupled configurations.

b) Shapeable layer stack consisting of three distinct
polymeric structures, namely, the sacrificial layer (SL),
the hydrogel (HG) layer, and the reinforcing polyimide
(PI) layer. c) The latter possesses a two-layer structure
where the first layer (PI 1) is equipped with fixators

and the second (PI 2) layer develops crack propagation
edges (CPEs), which helps to release the brackets during
the rolling process and guide the overall self-assembly
process. d) Rolling of a straight wire leads to a Swiss
roll coil, e) while rolling of the tilted wire forms a helix
geometry.
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Figure 2: Self-assembled high-quality microcoils and mi-
croresonators applied for NMR and ESR characterization.
a) Microtubular self-assembled architecture possessing
an opening of 330 pm suitable for insertion of a small
amount of an NMR sample. b) Rolled-up self-assembled
devices integrated into a commercial NMR probe. Inset:
Magnified view of the device. ¢) NMR response of glycerol
shows characteristic peaks at the correct positions, which
is compared to a regular Cu wire solenoid. d) Self-assem-
bled high-quality microresonators that were fabricated in
a batch wafer-scale process. e, f) Optimal design of the
3D resonator was simulated and fabricated using shapea-
ble ultrathin films. g) The high-Q resonator demonstrates
variation in the resonance frequency and the quality
factor among three devices fabricated in a single run.

h) Measured response peak of the DPPH radicals in a mag-
netic field of around 196 mT and f = 5.5 GHz.

1,j) Several versions of rolled up structures revealing
various geometries of conductors.

opening of the rolled-up structure for the test measurement. Glycerin shows two hy-
drogen (*H) peaks at about 3 and 4.5 ppm, which are revealed by a standard solenoid
copper coil possessing a diameter of d = 0.6 mm and a length of L =2 mm (Figure 2c).
In the same figure, we demonstrate the first successful NMR measurements performed
with the self-assembled microcoil. The signal shows a clear signature of *H in glyc-
erin at the correct resonance frequency. The broader line width for the signal of the
rolled-up microcoil compared to the standard solenoid copper coil is expected for
small scale coils [2] and just confirms the functionality of the transducer.

Furthermore, we demonstrate the feasibility to realize high-quality LC resonators
without using external capacitors just relying on an alternative planar layout of the
conductor to form a parallel plate capacitor and the coil in a single-batch self-assem-
bly process (Figure 2d). The resonator, in its 3D shape, was fabricated in the same
process as the microcoils with the only difference in the planar layout of the con-
ductor. The most prominent design (Figures 2e, f) achieved a quality factor > 40.000
(Figure 2g). In this design, the coil stripe (Figure 2e right) is shifted away from the
capacitor stripe (Figure 2e left) in order to ensure spatial separation of electric and
magnetic fields in the assembled state. The self-assembled structure contains a cy-
lindrical parallel plate capacitor (Figure 2e) and the multi-winding inductor, resulting
in a high quality factor resonator tank. For testing, a simple ESR setup was built
integrating the microcoil ESR resonator (Figure 2f). The setup was equipped with a
strong biasing electromagnet, a shimming couple of coils, and small field scanning
coils supporting a very precise settling of the magnetic field between the pole shoes
(2.5 pT). We used 2,2-diphenyl-1-picrylhydrazyl (DPPH) as the model material,
which is an important functional agent in chemistry for ESR monitoring of the anti-
oxidation activity of biologically relevant substances [14]. The material was loaded
into the resonator and characterized with an applied magnetic field, which was swept
around 196 mT. The central field of 196 mT corresponds to the ESR resonance of
DPPH free radicals at about 5.5 GHz which is close to the resonance peak of the cho-
sen resonator (Figure 2h). We had to choose the field and an appropriate frequency
range between 5.48 and 5.53 GHz measuring the return loss (511) to find resonance
characteristics of the micro resonators (Figure 2g). The variation in characteristics of
the resonators accounts for a slight sensitivity of the high-Q device to a deviation of
geometric parameters of the rolled-up structure. A subtle variation in the diameter
or the winding misalignment can be dramatic for the device performance affecting
the capacitance or the inductance [15]. The resonator design is sufficiently tolerant
toward this issue (Figure 1a) purely relying on the planar conductor design among
other less stable structures (Figures 2i, j).

== yolencid ol de0.Bmm x 2mm, T Tesls
—red up cod 3u0.3mm x 0 1men. 3 Tess

548 550 551 552 553
1/ GHz




42 Research Area 2 FUNCTION THROUGH SIZE

Conclusion

We have designed, fabricated and tested rolled-up cylindrical micro coils, trans-
formers and resonators relying on shapeable polymeric ultrathin films. We could
demonstrate a fully parallel wafer scale process. The overall process allows omit-
ting a number of intermediate steps, which are otherwise required in conventional
2D processing schemes. We showed for the first time that shaping of the initially
planar structure like a conductor can lead to >50 times more compact 3D inductive
coils with enhanced inductance. Sensitive micro coil electromagnetic resonators
were realized, and their application for micro scale NMR and ESR spectroscopies was
demonstrated. Application of NMR inert materials and other measures to create a
homogeneous magnetic surrounding of the micro coil will substantially increase the
resolution of the rolled-up NMR micro coils. Shimming and gradient coils can be ac-
commodated within the same geometry to define the magnetic field profile of the
resonators. We envision applications of these magnetic self-assembled devices in mi-
croelectronics, radio frequency, communication devices and power converters.
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Figure 1: Schematics showing two types of photonic
molecules formed by nanomembrane-based tubular cavi-
ties. (a) Tube-sphere system. (b) Schematic showing the
varying excitation position and corresponding coupling
regimes. (c) Process flow showing the formation of con-
centric microtube ring cavities.

Coupling phenomena in microtube optical cavities

J. Wang, Y. Yin, Q. Hao, Y.-D. Yang, S. Valligatla, Y. Zhang,
E. Saei Ghareh Naz, Y. Li, C. N. Saggau, L. Ma, and 0. G. Schmidt

Abstract

Nanomembranes have been explored as a fascinating platform for confining and
guiding lightwaves. The investigation of optical confinement and energy transfer
in nanomembrane-based photonic molecules potentially provides new insights into
the manipulation of mode coupling for fundamental research and practical applica-
tions. Recently we proposed and experimentally demonstrated coupling phenomena
in novel types of photonic molecules which are formed by trapping a microsphere
into microtube cavity, and particularly concentric microtube ring cavities. These ex-
perimental demonstrations enable the formation of hybridized supermodes in nano-
membrane-based photonic molecules and allow for flexible tuning between weak and
strong coupling regime in an on-chip integrated form.

Split resonant modes in nanomembrane-based photonic molecules

Photonic molecules formed by coupling microcavities, especially those featuring
whispering gallery mode (WGM) resonances, have been demonstrated as a powerful
platform for studying strong interaction of two or more eigenstates and unfolding rich
physical phenomena [1]. The conventional strategy requires precision manipulation of
microcavities into close proximity so that evanescent field-assisted coupling occurs at
the outer tangent site of neighboring cavities with the same shape [1, 2]. However,
such a scheme might be prone to external disturbance. Recently, we have explored
novel strategies of optical coupling in a system made of a microsphere trapped in a
microtube [3], and in a concentric dielectric ring structure which enables efficient
light interaction along the whole concentric resonant orbit [4], as shown in Figure 1.

Figure 1(a) schematically shows a photonic molecule consisting of a microtube
formed by rolling up Si0,/Si0, bilayer nanomembranes and a trapped microsphere.
Resonant WGMs supported by the microsphere and microtube get coupled with each
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other, leading to the occurrence of hybrid modes. As illustrated in Figure 1(b), a
resonant orbit overlapping with the tangent point of the sphere-tube system leads to
maximized optical interactions in the strong coupling regime, while a shifted excita-
tion leads to an enlarged coupling gap and suppressed coupling strength.

In an alternative strategy, coating of high-index Ti0, layers on both inner and outer
surface by atomic layer deposition (ALD) results in a concentric tubular structure
(see Figure 1(c)). As such, the thin nanomembrane layer (down to ~100 nm) serves
as a low-index spacing layer with rigid mechanical stability. The rolled-up nanomem-
brane thickness determines the inter-cavity coupling strength.

In the following, we focus on the concentric microtube ring cavities to illustrate
the optical coupling phenomena in nanomembrane-based photonic molecules. As
shown in Figure 2, a pair of split supermodes are revealed by numerical calcula-
tions, namely symmetric (S) and anti-symmetric (AS) modes (see Figure 2(b)). The
S mode suggests parallel electric field vectors distributed in the inner and outer
high-index layers while the AS mode comprises antiparallel vectors along the reso-
nant orbits. Through spectral detuning of the two modes, strong coupling between
two modes potentially leads to a hybridized resonant orbit, as shown in Figure 2(c).
The mode intensity maximum oscillates across the concentric rings along the full
orbit.

Figure 3(a) shows the evolution of resonant modes in TM (transverse-magnetic,
electric fields parallel to the tube axis) mode upon a gradually increased coating
thickness. The original high order axial modes are highly suppressed because of the
degraded optical confinement along the axial direction. Meanwhile, the original fun-
damental mode splits into S and AS modes with decreased Q factors. Two-dimen-
sional numerical simulations based on the finite-element method was carried out to
visualize the split S and AS modes in the cross-sectional view. Figure 3(b) and (c)
shows the simulated mode field intensity distributions of S and AS modes, respec-
tively. The S mode suggests a strong overlap with the outer cavity and also a sig-
nificant portion in the middle low-index spacing layer, while the AS mode reveals a
strong mode localization in the inner cavity and a much weaker field in the spacing
layer.

Mode detuning by a varying nanomembrane winding.

The coupling strength between S and AS modes can be characterized by spectral de-
tuning of one mode. The common scheme with localized thermal tuning could be
technically difficult in a concentric ring system. Here the variation of winding num-
ber W along the axial direction effectively changes the average thickness of the
middle spacing layer. As shown in Figure 4(a)-(b), a patterned nanomembrane with

Figure 2: Scanning electron microscopy (SEM) image and
schematic showing the concentric ring system and the
supermodes. (a) SEM image showing the cross-sectional
view of fabricated concentric rings after cutting by fo-
cused ion beam. (b) Calculated electric field amplitude of
S and AS modes. (c) Schematic showing the evolution of
the resonant orbit in a single ring and concentric rings
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Figure 3: Measurement and simulation results of split
modes in concentric rings upon TM polarization.

(a) Evolution of resonant modes upon coating thickness
of 0, 20, 40 and 60 nm. (b)-(c) Simulated electric field
intensity distribution in a cross-sectional view for

(b) S mode, (c) AS mode. Insets: zoom-in view.
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Figure 4: Spectral detuning of supermodes by spatially resolved measurement along the tube axis.
(a) SEM image of the concentric cavity with a parabolic-shaped lobe design and the varying W from
~2.5 to ~2.25. (b) Calculated averaged thickness Tavg as a function of Z offset. (c) Calculated effective
refractive index neff as a function of Z offset for AS and S modes. (d) Measured resonant spectra upon
varying Z offset. (e)-(f) Simulated mode field intensity distribution of the two hybridized supermodes
upon strong coupling. The insets show the oscillating behavior between concentric layers with oppo-
site phase.

an additional parabolic-shaped segment (also termed as “lobe”) leads to a varying W
upon a tiny axial offset, which serves as a new degree of freedom to investigate the
resonant coupling between S and AS modes.

Numerical calculation results reveal that a stronger perturbation to the AS mode
occurs upon a varying W, while the effect on the S mode is much less prominent (see
Figure 4(c)). Figure 4(d) summarizes the measured spectra upon spatial mapping
along the tube axis around the lobe region. The AS mode is spectrally detuned across
the S mode, which agrees with the trend shown in the calculation results. The mode
spacing first decreases from 8.0 to 3.1 meV, and then increases to 4.8 meV upon a
total offset of ~10 pm, which indicates the anti-crossing characteristic of the eigen-
energies in the strong coupling regime [1, 4].

We further investigated the mode field profile under strong coupling by numerical
simulation. Figure 4(e)-(f) shows the mode field distributions of the two hybrid-
ized supermodes. Instead of a dominant distribution in the outer (inner) ring for the
S (AS) mode, a hopping-like mode profile between the outer and inner ring with op-
posite phase is formed. Such an oscillating hopping wave suggests new insights into
the WGM resonances with potentially novel applications. For example, the hybridized
supermodes reveal distinctive mode profiles at specific outer ring edge due to the
mode orthogonality, which facilitates angle/position-resolved selective outcoupling
in such a compact photonic molecule system.

Moreover, a convenient and highly flexible scheme for tailoring the coupling strength
in such a concentric ring system is demonstrated by changing the winding number of
the nanomembrane (i.e., effectively the thickness of the spacing layer). Simulation
results for a winding number of ~4 suggest that the split modes cannot be described
by S and AS modes. We term them as inner (IN) or exterior (EX) mode due to the lo-
calized distribution in either the inner or outer layer. Spatial mapping results reveal
a spectral detuning of EX mode across the IN mode. Notably, the mode anticrossing
cannot be observed due to the strongly suppressed coupling strength and the tuning
from strong to weak coupling regime.
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In summary, we have proposed and demonstrated two schemes for strong mode in-
teraction using rolled-up nanomembrane based photonic molecules. Spectral anti-
crossing was observed as evidence of strong coupling. We envision such nanomem-
brane-based photonic molecule systems will be of significant research interest for
fundamental studies such as non-Hermitian physics and exceptional points and prac-
tical applications such as self-referenced sensors and single-mode lasers.
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Brightest source of entangled photons

Y. Chen, M. Zopf, R. Keil, F. Ding, 0. G. Schmidt

Abstract

Many quantum photonic technologies require the efficient generation of entangled
pairs of photons, but to date there have been few ways to produce them reliably.
Sources based on parametric down conversion operate at very low efficiency per
pulse due to the probabilistic generation process. Semiconductor quantum dots
can emit single pairs of entangled photons deterministically but they fall short
due to the extremely low-extraction efficiency. Strategies for extracting single
photons from quantum dots, such as embedding them in narrowband optical cavities,
are difficult to translate to entangled photons. Here, we build a broadband optical
antenna with an extraction efficiency of 65 % + 4 % and demonstrate a highly-effi-
cient entangled-photon source by collecting strongly entangled photons (fidelity of
90 %) at a pair efficiency of 0.372 + 0.002 per pulse. The high brightness achieved
by our source represents a step forward in the development of optical quantum
technologies.

Highly-efficient extraction of entangled photons from quantum dots
using a broadband optical antenna

Sources of entangled photons lie at the heart of photonic quantum information
processing [1]. They are most commonly based on spontaneous parametric down
conversion (SPDC) of laser photons in nonlinear optical crystals [2]. The brightest
SPDC-based sources have catalyzed recent breakthroughs such as ten-photon entan-
glement or satellite-based entanglement distribution. However, the major bottleneck
is the intrinsically limited source efficiency: To avoid too much noise, photon pairs
can only be produced at a low rate (p), typically p < 0.1 per excitation pulse [3].

Semiconductor quantum dots (QDs) are a promising alternative, as polarization-en-
tangled photon pairs can be produced with almost 100 % probability [4]. The radia-
tive cascade decay from the biexciton (XX) state to the ground state via intermediate
exciton states (X) results in the two-photon state |¢) = |HyHy) + |ViVyy), with H (V)
denoting horizontal (vertical) polarization. However, QD anisotropies give rise to a
fine structure splitting (FSS) between the exciton states, weakening the entangle-
ment. GaAs/AlGaAs QDs fabricated by nanohole etching and infilling exhibit vanish-
ingly small FSS. They are reproducible to make and can emit highly indistinguishable
and strongly entangled photons [5, 6].

Yet, the faintness of QD sources remains a major hurdle. Less than 1% of photons
escape the high refractive index semiconductor material due to total internal reflec-
tion. This limitation can be overcome by integrating QDs into microcavities or broad-
band dielectric nano-antennas. This approach resulted in entangled pair emission
probabilities per pulse p of 0.12 and moderate entanglement fidelities F of 67 % [7].
However, so far the employed structures are technologically complex and challenging
to improve, limiting wider application.

In this work, we design and fabricate a QD-based entangled photon source of high
brightness, using a broadband dielectric photonic antenna. Under resonant pumping,
highly-entangled photons are emitted with unprecedented photon pair efficiency p
of 0.372 + 0.002.
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Optical antenna design and characterization

The GaAs QDs are fabricated by solid-source molecular beam epitaxy. In-situ Al
droplet etching creates symmetric nano-holes on an AlGaAs surface that are then
filled with GaAs and capped with AlGaAs. These QDs feature an average FSS of only
(4.8 + 2.4 peV) and narrow wavelength distributions. Due to the high refractive in-
dex of AlGaAs (n, = 3.5), virtually no light is coupled into free space (n,) beyond the
critical angle of total internal reflection a4, = arcsin (n,/n;). Instead, an exponen-
tially decaying evanescent wave is formed at the semiconductor/air interface. We
propose that, by bringing a high refractive index material (medium n, = 3.4) close
to the interface in a well-adjusted distance, photons can be funneled efficiently into
medium n, as the evanescent wave transforms into a propagating wave (Figure 1a).

The fabrication flow of the sample is shown in Figures 1e-f. We employ a commercial-
ly available Gallium Phosphide (GaP) semi-spherical lens, with a diameter of 2 mm
and a refractive index n; very close to n,. An anti-reflection layer of alumina is de-
posited on top using atomic layer deposition. We choose Polymethyl methacrylate
(PMMA) with n, = 1.6 as the intermediate layer and its thickness can be well con-
trolled by the spin coating speed. A single QD membrane, prepared via wet chemical
etching, with a reflecting silver layer is glued to the center of the PMMA covered
GaP lens. The QD layer is precisely positioned at the anti-node of the thin membrane
cavity.

We theoretically investigate the photon extraction efficiency for different PMMA gap
sizes, as shown in Figure. 1c. Without a gap, high extraction efficiencies can only be
obtained by using objectives with high NA. Using 100 nm PMMA, a convergent emis-
sion in a NA = 0.42 objective can be achieved with an efficiency of 70 %. We avoid
the commonly occurring air gaps between the uneven SIL surface and the substrate
by using a thin/flexible QD- containing membrane which adapts to the SIL. Our de-
sign offers broadband operation (see Figure 1e), i.e. the energetically different X and
XX photons are efficiently extracted simultaneously.
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The QD photoluminescence (PL) is then measured in a helium flow cryostat. The QDs

are excited above-band by a pulsed laser at a 76 MHz repetition rate. We measure a
single-photon flux of over 3 MHz per second on the CCD for most of the randomly se-
lected QDs. Power-dependent PL intensity of a QD in the antenna is recorded by an
avalanche photodiode (APD) and shown in Figure 2a. An enhancement of a factor
>100 in comparison with a bare QD substrate is observed, resulting in count rates of
3.3 MHz at saturation. At the first collection lens, the single-photon extraction effi-
ciency m is calculated to be 65 % + 4 %, for both X and XX photons.

Extraction efficiency (%)

Figure 1: Dielectric antenna design and numerical
results. (a) Sketch of light propagating at the media
interfaces as in our design (n, = n, > n,). The evanescent
wave at the interface couples to the propagating wave
when the intermediate gap decreases. (b) Far field view
and cross section (inset) of dielectric antennas’ emission
for different PMMA spacer thicknesses, showing the best
results for 100 nm. (c) Numerical results for the dielectric
antenna as a function of emission angle a.. Inset shows
the broadband operation of the dielectric antenna. All
QDs randomly chosen across the membrane are bright.
(d-f) Fabrication flow of the device, which consists of

a QD containing AlGaAs membrane (n,), a low refractive
index PMMA spacer (n,) and the GaP solid immersion
lens (SIL, ny). A bottom silver mirror is used to reflect
downward-emitted photons.
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Figure 2: Characterization of the broadband dielectric
antenna and pulsed resonant excitation of XX state.

(a) Single photon flux measured on APD, plotted as a
function of laser excitation power (in saturation units),
for a QD in the dielectric antenna (red) and in the
unprocessed substrate (gray). At saturation, 3.3 million
single photons per second are detected. (b) QD emission
spectrum under resonant excitation of the XX state using
a two-photon pump scheme. (c) Intensity autocorre-
lation under resonant excitation, showing nearly ideal
single-photon emissions for both X and XX photons
(g(0) = 0.002).

Figure 3: Entanglement fidelity of a quantum dot with
finite FSS. (a) XX-X cross-correlation measurements under
resonant two-photon excitation for co- and cross-polar-
ized photons in the rectilinear (HV), diagonal (DA) and
circular (RL) polarization bases. The graphs for co-polar-
ized (red) and cross-polarized (black) photons are shifted
by 3 ns for clarity. A fidelity F = 90% is extracted. (b),

(c) Real (b) and imaginary (c) parts of the two-photon
density matrix as reconstructed from 16 correlation
measurements of the same QD by employing the maximum
likelihood technique. The fidelity extracted from this
matrix is F = 89 %.
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Evaluating the degree of entanglement

We apply a two-photon pumping scheme in order to deterministically generate polar-
ization entangled photons from single QDs (inset of Figure 2b). Residual laser back-
ground, spectrally in between the X and XX photons, is minimized by performing the
experiment in a fiber-based closed-cycle cryostat with a confocal setup and notch
filters inserted in the beam.

At m-pulse excitation, we obtain very pure emission and equal intensities for X and
XX photons (Figure 2b). The XX population fidelity is estimated to be 88 %. Auto-cor-
relation measurements (see Figure 2c) prove ultra-high purity of single photon emis-
sion of over 99.8 %. In combination with the determined extraction efficiency at the
first collection lens of 65 % + 4 %, we determine the entangled photon pair efficien-
cy per excitation pulse to be p~0.372 (0.002). For optical fiber-based applications,
a further optimization of the current design may be required, as it does not have a
perfect Gaussian distribution.

Due to its large size, our dielectric antenna is insensitive to the lateral distribution
of @Ds, in contrast to photonic nanostructures requiring precise emitter displace-
ment. Among many available QDs, one with a FSS of s = 1.5+0.4 peV is chosen.
Figure 3a shows six polarization-dependent cross-correlation measurements on the
XX and X photons, in the rectilinear (HV), diagonal (DA) and circular (RL) polariza-
tion basis. Strong bunching in VV, DD, RL together with strong anti-bunching in VH,
DA, RR show that the XX and X photons are entangled. The fidelity to the maximally
entangled state is obtained to be F = 90 + 3 %. The exact two-photon quantum state
is determined by performing quantum-state tomography based on 16 different
cross-correlation measurements. The resulting two-photon density matrix (Figures 3b
& c) exhibits a similar fidelity of F = 89 %.
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Discussion and comparison with state-of-the-art

A comparison with other QDs and SPDC sources is shown in Figure 4. We plot the
entanglement fidelity to a maximally entangled state over the photon-pair source
efficiency p in the first collection optics. An ideal source would sit in the upper right
corner of the diagram. While the SPCD source (red circles) efficiency must be kept
below 0.1 to maintain an acceptable entanglement fidelity, QDs (dark squares) can
reach near-unity efficiency and strong entanglement simultaneously. However, most
QD based entangled photon sources to date are extremely inefficient (p~10° to 10%).
Our experiment (blue triangle in Figure 4) demonstrates a simple and robust optical
antenna with an unprecedented entangled photon pair efficiency p of 0.372 +0.002,
with high single-photon purity (99.8 %) and entanglement fidelity (90 %). There-
fore, we have shown that QDs have the potential to overcome the main deficiency of
SPDC sources. Our device design is readily applicable to various optical-active materi-
als. Because of its brightness, it is of particular interest for quantum communication
protocols (using e.g. telecom QDs), quantum metrology or quantum imaging.
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Figure 4: Comparison with other QD and SPDC entangled
photon sources. Entanglement fidelity over source
efficiency is shown for several different types of QD
sources as black symbols. High quality SPDC entangled
photon sources are shown as red symbols, see also [8].
Red dashed line indicates the efficiency limit of SPDC
sources. The performance of the current device is shown
as a blue triangle in the upper right corner, marking the
highest combination of source brightness and entangle-
ment fidelity.



Research Area 3 QUANTUM EFFECTS AT THE NANOSCALE 51

Figure 1: Concept of experimental approach for the
synthesis of a-RuCl, nanosheets; firstly as-grown a-RuCly
nanosheets and thicker crystals are deposited on YSZ
substrates by chemical vapor transport (CVT) following
the delamination of thicker structures by two different
approaches (substrate exfoliation or ultrasonication)
resulting in isolated, as-grown a-RuCl, nanosheets and
thin residues from thicker structures.

Research Area 3: Quantum Effects at the Nanoscale
Delamination and intercalation of a-RuCl,

M. Gronke, P. Schmidt!, M. Valldor, S. Oswald, D. Wolf, A. Lubk, B. Biichner,
C. Habenicht, E. Miiller, M. Knupfer, S. Kretschmer, M. Richter, J. van den Brink,
F. Borrnert, D. Nowak?, A. Isaeva?, Th. Doert?, S. Hampel, A. Koitzsch

Abstract

a-RuCl, is a promising candidate for the realization of a quantum spin liquid ground
state related to the Kitaev model and as such received broad attention recently. From
a structural point of view it is a layered material with in-plane honeycomb lattice and
weak interlayer forces. This implies the possibility to manipulate its properties by
well known methods for typical 2D materials: exfoliation and intercalation. Here we
synthesized thin a-RuCl, nanosheets with heights < 30 nm via chemical vapor trans-
port and thoroughly characterized the crystals properties before successfully delam-
inating it down to the monolayer limit. We also succeeded in intercalating a-RuCl,
by potassium which effectively electron dopes the material and causes a peculiar
charge- and spin disproportionation. These results demonstrate ways to modify and
control material properties of a-RuCl,.

Vapor growth of a-RuCl, nanosheets and delamination down to monolayer

Transition metal trihalides are of current interest due to their honeycomb structure of
weakly coupled adjacent layers with strong bond anisotropy. Thus frustration could
stabilize new patterns of cooperative magnetic interactions. > A promising candi-
date to realize a Kitaev Heisenberg (KH) model is the 2D layered honeycomb magnet
o-ruthenium(III) chloride (a-RuCly). One branch of current research focuses on top-
ological influences on the magnetic properties of ultrathin a-RuCl; nanosheets as
compared to their bulk phase.® Here we present, to our knowledge, the first approach
to synthesize phase pure a-RuCl, crystals on the nanoscale via short-term chemical
vapor transport (CVT). Furthermore individualization and isolation of the as-grown
nanocrystals was achieved by different delamination techniques (see Figure 1).

We investigated the vapor growth of a-RuCl; to achieve as-grown, high crystalline,
isolated nanosheets on YSZ (yttria stabilized zirconia, Zr0,:Y) substrates (see
Figure 2a). In order to comprehend the occurring vapor phase mechanisms comple-
tely, we started to simulate the vapor transport process with the free available soft-
ware TRAGMIN (see Figure 2b). According to applied transport temperatures (973 K
to 773 K) we could evaluate the gas phase composition and confirm low transport
rates (0,5 mg/h), essential for the deposition of thin sheets on suitable substrates
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by means of CVT. Thereby vapor transport is mainly ensured by sublimation and
self-transport of introduced RuCl, powder. According to pure short-time CVT it is pos-
sible to deposit thin sheets of a-RuCl, down to thicknesses of 18 nm (see Figure 2c)
directly on substrates. Herein the key points are short timescales combined with a
lower defect emergence (stacking faults). Furthermore we could visualize atomic
planes of nanosheets by means of high resolution transmission electron microscopy
(HR-TEM) and selected area electron diffraction (SAED) proving a-RuCl; with trigo-
nal space group P3,12 (see Figure 2a). Despite the fact that nanomaterials tend to
oxidize more than their bulk counterpart, we could show that a-RuCl, nanosheets are
not oxidized and detected oxygen is only surficial adsorbed at the surface of nano-
sheets by means of X-ray photoelectron spectroscopy (XPS).

Since vapor transport techniques encounter limits regarding the minimum thickness
of deposited structures, we applied several delamination techniques to exhaust the
two dimensional structure of a-RuCl;. By means of ultrasonication and NMP (N-me-
thyl-2-pyrrolidone) as dispersing agent it was possible to generate isolated mon-
olayers (see Figure 2e,f and AFM picture in 2a). Besides delamination, the majority
(> 85 %) of thicker structures (> 200 nm) could be removed from the substrate sur-
face using NMP at very short sonication times of only thirty seconds (see Figure 2d).
By extending the sonication time up to three minutes, almost every thicker structure
is eliminated and the number of thin sheets is enlarged greatly due to sonication
effects. This combined approach (CVT & delamination) could be applied to other two
dimensional systems for efficient synthesis of monolayer structures on substrates.

Our approach in general represents a potential anchor point for the synthesis of many
other two dimensional materials with the need to produce thin sheets on top of sub-
strates for the study of interesting physical phenomena. It includes low timescales, is
easy to handle and very reproducible. Next to that, the combined approach (CVT and
delamination) has an enormous potential for a broad range of two dimensional mate-

rials, not only transition metal trihalides.
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Figure 2: Structural characterization of as-grown a-RuCl,
nanosheets on YSZ substrates: (a) optical microscopy,
HRTEM image of an a-RuCl; nanosheet taken along the
[001] zone axis, investigated c.-RuCl, monolayer by
means of AFM, SAED measurement: electron diffraction
pattern of an a-RuCl; nanosheet, (b) Thermodynamic
simulation of chemical vapor transport with the program
package TRAGMIN: transport efficiencies with transport
agent Cl, (negative slope) and transport efficient gas
species (positive slope) dominated by the sublimation of
RuCl, and small amounts of RuCl, and CL, (c) AFM-meas-
urement of a-RuCl, nanosheets after pure chemical vapor
transport (inset: images of investigated nanosheets),

(d) size distribution of a-RuCl, structures after pure
chemical vapor transport (orange), after 30 seconds of
delamination (ultrasonication) with N-methyl-2-pyrro-
lidone (green) and after 3 minutes of delamination
(ultrasonication) with N-methyl-2-pyrrolidone (purple),
(e) investigated a-RuCl, nanocrystal by means of AFM
(the red area indicates the AFM measurement of f) and (f)
AFM measurement (inset: crystal structure of a-RuCl,, the
red dashed line indicating the theoretical layer thickness
of a monolayer).
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Figure 3: (a) Loss function measured by electron energy
loss spectroscopy for different degrees of potassium
intercalation. Capital letters mark peaks in the spectrum
of the undoped material, while small letters mark peaks in
the spectrum of the doped material. Inset: magnification
of the gap region. (b) Schematic representation of the
one-particle low-energy electronic structure of undoped
and doped a-RuCl,.

Potassium intercalation of o-RuCl,

a-RuCl; is also a Mott insulator, which implies the possibility that novel exotic phas-
es occur upon doping. Electron doping is achieved here by in situ potassium inter-
calation. An apparent and attractive goal of such an approach is to reach a metal-
lic phase, where the underlying magnetic interactions may influence e.g. transport
properties. However, a metallic state has not been created. Instead, we show by a
combination of electron energy loss spectroscopy (EELS), photoemission spectrosco-
py (PES), and density functional theory (DFT) that electron doping alters the ground
state of a-RuCl, in another peculiar fashion: a stable stoichiometry at K, RuCl, is
obtained. This gives rise to a charge disproportionation into formally Ru? (4d®) and
Ru** (4d°). Every Ru 4d° site with one hole in the t,, shell is surrounded by nearest
neighbors of 4d° character, where the t,, level is full and magnetically inert. Thus,
each type of Ru site forms a triangular lattice, and nearest-neighbor interactions
of the original honeycomb are blocked, an arrangement that may serve as a plat-
form to study the interplay of nearest-neighbor and next-nearest-neighbor Kitaev
exchange.’

Figure 3(a) shows the effect of successive K intercalation on the low-energy loss
function measured by EELS in transmission, a bulk sensitive probe. The pristine spec-
trum shows a peak at E=1.2 eV (labeled A), which corresponds to optical gap excita-
tions. The peaks at higher energies (B-D) are due to crystal field and charge-transfer
excitations.” K intercalation causes drastic changes to the electronic structure, in
particular to the character of the gap. The inset of Figure 3(a) expands the low-ener-
gy region. We observe that with increasing K content, the spectral weight of the orig-
inal A peak decreases and a new peak at lower energies appears (labeled a). Finally,
at saturation, A completely vanishes. To find a rationale of these observations,
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Figure 4: (a, b) Proposed structure of K,;RuCl,. The brown frame includes one conventional unit cell
(four chemical units). (a) View onto the a-b plane. (b) View onto the x-z plane with distinct layers of
Ru (green), Cl (yellow), and K (violet). (c) Densities of states obtained by means of full relativistic
GGA+U calculations of pristine and (d) K-doped RuCl, with assignment of the gap feature of related
EELS data. Gray shaded areas highlight the lower and upper Hubbard bands of the pristine RuCl, and
how they are inherited to K, ;RuCl,. (e) Honeycomb lattice with d® configuration, corresponding to the
undoped case. The Mott excitation is sketched. K; and K, denote nearest- and next-nearest-neighbor
Kitaev exchange. (f) Real-space electronic structure of the fully doped K, ;RuCl,.
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we show a schematic picture of the low-energy electronic structure in Figure 3(b).
Near the Fermi energy, the electronic states are dominated by Ru 4d character. In the
undoped case, A corresponds to excitations across the Mott gap (d*d® — d*d®). With
doping, new d° states are created inside the gap. The fact that A completely vanishes
in the experiment could be naturally explained by full electron doping, that is, every
Rus* (4d°) ion is reduced to Ru? (4d°) by the formation of KRuCl,. Then, the d® states
would disappear. However, this stoichiometry is not realized: quantitative x-ray pho-
toemission spectroscopy (XPS), core-level EELS, and DFT consistently hint at a sat-
urated stoichiometry K, RuCl,. This information allows us to construct a structural
model in which the K intercalation takes place between two adjacent Cl layers and
occupies interstitial sites (see Figure 4). Most intriguingly, within our DF calculations
a ground state with charge order among the two Ru sites, denoted Ru(1) and Ru(2),
is found. Further calculations show that this charge order is not driven by structural
symmetry breaking due to the K intercalation.

The described situation is summarized in Figures 4(e) and 4(f) and explains the com-
plete suppression of A upon half-doping. In the undoped case, the gap is defined by
the Mott excitation d°d®> — d“d®. In the doped case, this transition is blocked, as all
d® sites are surrounded by d° sites. The gap excitation a is now associated with the
charge fluctuation d®d® — d°d°.

Alkali metal intercalation offers a possibility to manipulate the charge and spin pat-
tern of the honeycomb lattice in a controlled fashion. This is especially relevant be-
cause these patterns appear independently of the potassium lattice. The effect could
be useful to study fundamental properties and to create qualitatively new magnetic
ground states.
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Localization counteracts decoherence in noisy Floquet
topological chains

M.-T. Rieder?, L. M. Sieberer? 34, M. H. Fischer® and I. C. Fulga

Abstract

The topological phases of periodically-driven, or Floquet systems, rely on a perfect-
ly periodic modulation of system parameters in time. Even the smallest deviation
from periodicity leads to decoherence, causing the boundary states to leak into the
system’s bulk. We show that in one dimension this decay of topologically protect-
ed end states depends fundamentally on the nature of the bulk states: a dispersive
bulk leads to an exponential decay, while a localized bulk slows the decay down to a
diffusive process. The localization can be due to disorder, which remarkably counter-
acts decoherence even when it breaks the symmetry responsible for the topological
protection. We derive this result analytically, using a novel formalism which can be
applied to any Floquet system, and confirm our findings with the help of numerical
simulations. Our results are particularly relevant for experiments, where disorder can
be tailored to protect Floquet topological phases from decoherence.

Topology and the conservation of energy

Topological insulators have a gapped bulk, but host protected gapless boundary
states, which are responsible for robust, quantized observables. The most well-known
example of a topological insulator is the quantum Hall effect [1], a two-dimensional
system in which electrons propagate only along the edge, and only in one direction.
Beyond the quantum Hall effect, there exists a very diverse zoo of theoretically pro-
posed and experimentally demonstrated topological phases [2]. They can occur in
one-, two-, and three-dimensional systems, and their boundary states often require
one or more symmetries in order to remain protected. The quantum spin-Hall effect,
for instance, relies on the conservation of time-reversal symmetry. Similarly, topo-
logical superconductors can only exist as long as particle-hole symmetry is intact,
whereas the boundary states of so called “topological crystalline insulators” require
crystal symmetries, such as reflection or rotation.

All of the above mentioned topological insulators are phases of matter occurring in
time-independent systems. As such, all of them share the same, very basic require-
ment: the conservation of energy. The latter is often taken for granted in many areas
of physics, and therefore often overlooked when discussing topology. However, it is
an integral part of the definition of a topological insulator, since the distinction be-
tween a “gapped bulk” and a “gapless boundary” refers precisely to the fact that bulk
and boundary states are separated in energy. Without energy conservation, the edge
modes would leak into the bulk and the topological features of, say, the quantum
Hall effect would be destroyed.

Periodically-driven systems: topology and noise

Is it then at all possible for topological insulators to exist if energy is not conserved?
It turns out that the answer is yes, and one class of systems demonstrating this
are periodically-driven, or Floquet topological phases [3]. The system Hamiltonian
now changes as a function of time in a periodic fashion, often due to an externally
applied driving field. Floquet systems can be engineered, for instance, by driving an
alternating current with a fixed frequency through a sample. Alternatively, one can
think of shining monochromatic laser light on a crystal, which means subjecting the
surface to a periodically varying electromagnetic field.
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Since the Hamiltonian changes all the time, its eigenvalues, the energies, are not
conserved and cannot be used to make a distinction between gapped and gapless
states. Instead of this, Floquet topology is diagnosed with the help of the time-evo-
lution operator over one driving period. The latter is also known as the Floquet op-
erator, and describes those states which return to their original forms after every
period of the time evolution, as does the Hamiltonian. To each Floquet eigenstate
corresponds an eigenphase of the Floquet operator, which is called a “quasi-ener-
gy”, and plays an analogous role to the energy of time-independent systems. This
allows for a direct translation between the topology characterizing static and driven
systems. In particular, Floquet topological insulators are defined as having a bulk
quasi-energy gap, and hosting robust boundary states which are gapless, again in a
quasi-energy sense.

In spite of its apparent simplicity, the direct translation between energy and qua-
si-energy comes with an important caveat. Whereas the conservation of energy is
a fundamental law of nature, quasi-energy conservation is not so easily achieved.
Instead, the latter requires a perfectly periodic modulation of system parameters in
time, which is impossible in any realistic laboratory conditions. Thinking again to
the examples above, it is easy to imagine how the frequency of the AC current driving
the system is not infinitely sharp, or how the intensity of the monochromatic laser
light is not precisely constant. The result is then, invariably, noise-induced deco-
herence: in any realistic Floquet topological insulator, the boundary states will leak
into the system’s bulk, ultimately leading to a featureless steady state devoid of any
topological properties.

Localization versus decoherence

In two recent works [4, 5], we decided to take a closer look at decoherence in Flo-
quet systems, a problem which had not been thoroughly examined, despite its ap-
parently grave implications for the existence of realistic, periodically-driven topo-
logical insulators. We focused on one of the simplest examples of Floquet topology,
a one-dimensional chain hosting Floquet boundary states at both of its ends. The
latter are separated in quasi-energy from bulk states, such that they are topological-
ly protected. As discussed before, it is clear that if the Hamiltonian is not perfectly
periodic in time then all topological features will be washed away in the infinite
time limit. Is it however possible to (at least partially) mitigate the negative effects
of decoherence, enabling the topological end state to be more easily observable in
the lab?
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Figure 1: Due to mistakes in the periodic driving, a particle initialized in the topological end mode,
|e), leaks into the bulk with a rate <. If the bulk is dispersive (left panel), the wavefunction gets
carried away with a group velocity v, and never returns to the edge. However, if the bulk is localized
(right panel), the wavefunction performs a random walk between localized bulk modes, and has a
non-zero probability of returning to the edge.
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Figure 2: The survival probability of the topological end
mode (vertical axis) is computed as the overlap between
the initial and the time-evolved end mode wavefunction
and is plotted as a function of time (horizontal axis).
With only time randomness (blue), the bulk is dispersive
and the end mode decays exponentially fast (solid line).
The system quickly goes to a featureless state in which
the end mode is spread out over the entire system length
(flat region). With both disorder and time randomness
(orange), the bulk is localized, so the decay of the end
mode is algebraic in time t (~1/Vt, dashed line), showing
an enhanced survival probability. For large systems and
at long times, this enhancement can be by many orders
of magnitude.

To gain intuition about this problem, it is useful to first examine the limit of infin-
itesimally weak noise. We imagined that for many driving cycles, the Hamiltonian
does change periodically in time, but that occasionally there is a “mistake” in the
driving, a rare event at which the quasi-energies get mixed. As such, a particle ini-
tialized in the topological end state of the chain would remain in that end state until
a mistake is encountered. At that point in time, part of it would leak into nearby bulk
states. Afterwards, time evolution would continue with the periodic Hamiltonian un-
til the next mistake is encountered, and so on.

Much to our surprise, the rate at which the end state decoheres depended fundamen-
tally on the nature of bulk states (Figure 1). If the bulk is dispersive, then after every
error of the driving protocol, the newly populated bulk states will freely move away
from the boundary and that part of the wavefunction will never return to the edge.
This results in a decay of the end state amplitude which is exponentially fast. Howev-
er, a completely different picture emerges if the bulk is localized. In that case, every
driving mistake causes part of the end state to enter a localized bulk mode posi-
tioned somewhere near the boundary. That newly populated state cannot move, and
effectively remains “stuck” next to the edge until the next driving error is encoun-
tered. With every defect in the periodic driving, parts of the wavefunction have the
chance to jump back and forth along the chain, such that the noisy time-evolution
takes the form of a one-dimensional random walk between localized states. Crucially,
this means there is a non-zero probability for the end state to get repopulated, which
increases its average survival probability. This increase turns out to be by many or-
ders of magnitude at long times (Figure 2), since the decay rate changes from an ex-
ponential to a diffusive one (~1/Vt, where t is time).
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Remarkably, our result only relies on the fact that bulk states are localized, and not
on any specific details of the topological phase or the way in which the system is
driven. This means that it is universal - it will apply to any Floquet topological sys-
tem in one dimension. Further, the localization of bulk states will occur naturally
if the system is disordered. This suggests that experiments on Floquet systems can
actively mitigate the negative effects of decoherence by purposely making their sam-
ples “dirty”, a counter-intuitive result. Finally, we have shown analytically that the
increased end mode robustness remains valid also away from the weak noise limit
[5], and in doing so have developed a general framework which can tackle decoher-
ence in any Floquet system. In the future, we hope to use this novel approach to
study the robustness of periodically-driven systems also in higher dimensions.
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Figure 1: (a, b) Top view and side view scanning electron
microscope (SEM) images of the prepared AAO nanomask
on silicon wafer. The scale bars are 200 nm.

Strongly enhanced photoluminescence of monolayer MoS,
on plasmonic nanodimer arrays

Q. Hao, J. Pang, Y. Zhang, J. Wang, L. Ma and 0. G. Schmidt

Abstract

Monolayer molybdenum disulphide (MoS,) is a two-dimensional (2D) semiconductor
material with intriguing electric features and peculiar optical characteristics. The
unique characteristics of MoS, atomic layers show great promise in photonic and op-
toelectronic applications. However, monolayer MoS, exhibits poor light absorption
and emission which pose significant challenges for integrating MoS, into optoelec-
tronic devices. The plasmonic materials can control light within nanoscale regions
and provide strongly confined electromagnetic (EM) fields in their vicinity to pro-
mote the PL emission of MoS,. We proposed a facile approach to fabricate centime-
ter-scale highly uniform dimer arrays utilizing porous anodic aluminium oxide (AAQ)
membrane as a nanomask. The fabricated plasmonic dimer arrays exhibit consistent
sub-10 nm gaps and a high particle density up to 1.0 x 10" cm over a centime-
ter-scale area. The ultra-small dimer gaps provide strongly localized EM fields, which
significantly enhance the PL emission by up to a factor of ~160. This strategy paves a
way towards implementing the hybrid MoS,/plasmonic dimer configuration in fabri-
cating large-area, cost-efficient and high-performance optoelectronic devices.

Fabrication of plasmonic dimers

Plasmonic dimers consisting of pairs of coupled metallic nanoparticles have re-
ceived increasing interest due to the ability to confine electromagnetic fields
in their gaps. Implementation of dimers in practice requires repeatable, fast, and
cost-efficient fabrication processes and the ability to efficiently optimize the di-
mer structure to cater to specific requirements. Among the current techniques to
fabricate plasmonic dimers, top-down methods such as electron beam lithography
(EBL) and focused ion beam (FIB) milling are time-consuming and costly especial-
ly for large area fabrication. With regard to bottom-up method, dimers fabricated
by wet-chemical methods tend to have irregular orientations and are prone to ag-
gregation which can dramatically alter the plasmonic response. We proposed and
demonstrated the use of the versatile anodic aluminum oxide (AAO) nanotemplate
in the preparation of patterned dimer arrays with a tunable dimer size and con-

trollable dimer gap down to the sub-10 nm scale to boost the photoluminescence
of MoS, [1].




60 Research Area 3 QUANTUM EFFECTS AT THE NANOSCALE

We fabricated ultra-thin AAO nanotemplates with a film thickness of ~200 nm by a
three-step etching method [2]. The process begins with a typical anodization meth-
od in which AAO was produced on top of an aluminum foil. The initial film thickness
of the AAO is determined by the anodization time. The AAO nanotemplate is com-
posed of a close packed array of hexagonal cells, each containing six protuberances
at the vertex of the hexagonal cell and a cylindrical central pore which extends down
to the bottom (Figure 1). After anodization, top etching was conducted by immers-
ing the AAO in a phosphoric acid solution to adjust the pore diameter. Afterwards,
the AAO surface was spin-coated with a Polymethyl methacrylate (PMMA) protective
layer on top of the AAQ pores. The PMMA layer was melted into the AAO nanopores at
250 °C for 2 h. The melt PMMA layer provides complete coverage of the surface of the
AAO pores and protects the membrane enabling continuous tuning of film thickness
during the following etching procedures. Afterwards, the remaining aluminum foil
was removed in a CuCl, solution. After the aluminum was removed, the PMMA/AAQ
membrane was automatically outstretched on water by surface tension. This mem-
brane was then transferred to a phosphoric acid solution to further adjust the film
thickness. After etching, the PMMA layer was dissolved in acetone.

The prepared AAO membranes were rinsed with distilled water and transferred to the
target substrate as a nanomask to fabricate dimer arrays by angle-resolved shadow
deposition (Figure 2) [3]. The dimer array exhibits defined dimer orientations and
closely packed arrangements with a dimer density of up to 1.0 x 10%° cm= and gap
distance of about 10 nm over a centimeter-sized area, thus providing an excellent
platform for plasmon enhanced photoluminescence.

Plasmon enhanced photoluminescence of MoS,

MoS, monolayer flakes grown by chemical vapor deposition were transferred onto the
nanodimer array, as illustrated in Figure 3a. Figure 3b displays a SEM image a trian-
gular monolayer MoS, flake suspended over the nanodimers, indicating the monolayer
MoS, remains intact during the transfer.

The MoS, were excited by a 458 nm laser and a remarkable PL enhancement from the
hybrid MoS,/dimers system was observed. The 2D PL map from MoS,/dimers and bare
MoS, are displayed in Figure 4a, where considerable PL enhancement up to 160 times
is observed from the MoS,/dimers compared to the emission from MoS, on sapphire.

Figure 2: (a) Schematic of the fabrication of plasmonic dimers by using AAO nanotemplate in shadow
deposition. (b) SEM image of the fabricated dimer arrays. The scale bar is 100 nm.
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Figure 3: (a) Schematic figure and (b) SEM image of a triangular monolayer MoS, flake transferred
onto the fabricated plasmonic dimer array.

Figure 4b shows the polarization-dependent PL mapping from the MoS,/dimers. The
maximum PL emission is observed when light polarization is parallel to the dimer
axis, confirming the strongest enhanced emission in the vicinity of the dimer gaps.
For plasmon enhanced photoluminescence, the excitation rate of MoS, is enhanced
when there is a spectral overlap between the incident light and the plasmon reso-
nance profile of the plasmonic structures. Figure 4c shows the extinction spectrum of
the nanodimer array and it is clear that the PL excitation wavelength (473 nm) falls
into the plasmon resonance range. On the other hand, plasmon resonances at the
emission wavelength can accelerate the radiative decay rate and improve the quan-
tum efficiency via the Purcell effect. The overall PL enhancement is determined by
the product between the excitation enhancement and emission enhancement factors.
In both two cases, the values of EFs are linearly positive to the square of the EM field
density.

Summary

In this work we demonstrated the fabrication of high-density nanodimer arrays with
ultra-small gaps down to sub-10 nm by using a thin AAO membrane as a mask in an-
gle-resolved shadow deposition. The dimer configuration generates strongly confined
EM fields when excited by polarized light parallel to the dimer axis. The plasmonic di-
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Figure 4: (a) Optical microscopy images of monolayer MoS, on substrates without (left) and with
(right) plasmonic dimers and their corresponding PL intensity map spectrally integrated in the
630-680 nm range. (b) Polarization dependent PL mapping from the MoS,/dimers. e) Extinction spec-
trum of plasmonic dimers fabricated on quartz substrate.
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mers strongly enhance the photoluminescence of MoS, and the ensemble photolumi-
nescence enhancement is up to ~160 times. Anisotropic polarization-dependent char-
acteristics of photoluminescence from MoS, prove that the superior enhancement
arises from the strongly confined electromagnetic fields in the vicinity of the dimer
gaps. This work paves the path to develop effective and low-cost 2D materials-based
optoelectronic devices.
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High-strength FeCrMoVC cast alloys and their application as
novel filler materials for hardfacing and repair welding of
high-performance tool steels

J. Zeisig, J. Hufenbach, A. Frohlich?, N. Schddlich, D. Seifert, J. Freudenberger,
0. Gottschall?, S. Freeth3, V. Krdusel®, U. Kithn

Abstract

The increasing processing of high-strength alloys and composites in automotive
industry and mechanical engineering requires robust high-performance tools. At
IFW Dresden high-strength FeCrMoVC cast alloys are developed, which exhibit high
macrohardness and high compressive strengths as well as a high wear resistance al-
ready in the as-cast state. Latest alloy designs lead to an improvement of the alloys’
corrosion behavior as the mechanical and tribological properties are maintained. In
contrast to conventional high-alloyed tool steels no time-consuming forming and
heat treatment processes have to be executed since high-strength components are
achieved by near-net-shape casting production under special casting conditions.
Testing of cast tool prototypes for e.g. construction machineries show considerably
prolonged service lives compared to currently used tool steels. Furthermore, the suc-
cessful application of the developed FeCrMoVC cast alloys as novel filler materials
for hardfacing and repair welding provides a cost-efficient and resource-conserving
method for surface protection and refurbishment of high-performance tool steels.

New FeCrMoVC cast alloys for economical near-net-shape production of
steel tools

High-performance tool steels are commonly applied for forming dies, cutting devices,
mould inserts and other components, which undergo extremely high loadings and se-
vere abrasive wear conditions. In general those high-strength steel tools are manufac-
tured by an elaborate forming process after casting and expensive powder production,
respectively. Furthermore, the carbide-rich martensitic microstructure is adjusted by
multiple time-consuming heat treatments. Accordingly, there is a strong interest in
developing steel tools, which can be fabricated by a near-net-shape casting process
exhibiting relevant properties already in the as-cast state. Hence, at IFW Dresden re-
search work is achieved by developing and testing of novel high-strength FeCrMoVC
cast alloys for tool making by a special alloy design and casting technique [1-6].

Figure 1: The developed Fe85Cr4Mo8V2(C1 (wt%) alloy produced by a special casting technology at
IFW Dresden exhibits an multiphase microstructure (a, b) leading to excellent mechanical and tribo-
logical properties of as-cast tool prototypes (c): a) optical micrograph of the as-cast microstructure
after etching with Beraha I, b) EBSD map of the crystal structures for phase identification and c) thin-

walled bucket tooth.



64 Research Area 4 TOWARDS PRODUCTS

By using pure alloying elements and metal molds for realizing relatively high
cooling rates, thin-walled components of the initially developed and patented
Fe85Cr4Mo8V2C1 (wt%) alloy achieve hardnesses of more than 59 HRC and
compressive strengths up to 3500 MPa combined with adequate ductility (fracture
strain until 17 %) directly after casting without any subsequent heat treatment
[2, 3]. The reason for the excellent properties is the as-cast microstructure con-
sisting of martensite, retained austenite and a complex three-dimensional ar-
ranged network of hard MC- and M,C-carbides (see Figures 1a, b) [2]. Thus, proto-
types of Fe85Cr4Mo8V2C1 tools e. g. bucket teeth (Figure 1c) or knifes for medical
filter production show significant higher service lives under industrial conditions
than conventionally applied tool steels [7].

To further improve the properties of the initial cast alloy approaches on the
alloy concept were carried out by modifying the FeCrMoVC alloy with tung-
sten and substituting molybdenum with boron, respectively. Thereby, the
Fe85Cr4Mo1V1W8C1 and Fe92.65Cr4.2V2.1B0.05C1 alloy were developed attain-
ing higher ultimate strengths under compressive load and less wear under abra-
sion [4, 5]. The newly developed chromium-rich Fe80Cr15Mo1V3C1 alloy enables
an improvement of the corrosion resistance by forming a passive oxide layer on
the surface and reducing the solution in corrosive media. Nevertheless, a high
compressive strength and a high wear resistance can still be achieved so that the
Fe80Cr15Mo1V3C1 alloy extend the field of application e. g. for cutting tools in the
food industry [8].

FeCrMoVC cast alloys as novel filler materials for hardfacing and repair
welding

In order to extend the tool lifetime, hardfacing and repair welding provides a cost-ef-
ficient and resource-conserving alternative compared to a continuous tool replace-
ment. Especially for the repair and maintenance of forming and cutting tools with
complex profiles as well as individual construction parts, laser cladding using filler
wires with diameters down to 0.2 mm is a favorable technique. Thereby, worn areas
and broken edges can be rebuilt close-contoured by an automatic or manual wire
feeding. However, there is a low weldability of carbon-rich tool steels and constant
increasing requirements of tool surfaces. Consequently, innovative filler materials es-
pecially in form of thin wires are continuously demanded.
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Figure 2: Results of microstructural analysis of Fe85Cr4Mo8V2C1 coatings on X155CrVMo12-1 cold-
work steel substrates produced by laser cladding showing neither cracks nor pores: a) optical mi-
crograph of the cross section after etching with Adler’s etchant for visualization of characteristic
coating sections and b, ¢) scanning electron micrographs of the rapidly solidified Fe85Cr4Mo8V2C1
microstructure.
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Within the framework of ZIM projects the potential of the developed FeCrMoVC al-
loys as novel filler wire materials is investigated. For this purpose, first a technolo-
gy to transfer the high-strength solidified cast materials into thin wires had to be
developed. It is well-known that forming of carbon-rich and high-alloyed steels is
difficult due to a reduced formability of the material. The high content of carbon
and carbide forming elements like Cr or V leads to an enhanced work hardening
whereby ductility is decreased. Moreover, the resulting carbides favor cracking dur-
ing the forming process so that conventional production techniques, e.g. cold
drawing, are not expedient. Therefore, a suited processing technology tailored to
the chemical composition of the cast steels was developed allowing the fabrication
of wires with diameters down to 0.3 mm out of Fe85(Cr4Mo8V2(C1 and
Fe80Cr15Mo1V3C1. Furthermore, the laser welding process for different wire diame-
ters was adjusted to transfer the excellent properties of the two FeCrMoVC alloys on
different tool steel substrates to get crack-free, wear-resistant cladding layers with
high hardness (= 60 HRC) (Figure 2).

Figure 3: The Fe85Cr4Mo8V2C1 (wt%) alloy in form of a thin wire after several forming and heat treat-
ment steps: a) scanning electron micrograph of the transformed microstructure and b) wire with a
final diameter of 0.3 mm.

The production process of FeCrMoVC wires was developed on an industrial scale. Af-
ter casting a cylindrical bar the resulting carbide network is broken up by subse-
quent forging. Due to a tailored soft annealing process the hard martensitic phase
is transformed into soft ferrite and nanocarbides. Afterwards, wires with different
thicknesses are produced with the help of an adjusted sequence of rotary swaging
and annealing (Figure 3). The suitable laser parameters for the application of the
FeCrMoVC wires were determined by parameter variation studies. By comprehensive
welding tests with competing welding materials, a lower susceptibility to cracking
and a higher hardness as well as an enhanced resistance under harsh abrasive wear
conditions of the FeCrMoVC cladding layers could be confirmed [9]. Corrosion tests
showed a reduced corrosion behavior of Fe80Cr15Mo1V3C1 coatings compared to
Fe85Cr4Mo8V2C1 clads and a high potential of the Fe80Cr15Mo1V3C1 alloy as clad-
ding material for corrosion-resistant tool steels like X90CrMoV18 cold-work steel.

This opens up the possibility to introduce the investigated FeCrMoVC alloys as
novel filler materials for hardfacing and repair welding of high-performance steel
tools [10].
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Figure 1: X-ray powder diffraction patterns of 03- and
P3-Na,Co,sTi, ;0, materials with the observed (red dots)
and calculated (black solid line) curves together with
their difference curves (blue solid line). Bragg positions
are presented as green vertical lines, crystal structures
are shown as insets.

Materials design for next generation batteries

S. Maletti, M. Madian, S. Oswald, L. Giebeler, D. Mikhailova

Abstract

As lithium-ion batteries have become one of the most widespread energy storage
applications within the last decades, alternative energy storage applications gain
more importance due to the non-abundancy of lithium. Several concepts exist sug-
gesting either complete replacement of Li or significant reducing of Li amount in
energy storage systems. Of course, these new concepts require the same extent of
research, which was carried out in case of Li-ion batteries. This includes the explo-
ration of new chemistries, searching for materials, which offer enhanced sustaina-
bility and better availability as well as the optimization of known concepts in order
to maximize electrochemical performances. Here, we report on Na,Co,,Ti,;0, as new
cathode materials for Na-ion batteries, hybrid batteries with complex Nb oxides as
cathodes and Mg anodes as examples of “beyond Li” concepts as well as target mor-
phologies of Ti0, with enhanced electrochemical properties for conventional Li-ion
storage systems.

Beyond Li: development of new cathode materials for Na-ion batteries

Nowadays sodium-ion batteries are recognized as promising next generation batter-
ies for stationary energy storage applications due to the low cost and abundance of
sodium. The most important candidates for cathode application in Na-batteries are
layered oxides. Generally, there are three related structural types of layered sodium
materials, differing in sodium oxygen surrounding (octahedra or prisms) and the
number of metal oxygen layers in the unit cell. A proper combination of several tran-
sition metals in the material allows optimization of the redox potential and a long
cycle life of the electrode, which are determined through many parameters like sta-
bility of the crystal structure, cation diffusion path, robustness against side reactions
with electrolyte components etc. In our work, we combined cobalt, providing a high
redox potential, together with titanium, which enhances structural stability and may
contribute to the electrochemical activity of the material at low cell potentials hence
making the material suitable for both, cathodic and anodic application. We were the
first to synthesize two new materials, 03-Na,4;C0,5Tiy50, (space group R-3m) and
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P3-Na, 65C0y5Tiy 50, (space group R3m), for application in sodium-ion batteries [1].
Their experimental and calculated X-ray powder diffraction patterns together with
the crystal structures are presented in Figure 1.

According to XPS studies, Co* and Ti** are present in the 03 form, while the P3 form
contains a mixture of Co*/Co® and Ti**. Both materials are stable in air. They exhibit
high specific electrochemical capacities of 180-200 mAh/g between 0.2 and 4.2 V vs.
sodium, showing, however, a large voltage difference between cell charging and dis-
charging (potential hysteresis), see Figure 2.

—— Q3 pristine

0.3 p3 pristine

0 1 2 3 4 5

E vs. Na*/Na (V)

Magnetization measurements of the 03 and P3 materials in different states of sodia-
tion could shed light on the large cell polarization observed during the cycling pro-
cess. Upon sodium removal from the 03 phase, high-spin Co?* (d’, S = 3/2) oxidizes
to high-spin Co* (d®, S = 2), while the transformation of 03 to P3 is accompanied by
the transition of high-spin Co** to low-spin Co* (d°, S = 0). This spin state transfor-
mation is reflected in the large volume change of CoO,-octahedra in the structure,
leading to the total volume shrinkage of the material. A small overpressure, always
existing in the electrochemical cell, supports a volume decrease of the cathode dur-
ing cell charging, but acts obstructive during cell discharging, when the volume of
the material increases upon sodiation.

a ) Intensity (a.u.) b)

50000
304
40000
30000 =
= £
3101 5
E E
k=1 -
20000
104
10000
e i 0-

58 56 54 52 2.0

| 4 321
d spacing (A) E(V)

Figure 3: Part of operando synchrotron diffraction data from (a) 03- and (b) P3-Na,Co,;Ti 0, as
cathodes in electrochemical cells with Na-anode during galvanostatic cycling at C/20, meaning 1 Na
inserted/extracted for 20h (right), and corresponding voltage profile vs. time (left). Rectangles indi-
cate the position of the (003) reflection for both phases.

Figure 2: Cyclic voltammetry of Na,Co, sTi, ;0,. Redox
processes corresponding to the phase transformations
and the potential hysteresis are indicated.

Operando synchrotron powder diffraction studies revealed
only one phase transformation from the 03 form to P3
form during desodiation of the material between 3 V and
4V vs. sodium (cell charge), while no structural changes
besides conventional cell shrinkage was detected for the
P3 form, thus indirectly confirming the stabilizing effect
of Ti for the crystal structure. During cell discharge (so-
diation of the material), the re-formation of the 03 form
occurs only below 1V vs. sodium (Figure 3). Operando
synchrotron XAS studies confirmed the participation of
Co in the redox process in both materials. Surprisingly,
Ti reduction was inhibited down to 0.2 V in both phases,
verifying their high structural stability.
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Figure 4: Schema of a hybrid Mg, Li-battery.

Specific capacity (mAh/g)

Hybrid alkali and alkaline earth batteries for overcoming barriers in
beyond-lithium energy storage

In addition to sodium, the electrochemical usage of magnesium is also attractive
because of its increased safety and a higher theoretical gravimetric capacity. How-
ever, applicable magnesium-ion batteries are still far out of realization, mainly be-
cause of the lack of positive electrode materials, which are able to insert divalent
cations. A very promising approach to overcome this issue is the concept of hybrid
Mg, Li-batteries, which contain a dual salt electrolyte with both Mg and Li ions, a
cathode available for Li ions, and a Mg anode (Figure 4). This concept allows the use
of known lithium intercalation compounds, which are compatible with a dual salt Mg,
Li-electrolyte, see Figure 4.

Anode Electrolyte Cathode

We studied TiNb,0, and VNb,O,; electrodes in Mg, Li-hybrid batteries and com-
pared the achieved electrochemical performance with pure Li-ion batteries [2].
Although the Mg, Li-batteries exhibit lower initial capacities, they show a high-
er capacity retention and good coulombic efficiency (Figure 5). Crystal struc-
tures of both compounds consist of ReO,-type blocks differently connected
with each other (inset in Figure 5), providing enhanced diffusivity for inserted
Li-ions.

Following the concept of hybrid Mg, Li-batteries, also Na, Li-batteries were proposed
[3]. They overcome the major drawback faced in sodium-ion batteries, which is the
larger size of the Na* cation in comparison to Li*. Sodium host structures therefore
need to offer more space and sustain a larger lattice expansion. By including Li* into
the cell chemistry, well-known lithium hosts are made accessible as electrode mate-
rials.
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Figure 5: Discharge capacities with corresponding coulombic efficiencies for TiNb,0, and VNb,0,; in

Li-ion batteries (red symbols) and in hybrid Mg, Li-batteries (blue symbols). The crystal structures are
shown as insets.
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We studied the electrochemical behavior of LiV,0,4 electrodes in such hybrid Na,-
Li-batteries with varying electrolyte compositions. The ratio of Na* and Li* in the
electrolyte leads to an interesting interplay between both cations. While at high
Li-contents, Li* is taken up selectively, both Na* and Li* are inserted at more Na-
rich compositions. This leads to a formation of a) LiV,0, + Li,V;0, or b) LiV;0, +
Li, ;Na, ;V50, structures upon cell discharge, see Figure 6.
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These structural transformations could be monitored by operando synchrotron dif-
fraction, as shown exemplarily in Figure 7. To validate our conclusions, DFT calcu-
lations have been carried out, which confirm a preferred insertion of Na* into the
Li, ,Na, ;504 structure while LiV,0, favors intercalation of additional Li*.
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Ternary CNTs@Ti0,/Co0 Nanotube Composites as anodes for
high-performance Li-Ion batteries

Ti0, nanotubes synthesized by electrochemical anodization are discussed as very
promising anodes for Li-ion batteries, due to their high structural stability, high sur-
face area, safety, and low production cost. However, their poor electronic conductiv-
ity and low Li* diffusivity are the main drawbacks that prevent them from achieving

Figure 6: Potential-composition profiles of LiV,0, elec-
trodes in hybrid Na,Li-batteries with varying electrolyte
compositions and corresponding crystal structures.

Figure 7: Operando synchrotron powder diffraction
patterns and the corresponding voltage-composition
profile of LiV;0; in a hybrid Na, Li-battery. The red ellipse
indicates new reflections and formation of the second
phase.
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Figure 8: SEM images of (a) as-fabricated Ti0,/Co0

nanotubes anodized at 60 V, and (b) Ti0,/Co0 nanotubes

coated by carbon nanotubes.

high electrochemical performance. In order to overcome these challenges, we pro-
pose the fabrication of composites containing anodically grown Ti0,/Co0 nanotube
arrays (Figure 8) with a surface modified by carbon nanotubes (CNTs). Such a com-
posite should provide an enhanced Li conductivity due to the presence of defects in
the Ti0, structure with mixed Ti/Co occupancy of the cation site, and an enhanced
electronic conductivity due to the presence of a highly conductive carbon nanotubes
framework [4, 5]. A two-step preparation method of CNTs@Ti0,/Co0 includes an in-
itial anodic fabrication of well-ordered Ti0,/Co0 nanotubes from a Ti-Co alloy of cer-
tain stoichiometry, followed by growing CNTs horizontally on the top of the oxide

nanotubes using a simple spray pyrolysis technique.

Electrochemical tests were performed on Ti0,, Ti0,/Co0 and CNTs@Ti0,/Co0 nano-
tubes (Figure 9). The presence of CoO in Ti0, leads to the enhanced specific areal
capacity without any stabilizing effects on the cycling behavior: the coulombic ef-
ficiency was noticeably less than 100 % (Figure 9a). The CNTs@Ti0,/Co0 compos-
ites evidently showed higher specific capacities, excellent rate capability and a much
more stable cycling behavior with coulombic efficiency close to 100% compared with
Ti0,/Co0 nanotubes without CNTs (Figure 9b).

Therefore, the unique 1D structure of such a hybrid CNTs@Ti0,/Co0 composite with
a highly conductive network of CNTs supports fast lithium insertion into the Ti0,/
CoO framework resulting in significantly improved electrochemical performance
compared to pure Ti0, and Ti0,/Co0 nanotubes, tested without CNTs under identical

conditions.
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Figure 9: specific areal capacity and coulombic efficiency for (a) Ti0, and Ti0,/Co0 nanotubes, and
(b) rate capability tests for a hybrid CNTs@Ti0,/Co0 composite.
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Powder-in-tube processing of magnetocaloric
La (Fe, Co, Si);

M. Krautz, A. Funk, A. Waske?, D. Seifert, J. Freudenberger, T. Gemming, K. Nielsch

Abstract

The powder-in-tube (PIT) technology was applied to La(Fe, Co, Si),; powder clad-
ded by a thin seamless austenitic steel jacket. Wires appear to be promising in the
search for alternative regenerator geometries, since they offer various possibilities of
arrangements allowing to optimise heat transfer and pressure loss within the bound-
aries set by parallel plate and sphere beds.

Magnetic refrigeration

Magnetic refrigeration has headed forward towards application during the last years.
Prototypes and teststands are being developed in order to evaluate different ma-
terials under equal conditions on one hand, but also on the development of shap-
ing technologies for the production of thermally effective regenerator beds on the
other hand [1]. These regenerator beds consist of a magnetocaloric material in a
loose arrangement to allow a heat-exchanger fluid to flow through. Up to now, ef-
forts were mainly focused on the production of packed particle beds and plane plates
that can be stacked and separated in the regenerator bed by spacers to provide chan-
nels for the heat-exchanger fluid. Easy to fabricate, advantageous on the first sight,
both configurations inhere processing difficulties that reduce their theoretical per-
formance drastically once assembled and operated in a test device. The Japanese
electronics company Fujikura has presented coiled Gd-wires with diameter from
0.25 to 0.5 mm as regenerator building blocks [2]. This approach is intriguing, since
wires offer the possibility of a variety of arrangements (some of them are depicted in
Figure 1d) either in cross-flow or parallel-flow configuration. Such wire-regenerators
can exceed the coefficient of performance of conventional plate or sphere beds with
similar heat transfer area [3, 4]. The necessity of substituting Gd as regenerator ma-
terial is widely accepted, but shaping first-order substitute materials into thin wires
is still a challenge. Although La(Fe, Si),; wires have been prepared successfully by
melt-extraction, there is a high risk that after an annealing treatment, necessary
to establish the magnetocaloric phase, the wires will break apart and mounting in a
regenerator becomes impossible. Consequently, an alternative processing technology
is required, that allows both cold working and also mechanically stabilisation of the
wire. This is achieved by the powder-in-tube (PIT) process.

Powder-in-tube processing

Alloys based on the magnetocaloric La(Fe, Co, Si),;-Phase are relatively tough and
hard, and thus cannot be plastically deformed. The only way of shaping such materi-
als implies the usage of outer shells within the cold working processes. In particular,
in order to obtain a well-defined filamentary configuration, it is necessary to start
with powders that are filled in metallic tubes. Consequently, the powder-in-tube
(PIT) method is a very convenient way of processing the La(Fe, Co, Si),5-Phase. This
process was initially being developed for Nb3Sn wires [5] and has also been success-
fully applied to a branch of different superconducting wires. In particular, PIT wires
based on Bi-cuprates [6] and MgB, [7] showing outstanding superconducting proper-
ties, have been developed at the IFW Dresden. This long-term experience in produc-
ing PIT wires is adapted to other materials, such as the magnetocaloric
La(Fe, Co, Si)y,, straightforwardly. The PIT process is very attractive to applications,
taking advantage of the well-established deformation techniques, which are widely
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industrially available. In addition in the case of La(Fe, Co, Si),;, low material costs
represent another advantage over the benchmarking system of Gadolinium. The basic
PIT process is schematically illustrated in Figure 1. Generally, the PIT wire is fabricat-
ed by packing stoichiometric amounts of powder particles into a tube, then sealed to
form a billet. The billet is further on cold worked into wire composites. Intermediate,
or final heat treatments are applied where appropriate. Upon this, the PIT technique
is usually classified into two different processes: in situ and ex situ. In situ process-
ing starts from elements or alloys, which are transformed to the desired phase during
a final heat treatment, while ex-situ processing implies the usage of powder particles
of the finally aimed phase.

a)

final wire

initial rod

steel jacket

magnetocaloric
core

compacted
cylinders

@ 6 mm

@1 mm

d)

Figure 1: Radiograph of the steel tube filled with compacted pre-alloyed La(Fe, Co, Si),; cylinders
before swaging. Clearly, the conical shape of the powder cylinders can be distinguished (a, left).
Tomographic slices of the swaged PIT wire with an outer diameter of 1 mm (a, right). Schematic illus-
tration of the PIT swaging process (b) and photograph of PIT wires after several swaging steps (c).
Copper cores are shown here to improve visibility. The right wire corresponds to the La(Fe, Co, Si);;/
steel combination discussed in this work. The sketches in (d) demonstrate possible designs of regen-
erators when wires are arranged differently.

The PIT technology has been progressing as an alternative deformation tech-
nique for producing wires from intrinsically brittle materials. However, there are
some points that need addressing for future prospects. (i) Phase purity of the core
and the minimization of an interdiffusion layer between the core and the jacket.
Understanding and reducing non-functional phases is an urgent subject in
order to enhance the overall performance. (ii) Densification of the core, as only a
dense core yields improved functional properties, as, similar to impurities, voids
and porosity reduce the connectivity between grains. (iii) Special attention is to
be payed to the texture, which in the case of superconductors caused a signifi-
cant enhancement of the functional properties. Therefore, more effort is required to
understand how the texture is formed during the PIT deformation process of
drawing, rolling and subsequent heat treatment and how it affects the function-
al properties. (iv) The fabrication of long length wires by the PIT process seems
relatively easy. However, there are still numerous questions related to the pro-
cessing window, which need to be addressed seriously. This also includes investiga-
tions of the basic deformation mechanisms in ultra-fine grained and brittle materi-
als.
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Getting La(Fe, Co, Si),; into good shape by powder-in-tube processing
Pre-alloyed La(Fe, Co, Si),; powder was compacted to cylinders with d = 5 mm
p =1 GPa in order to enhance the density of the core. Subsequently, the cylinders
were packed into an AISI 316L austenitic steel tube with d, =6 mm and 0.5 mm wall
thickness, i.e. d; = 5 mm. The d;?/d ? ratio = 0.69 defines the theoretical filling factor
of the magnetocaloric core material. Figure 1a, left shows the X-ray absorption image
of the filled steel tube and the conic shape of the grinded, compacted La(Fe, Co, Si),;
powder billets. Cold work was applied by rotary swaging to a final wire diameter of
1 mm with a cross sectional reduction of approximately 20 % per step until a total
logarithmic degree of deformation of ¢ = 3.58 was achieved. No necessity to apply
an intermediate heat treatment was observed, thus, not performed. Figure 1a, right
shows the tomographic slice of the as-deformed wire with 1 mm diameter and a sur-
rounding steel jacket width of only approx. 100 um. A heat treatment for only 10 min
at 1050 °C is sufficient to form the magnetocaloric NaZn,,-type phase resulting in
an entropy change close to the value of a pure reference sample. Additionally, a dif-
fusion fringe between core and jacket with the width of about 5 pm appears, which
increases with increasing annealing time.

Magnetocaloric properties of the powder-in-tube wire

Inducing microscopic defects by mechanical deformation affects the magnetic prop-
erties as observed in many material classes. In the as-deformed wire no clear mag-
netic transition is observed around room-temperature as expected since the core ma-
terial is not magnetocaloric yet (Figure 2a, top). However, the deformed steel
reference shows a low magnetisation which can be attributed to structural changes
(martensite) in the austenitic phase during deformation. After a heat treatment of
10 min at 1050 °C these defects are reduced and the steel has a neglectable magnet-
isation again. Magnetic transitions near room-temperature are observed in all an-
nealed samples (Figure 2a, bottom).
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Figure 2: Temperature dependent magnetisation of
as-deformed wire and steel reference (a, top) and of
annealed PIT wires (a, bottom). Entropy change of an-
nealed PIT wires and reference core (b), the curves
from the PIT wires were scaled (dashed) to a hypothet-
ic amount of 100 % magnetocaloric material in the wire
for better comparison with the reference La(Fe, Co, Si),;-
core.

The transition in the shortest and longest annealed samples represent the bounda-
ries in between which all intermediate annealed samples transform. Since the forma-
tion of the NaZn,;-type phase is driven by diffusion, a certain time should be provi-
ded for annealing in order to establish chemical equilibrium of the magnetocaloric
phase, which is seen after annealing for 30 to 60 min. Figure 2b shows the compar-
ison of entropy change of the core reference material and the annealed PIT wires
in mass related units. The reference shows a maximum entropy change of about
4.5 J-kg?-K? which is in good agreement to a similar Co-doped alloy used in [8].
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In comparison to the magnetocaloric core reference sample, the entropy change
in the PIT wires is reduced by a factor of 0.5, which corresponds to the filling fac-
tor of approximately 58 vol. %. Scaling the specific entropy change, the values of
the scaled entropy change (dashed lines) in the annealed samples are similar to
that of the reference sample and lie within the error of the method. This clearly
shows, that the magnetocaloric effect can be established in mechanically deformed
La(Fe, Co, Si),; PIT wires by post-annealing and PIT processing of this material is
achievable. For further information, please refer to our latest article [9].

The presented technology is not limited to La(Fe, Co, Si),s/steel combination but can
be extended to material pairs involving wire core materials with a first order transi-
tion, such as Fe,P-type or Heusler alloys. Given the long period over which PIT wires
have been developed to the present state, we believe that the challenges toward
the realization of high-performance magnetocaloric wires will lead to an important
breakthrough of these materials to practical applications.
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Phase Transformations, Microstructure and Magnetic
Properties of Novel MnAl-Based Permanent Magnets

T. G. Woodcock, T. Mix, F. Bittner, L. Feng, P. Zhao, F. Jiirries, T. Schrefl?,
S. Bance?, K. Nielsch

Abstract

The macroscopic magnetic properties of a material, which make it useful for appli-
cations, depend not only on the quantum effects which produce the magnetism but
equally on a variety of interactions occurring within the material on the scale of
nanometres to micrometres. Mastery of such materials therefore requires an approach
comprising physics and materials science on multiple length scales. Here, alloying
has been used to produce targeted changes in the chemical composition and crystal
structure of MnAl-based materials via a novel phase transformation, thus improving
the magnetic properties on the quantum level. In addition, progress in the high-
ly challenging task of characterising the micro- and nanostructure of the materials
has been achieved using state-of-the-art techniques. This work, in combination with
advanced micromagnetic modelling based on the experimental results, allows in-
depth understanding of various material defects and their influence on the magnetic
properties.

Novel Phase Transformations in Mn-Al-Ga Alloys

MnALl is an intermetallic compound which has the potential to satisfy the require-
ments for a permanent magnet; however, the barrier to the application of this materi-
al is that the best magnetic properties reported to date fall far short of the estimated
upper limits. Before industrial production of MnAl can be considered, a great deal of
fundamental research in materials science and physics must be carried out in order to
enable the material to fulfil its potential. One important aspect is that the ferromag-
netic MnAl phase is thermodynamically metastable [1, 2]. Processing the material at
high temperatures in order to improve the magnetic properties is therefore not possi-
ble due to the decomposition of the phase. The metastable ferromagnetic phase can
produced in near-equiatomic Mn-Al alloys by undercooling the hexagonal, high tem-
perature phase, € [1]. The stability of MnAl can be improved somewhat by C-doping
[2], but the phase remains metastable, moreover the Curie temperature is signifi-

cantly degraded by the C addition [3]. In the Mn-Ga system, a thermody-

Figure 1: Backscattered electron images comparing the same areas of a Mn-Al-Ga sample before (top)
and after (bottom) annealing at 500 °C. Before annealing (top) the y2 phase (brighter areas) and the
metastable L1, phase (darker areas) are both present. After annealing (bottom), the y2 phase trans-
formed into the thermodynamically stable L1, phase [5].
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namically stable, L1, phase with very good hard magnetic properties can be produced
at near-equiatomic compositions [4], but the critical nature of global Ga supplies
means that commercial application of bulk materials with approximately 50 at.% Ga
is unviable. The challenge is to produce a thermodynamically stable ferromagnetic
phase with a low Ga content.

Ternary Mn-Al-Ga alloys offer solutions to the above problems and we have
shown that by substituting Al with Ga in MngAl,_Ga, (at.%), a phase with the L1,
crystal structure, which has excellent hard magnetic properties, can be produced at
all ternary compositions between the metastable and stable binary end members [5].
In MngAlsGa, with 5 < x < 9, after appropriate heat treatments, both stable
and metastable L1, phases can be made to coexist in the same ternary alloy
(Figure 1). The two L1, phases differ in their lattice parameters and magnetic

Figure 2: (top) magnetisation verses temperature curves
for three samples, showing the Curie temperatures. The
sample after annealing (black curve) contains two differ-
ent magnetic phases with different Curie temperatures.
(bottom) x-ray diffractogram of the annealed sample
showing splitting of the (002) peak due to the different
lattice parameters of the two magnetic phases [5].
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Figure 3: Magnetic hysteresis loops for MnAl samples transformed to the magnetic phase using routes
1 and 2. The difference in the magnetic properties of the two routes is visible and the inset empha-
sises the difference in the coercive field [7].

properties (Figure 2). The thermodynamically stable Mn-Al-Ga L1, phase, produced
by adding just a few at.% Ga to MnAl, has the potential to revolutionize research
on MnAl magnets, making it possible to process at elevated temperatures for longer
times [5].

The Role of the Microstructure in Determining the Magnetic Properties

The microstructure of MnAl materials is characterised by a range of crystalline de-
fects. Previous investigations using electron backscatter diffraction (EBSD) at
IFW have shown that three different types of twin boundaries exist in MnAl ma-
terials [6]. Our recent investigations have revealed that the experimental pro-
cedure used to form the ferromagnetic phase in MnAl materials can also influ-
ence the magnetic properties (Figure 3) [7]. Investigations of the materials
transformed via two different routes were carried out using both x-ray diffraction
and EBSD. The results revealed that the density of dislocations was higher in ma-
terials produced via route 2, which alongside a refined grain size, led to the high-
er coercive field observed [7]. The stress field surrounding such dislocations
was simulated and it was proposed that local changes in the interatomic dis-
tances of Mn atoms, due to the stress fields near dislocations cause local chang-
es in the magnetic properties, thus having a pinning effect on magnetic domain
walls [7].

Micromagnetic Modelling

In order to gain deeper understanding of the influence of material defects on the
magnetic properties, micromagnetic simulations based on the experimental results
were carried out as part of an international collaboration [8]. The structure of an-
tiphase boundaries in MnAl is thought to lead to strong, local, antiferromagnetic
coupling of the magnetic moments of the Mn atoms. These defects are highly det-
rimental for the macroscopic properties, as is shown by the plot of the calculated
nucleation field verses the strength of the coupling constant (Figure 4). The results
show that nucleation of magnetic domain walls can occur at very low fields at an-
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tiphase boundaries and this reduces the hard magnetic performance of the materi-
al [8]. Similar investigations were carried out for twin boundaries, based on EBSD
results from IFW, and the micromagnetic simulations showed radically different be-
haviour for these defects. Whereas the nucleation of domain walls at twin bound-
aries is predicted to be unfavourable, the depinning fields are low, indicating that
twin boundaries are not effective pinning centres [8]. All of these results will be
used to develop novel processing routes in order to enhance the fraction of fea-
tures which are beneficial to the magnetic properties and to remove those which are
deleterious.
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Wolff, U., Ambrozic, B., Zuzek Rozman, K., Leistner, K., Nielsch, K., Sturm, S., In-Situ Observation of the Reversible Electrochemical
Deposition of Fe in a Transmission Electron Microscope, Wigner Research Centre for Physics, Budapest/Hungary, 16.10.18 (2018).
Wolter-Giraud, A., Magnetic field and pressure induced magnetism of the Kitaev system alpha-RuCl;, APS March Meeting 2018

Los Angeles/USA, 5.-9.3.18 (2018).
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Issues of patents (issue decision date)

DE 10 2018 200 483.8
(11707 DE)

EP 15 787 488.4
(11426 EP)

DE 10 2016 118 953.7
(11621 DE)

KR 10-2013-7010515

(11009 KR)

DE 10 2014 105 061.4
(11407 DE)

CN 201480015934.0

(11309 CN)

14/773,064
(11309 US)

EP 13736529.2
(11213 EP)

KR 10-2013-7016712
(11017 KR)

JP 2017-510913
(11418 JP)

JP 2017-510914
(11419 JP)

EP15732568.9
(11414 EP)

Thermoelektrisches Material und Verfahren zur Herstellung eines thermoelektrischen Materials (08.12.2018 )
Inventors: Gabi Schierning, Felix Thiel, Jochen Friedrich, Christian Reimann, Maximilian Beier

Kompakter Kondensator und Verfahren zu seiner Herstellung (27.08.2018 )
Inventors: Oliver G. Schmidt

Akustoelektrischer Oszillator (13.06.2018 )
Inventors: Giinter Martin

Hochfeste, bei Raumtemperatur plastisch verformbare und mechanische Energie absorbierende Formkdrper
aus Eisenlegierungen (08.01.2018 )
Inventors: Uta Kiihn, Jiirgen Eckert, Uwe Siegel, Julia Kristin Hufenbach, Min Ha Lee

Wandler fiir akustische Oberflichenwellen mit einer natiirlichen Vorzugsrichtung bei der
Wellenabstrahlung (27.03.2018 )
Inventors: Giinter Martin

Wellenleiter-Resonator-Bauelement und Verfahren zu seiner Herstellung (04.09.2018 )
Inventors: Stefan Bottner, Oliver G. Schmidt

Wellenleiter-Resonator-Bauelement und Verfahren zu seiner Herstellung (04.05.2018 )
Inventors: Stefan Bottner, Oliver G. Schmidt

Verfahren zur kontrollierten Bewegung von motilen Zellen in fliissigen oder gasférmigen Medien (25.07.2018 )
Inventors: Veronika Magdanz, Samuel Sanchez Ordonez, Oliver G. Schmidt

Verfahren zur Warmebehandlung von hochfesten Eisenlegierungen (22.06.2018 )
Inventors: Julia Kristin Hufenbach, Stefanie Kohler, Uta Kiihn, Jiirgen Eckert

Capacitor and Process for producing thereof (26.10.2018 )
Inventors: Daniel Grimm, Oliver G. Schmidt, Ivoyl Koutsaroff, Shoichiro Suzuki, Koichi Banno

Roll-up Capacitor with Perovskite Dielectric and Process for producing thereof (26.10.2018 )
Inventors: Daniel Grimm, Oliver G. Schmidt, Shoichiro Suzuki, Akira Ando, Koichi Banno

Batterietrager (02.08.2017 )
Inventors: Markus Herklotz, Jonas WeiR, Lars Giebeler, Michael Knapp
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Priority patent applications (priority date)

11707 DE Thermoelektrisches Material und Verfahren zur Herstellung eines thermoelektrischen Materials (12.01.2018)
Inventors: Gabi Schierning, Felix Thiel, Jochen Friedrich, Christian Reimann, Maximilian Beier

11818 DE Probenadapter mit Steuerungselektronik (24.10.2018)
Inventors: Lars Giebeler, Matthias Uhlemann

11827 DE Verfahren zur Herstellung von einteiligen Bauelementen aus Formgedachtnismaterial
sowie einteilige Bauelemente aus Formgeddchtnismaterial und deren Verwendung (13.11.2018)
Inventors: Simon Pauly, Konrad Kosiba, Uta Kiihn

11808 DE Akustofluidische Bauelemente und Verfahren zu ihrer Herstellung (22.05.2018)
Inventors: Andreas Winkler, Christine Henze, Thomas Gemming
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Graduation of young researchers

PhD Theses 2018

Nikolay Bogdanov
Ariane Brandenburg
Yan Chen

Alisa Chirkova
Tobias Gustmann
Rhea Kappenberger
Denis Krylov
Alexander Lau

Torsten Mix

Eric Miiller

Patrick Pahlke

Ekaterina Parschke

Stefan Pilz

Stefan Richter

Jan Sander
Christin Schlesier

Frank Schmidt

Romy Schmidt

Holger Schwab

Hafiz Rub Nawaz Shahid

Max Sieger
Benjamin Stafford
Pei Wang

Yin Yin

Josephine Zeisig

Anisotropic Interactions in Transition Metal Oxides, TU Dresden

Synthese und Derivatisierung endohedraler Clusterfullerene, TU Dresden

Semiconductor quantum dots entangled photon sources: From wavelength tunablity to high brightness

Magnetocaloric properties and microstructure of FeRh-based alloys, TU Dresden

Selektives Laserschmelzen von Kupfer-Basis-Formgeddchtnislegierungen, TU Dresden

Das System LaFeAsO in Poly- und Einkristallen, TU Dresden

Magnetic studies of endohedral fullerenes, TU Dresden

Symmetrie-enriched topological states of matter in insulators and semimetals, TU Dresden

Die L10-Struktur in Mn-Ga- und Mn-Al-Ga-Legierungen: magnetische Eigenschaften und
Phasenumwandlungen, TU Dresden

Electron energy-loss spectroscopy on transition-metal dichalcogenides and alpha-RuCl3, TU Dresden

Wachstum, Pinningeigenschaften und Granularitdt von dicken YBa2Cu307-6-Schichten
auf texturierten metallischen Substraten, TU Dresden

Interplay of Strong Correlation, Spin-Orbit Coupling and Electron-Photon Interactions in
Quasi-2D Iridium Oxides, TU Dresden

Thermomechanische Behandlung und mechanisches Verhalten von B-Ti-Nb-Legierungen fiir
den Einsatz als Osteosynthesematerial, TU Dresden

Neue Schichtarchitekturen Fe-basierter Supraleiter: Epitaktische Ba(Fe1-xNix)2As2 Diinnschichten und

aufgerollte FeSe1-xTex Mikrostrukturen, TU Dresden
Selektives Laserschmelzen hochfester Werkzeugstdhle, TU Dresden
Synthese und magnetische Eigenschaften von Dysprosium-Nitrid-Clusterfullerenen, TU Dresden

Die Bedeutung der Segregations- und Oxidationsneigung Seltener Erden fiir die Einstellung
hartmagnetischer intermetallischer Phasen in SmCo-basierten Nanopartikeln, TU Dresden

Pordses Ti-45Nb als Trager Sr-modifizierter Hydroxylapatit-Schichten, TU Dresden

Selektives Laserschmelzen der Legierung 5553, TU Dresden

Strengthening of Al-based composites by microstrucral modification, TU Dresden
Pinningmechanismen in YBa2Cu307-5-Dickschichten mit nanoskaligen Fremdphasen, TU Dresden
Novel Pinning Landscapes in ISD-Buffered Coated Conductors, TU Dresden

Al-3.5Cu-1.5Mg-1Si alloy and related materials produced by selective laser melting, TU Dresden
Photon-plasmon coupling in optoplasmonic microtube cavities, TU Chemnitz

Neuartige FeCrMoVC-Legierungen fiir Hochleistungswerkstoffe - als Massiv- und
LaserauftragschweiBwerkstoffe, TU Dresden
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Diploma and Master Theses 2018

Rorith Archaya
Lukas Beyer
Daniel Dzekan
Armita Farsiani
Matthias Gillig
Lukas Graf
Heiko Hédrich

Friedemann Wieland Heyn

Spandana Jagadish

Felix Kern

Alexander Kunzmann
Ada Lili Alvarado Leanos
Alaleh Mirhajivarzaneh
Yang Nan

Saghar Nazari

Eric Pankenin
Johannes Schultz
Mohammed Shehata
Lena Spillecke

Jingyi Sun

Pen Sun

Yuanjun Tang

Daniel Waas
Martin Trankner
Sitao Wang
Christoph Wellm

Johannes Winter

Quantum Transport Measurements in Dirac Semimetals, TU Dresden

Herstellung magnetokalorischer Kompositdrahte mittels Powder-in-Tube-Verfahren, TU Dresden
Experimentelle Charakterisierung eines thermomagnetischen Generators, TU Dresden

Soft robotic prosthetic arm, applying feedback from GMR sensors, TU Dresden
Transportuntersuchungen an Weyl-Halbmetallen, TU Dresden

Transport properties of thin transition-metal dichalcogenide nanostructures, TU Dresden
Magnetkraftmikroskopie von magnetischen Nanopartikeln, Univ. Potsdam

Verarbeitung industrieller Silizium-Sageabfdlle zu nutzbaren Energiematerialien fiir
die thermoelektrische Anwendung, TU Dresden

Simulation of temperature changes due to joule heating in nanostructures on different substrates around
L-helium temperatures, TU Chemnitz

Development and Implementation of Liquid He Cryo Electron Microscopy and First Experiments, TU Dresden
Thermoelectric transport measurements at the metal-insulator transition of V02 thin films, TU Dresden
Nanostructures for enhanced solid-state quantum light emitters, TU Dresden

Giant magneto impedance sensors for tracking of microscopic self-propelled objects, TU Dresden

Micro swimmer with integrated soft robotic arm, TU Chemnitz

Giant magneto impedance element as a tool for mechanical characterization of Nano-objects, TU Dresden
Novel sacrificial layers for rolled-up capacitors, TU Chemnitz

Entwicklung der inelastischen Elektronenptychographie, TU Dresden

Quantum Transport Measurements in Weyl Semi Metals, TU Dresden

NMR-Messungen an LiCuTe und LiCuSe, TU Dresden

Making plasmonic dimer structure with electron beam lithography, TU Chemnitz

Herstellung und Charakterisierung von dichalcogeniden Nanodrdhten der Bi2Se3 Gruppe, TU Dresden

Lokale Analyse der Magnetisierungsprofile optisch geschriebener Doménen in FePt-Schichten,
TU Dresden

Photoelektronenspektroskopie an organischen Ladungstransfergrenzflachen, TU Dresden

Entwicklung und Konstruktion einer Hall-Effekt-Messstation; Hochschule Zittau/Gorlitz

Fabrication microbatteries from 2D nanosheets based on Si/Ge, TU Dresden

Microwave Absorption Studies on the Frustrated Kitaev Model Candidate Material a-RuCl3, TU Dresden

Herstellung und Charakterisierung von Titan-Tantal-basierten Hochtemperaturformgedachtnislegierungen,
TU Dresden
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Calls and Awards 2018

Calls on Professorships

Madhav Prasad Ghimire Tribhuvan University in Kathmandu, Nepal, Associate Professorship

Ching-Hao Chang National Cheng Kung University (NCKU), Taiwan, Assistant Professorship with Tenure Track
Seung-Ho Baek Changwon National University, South Korea, Associate Professorship

Julia Korner Leibniz Universitdat Hannover W2-Professur fiir mikro- und nanointegrierte Systeme

Simon Pauly University of Applied Sciences Aschaffenburg

Important external awards

Simon Pauly Masing-Gedachtnis-Preis 2018 der DMG
Oliver G. Schmidt Gottfried-Wilhelm-Leibniz-Preis 2018 of the German Research Foundation (DFG)
Jeroen van den Brink NOW-von Humboldt Award of the Netherlands Organization for Scientific Research

Internal IFW awards

Yan Chen Tschirnhaus-Medal of the IFW for excellent PhD theses
Tobias Gustmann Tschirnhaus-Medal of the IFW for excellent PhD theses
Alexander Lau Tschirnhaus-Medal of the IFW for excellent PhD theses

Josephine Zeisig Tschirnhaus-Medal of the IFW for excellent PhD theses
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Scientific conferences and colloguia 2018

January 29-31 EPSQMat 2018: International Workshop on Electron and photon spectroscopies of quantum materials:
status and perspectives, IFW Dresden

January 31 Honorary Colloquium on the occasion of the 80th birthday of Prof. Dr. Jorg Fink

February 1 Workshop of the DFG Priority Programme 1458 “High Temperature Superconductivity in Iron Pnictides”,

IFW Dresden

March 11-16 Joint Conference of the Condensed Matter Divisions of the DPG and EPS
- Session "Geometry and Topology-Controlled Nanoarchitectures", organized by Prof. Dr. V. Fomin,
IFW Dresden
- Symposium “Topology in Condensed Matter Physics (SYT0)”, Co-organizer Prof. Dr. Jeroen van den Brink,
IFW Dresden
- Symposium “Voltage Control of Functional Interfaces: Magneto-ionic Meet Memristive Systems (SYVC)”,
Co-organizer Dr. Karin Leistner, IFW Dresden

March 28 Laureate Colloquium on the occasion of the Gottfried Wilhelm Leibniz Prize 2018 awarded to
Prof. Dr. Oliver Schmidt

April 8-11 667. WE-Heraeus-Seminar on System-oriented approach to thermoelectrics:
Materials - Interfaces - Devices in Bad Honnef, Germany

Aug. 28-3 Spin, waves & interactions 2018, Greifswald, Germany

Nov. 8-9 Workshop SPINTEC-IFW at SPINTEC Grenoble, France

Oct. 1-2 ECASIA19: 18th European Conference on Applications of Surface and Interface Analysis, Dresden
Dec. 4-5 UKRATOP Workshop "Topological Phenomena in Quantum Materials", IFW Dresden

IFW-Colloquia

Prof. Dr. Guenter Reiss, Bielefeld University, Thermal charge and spin currents in magnetic nanostructures, 16.05.2018

Prof. Dr. Bertram Batlogg, ETH Ziirich, Transport and Trapping in Organic Molecular Crystals, 22.05.2018 (together with IAPP at TU Dresden)
Prof. Dr. Thomas Heine, TU Dresden, Where less is more: rational materials design with two-dimensional materials, 26.09.2018

Prof. Dr. Alessandro Troisi, Univ. of Liverpool, Designing organic semiconductors via model reduction, 20.11.2018

Prof. Dr. Harald Giessen, Univ. of Stuttgart, Watching plasmons spin on atomically flat single crystalline gold, 06.12.2018

Quantum Matter Colloquia

Prof. Xenophon Zotos, Univ. of Crete, Developments in the dynamics of low dimensional quantum magnets, 17.01.2018

Prof. Dr. Hitoshi Ohta, Kobe Univ., Japan, Recent developments of multi-extreme THz ESR - the high-sensitive membrane ESR and
the high pressure ESR, 19.03.2018

Prof. Gwendal Feve, Univ. Pierre and Marie Curie, ENS, Paris, Quantum optics experiments with electrons, 21.03.2018

Prof. Eslam Ibrahim, Sohag University, Egypt, Recent Advances in Thermoelectric Materials: New Strategies for Achieving High Figure
of Merit, 11.04.2018

Prof. Shahal Ilani, Weizmann Institute of Science, Rehovot, Israel, Quantum Design in Carbon Nanotubes, 25.04.2018
Prof. Beatriz Noheda,Univ. of Groningen, Functional domain walls in epitaxial oxides, 20.06.2018

Prof. Milan P. Allan, Leiden Univ., Netherlands, Universality of pseudogap and emergent order in lightly doped Mott insulators, 07.11.2018
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Guests and Scholarships

Guest scientists (stay of 4 weeks and more)

Name

Dr. Allison, Morgan Charles

Dr. Amigo, Maria Lourdes

Dr. Amusan, Akinwumi Abimbola

Dr. Baek, Seung Ho
Bahrami, Amin

Dr. Barros, Leones Rita Daniela
Dr. Bashlakov, Dmytro

Dr. Bastien, Gael

Benkocka, Monika
Bhandari, Shalika Ram

Dr. Chang, Ching-Hao

Dr. Craco, Luis

Cutrano, Carla

Dr. Darinskiy, Alexander
Prof. Dr. Dhagat-Jander, Pallavi
Dr. Dioguardi, Adam Paul
Dr. Egunov, Aleksandr

Dr. Ertugrul, Onur

Fang, Shiang

Prof. Ganeev, Alexander
Gonzalez Martinez, Ignacio G.
Dr. Gubal, Anna

Dr. Guzzinati, Giulio

Dr. He, Ran

Ivshin, Kamil

Izadi, Sepideh

Prof. Jander, Albrecht
Jithin Vishnu, Jithin Vishnu
Prof. Kamieniarz, Grzegorz
Dr. Kandpal, Hemchandra
Dr. Karmakar, Koushik

Dr. Kataeva, Olga

Dr. Kvitnytska, Oksana

Dr. Lee, Jae-Ki

Prof. Dr. Lee, Kwan-Woo

Dr. Lee, Minho

Dr. Li, Yuan

Prof. Lishchynskyy, Igor

Dr. Malek, Jiri

Prof. Manivasagam, Geetha

Home Institute

Univ. Sydney

Univ. de Cuyo

Otto-von-Guericke Univ.Magdeburg
National Univ. Korea

Univ. of Mexico City

National Academy of Sciences of Ukraine
Univ. Grenoble Alpes

Univ. Usti nad Labem

Tribhuvan Univ. Nepal

NCKU Taiwan

Univ. Federal de Mato Grosso

Univ. of Inoannina

Institute for Crystallography Moscov
Oregon State Univ.

Los Alamos National Lab.

Institute of Materials Science of Mulhouse
Izmir Katip Celebi Univ. Tiirkei

Univ. of Harvard

St. Petersburg State Univ.

Center for Polymers and Carbon Materials Zabrze
St. Petersburg State Univ.

Univ. Antwerpen

Univ. of Houston

Arbuzov Institute, Kazan

Univ. of Isfahan

Oregon State Univ.

VIT Univ.

Univ. Poznan

Indian Institute of Technology Roorkee
Indian Institute of Pune

Arbuzov Institute, Kazan

Verkin Institute Kharkiv

Korea Electrotechn. Research Institute
Korea Univ.

Korea Electrotechn. Research Institute
Chinese Academy of Science, Beijing
Vorkarpaten-Univ.

Institute of Physics ASCR Prague

VIT Univ.

Home country

Australia
Ttaly
Nigeria
South Korea
Islam. Rep. Iran
Portugal
Ukraine
France
Czech Rep.
Nepal

China
Brazil

Ttaly

Russia
India

USA

Russia
Turkey
China
Russia
Mexico
Russia

Ttaly

China
Russia

Iran, Islam. Rep.
USA

India

Polen

India

India
Russia
Ukraine
South Korea
South Korea
South Korea
China
Ukraine
Czech Rep.
India
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Name

Meinero, Martina

Dr. Morozov, Igor
Prof. Dr. Morr, Dirk
Muratovic, Senada
Prof. Dr. Naidiuk, Iurii
Dr. Nussinov, Zohar
0ki, Hayami

Prof. Dr. Ovchinnikov, Yuri

Prof. Dr. Pozek, Miroslav
Dr. Reja, Sahinur

Dr. Rusz, Jan

Dr. Sadhukhan, Banasree
Dr. Setti, Thirupathaiah
Shipulin, Ilya

Shipunov, Grigory
Silkin, Ilia

Singh, Harish Kumar
Prof. Dr. Sobczak, Natalia
Dr. Sopu, Daniel
Sudarkova, Svetlana

Dr. Valligatla, Sreeramulu
Dr. Vavilova, Evgeniia
Dr. Volegov, Alexey

Dr. Wang, Jiawei

Dr. Wang, Jing

Yang, Jingzhong

Dr. Yerin, Yuriy

Dr. You, Jhih-Shih
Zhang, Yang

Prof. Dr. Zotos, Xenophon

Home Institute

Univ. Genua

Lomonosov Moscow State Univ.
Univ. of Illinois at Chicago
Ruder Boskovic Institute Zagreb
Verkin Institute Kharkiv
Washington Univ.

Univ. Niigata, Japan

Landau Institute

Univ. Zagreb

Univ. of Cambridge

Uppsala Univ.

Univ. Kolkata Indian

Indian Institute of Science
Lebedev Physical Insititute, Moskau
Lomonosov Moscow State Univ.
Lomonosov Moscow State Univ.
Theoretical Science Univ., India
Foundry Research Institut

IC MAS Bochum

Lomonosov Moscow State Univ.
CNR-IFN Trento

Zavoisky Physical-Technical Institute Kazan
Ural Federal Univ.

Hong Kong Univ.

Univ. of Science a. Technology of China

Institute for Physics Nizhny Novgorod
Harvard Univ.
Tsinghua Univ.

Univ. Crete

Home country

India
Russia
USA
Croatia
Ukraine
USA
China

Russia

Croatia
India
Sweden
India
India
Russia
Russia
Russia
India
Poland
Romania
Russia
Ttaly
Russia
Russia
China
China
China
Ukraine
Taiwan
China

Greece
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Scholarships
Name Home Institute Home country
Prof. Dr. Ling, Christopher USA Alexander von Humboldt Stiftung
Prof. Dr. Monaico, Eduard Moldau, Rep. Alexander von Humboldt Stiftung
Dr. Ghimire, Madhav Prasad Nepal Alexander von Humboldt Stiftung
Prof. Dr. Pozek, Miroslav Croatia Alexander von Humboldt Stiftung
Dr. Wenig, Qunhong China Alexander von Humboldt Stiftung
Dr. Morrow, Ryan Christopher USA Alexander von Humboldt Stiftung
Morari, Vadim Moldau, Rep. Alexander von Humboldt Stiftung
Dr. Wang, Xiaoxia China Alexander von Humboldt Stiftung
Herzog-Arbeitman, Abraham USA DAAD
Dr. Stepanov, Alexey Russia DAAD
Dr. Kamashev, Andrey Russia DAAD
Permana, Antonius Dimas Chandra Indonesia DAAD
Mershiev, Ivan Russia DAAD
Dedkova, Katerina Czech Rep. DAAD
Meinero, Martina Ttaly DAAD
Kuo, Mei-Tsan Germany DAAD
Ghunaim, Rasha Palestinian territories DAAD
Shahid, Rub Nawaz Pakistan DAAD
Dr. Makharza, Sami A M Palestinian territories DAAD
Dr. Bera, Supriya India DAAD
Prof. Dr. Ganesan, Vellaichamy India DAAD
Dr. Hong, Xiaochen China DAAD
Wu, Yuhao China DAAD
Dr. Yershov, Kostiantyn Ukraine BMBF UKRATOP
Dr. Romaka, Vitaliy Ukraine BMBF UKRATOP
Bezghuba, Volodymyr Ukraine BMBF UKRATOP
Salman, Omar Oday Iraq Graduate Academy TU Dresden
Thirathipviwat, Pramote Thailand Graduate Academy TU Dresden
Dr. Kdrner, Julia Germany DFG - Riickkehrstipendium
Dantas de Lima, Herik Brazil Univ. Federal do Rio Grande
de Almeida, Renan Brazil Univ. of Sao Paulo
Fernandes Andreoli, Angelo Brazil CAPES Foundation
Romero da Silva, Murillo Brazil CAPES Foundation
Batalha, Rodolfo Lisboa Brazil CAPES Foundation
Dr. Tynell, Tommi Paavo Finland Finish Cultural Foundation
Park, Eunmi South Korea Intern. Graduate School
Yousefli, Soroor Islamic Republic of Iran Iran
Dr. Smirnova, Ekaterina Russia Russia + DFG
Sabaghi, Davood Islamic Republic of Iran Iran
Lara Ramos, David Alberto Mexico National Council of Mexico
Shin, Daseul South Korea POSTECH

Gorbunov Mikhail Russia
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Name

Wang, Dan

Xu, Haifeng
Chen, Hongyu
Wang, Ju
Feng, Le
Deng, Liang
Ding, Ling
Liu, Lixiang
Xue, Peng

Lu, Qionggiong
Kang, Sun

He, Tianbing
Li, Tianming
Lu, Tiwen
Han, Xiaoliang
Fan, Xingce
Hao, Yajuan
Li, Yang

Liu, Zhenhui
Li, Zichao

Wang, Pei

Home Institute

China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China

Home country

Soochow Univ.

China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council
China Scholarship Council

China Scholarship Council
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Guest stays of IFW memebers at other institutes 2018

Seung Ho Baek

Monica Fernandez Barcia

Jeroen van den Brink

Aliaksei Charnukha

Alexander Fedorov
Matthias Gillig

Romain Giraud

Junhee Han

Xiaochen Hong

Ivan Kaban

Andrey Kamashev

Emmanouil Koutsouflakis

Rafael Gregorio Mendes

Lauritz Schnatmann

Lukas Spree

Quang Huy Ta

Aoyu Tan
Georgios Velkos

Xenophon Zotos

Changwon National University Seoul, Korea, scientific cooperation,
22.07.2018 - 12.08.2018

ETH Ziirich, Switzerland, Training in ITN-SELECTA-Project,
17.02.2018 - 17.03.2018

Univ. of Amsterdam, The Netherlands, NWO-Von Humboldt Research Award - Research stay,
03.09.2018 - 30.11.2018

University of California San Diego, USA, measurements, 06.05.2018-02.06.2018 &
18.11.2018-11.12.2018

St. Petersburg Univ. Russia, Spin ARPES Measurements, 08.02.2018-24.02.2018
High Field Magnet Laboratory Nijmegen, The Netherlands, 01.05.2018-16.05.2018

CNRS Grenoble, France, Collaboration with Spintec Grenoble, 22.01.2017-08.02.2017,
09.04.2018-27.04.2018, 27.08.2018-12.09.2018

Korea Institute of Industrial Technology KITECH, Seoul, South Korea,
Research Cooperation, 01.06.2018 - 19.06.2018 & 13.11.2018 - 01.12.2018

High Field Magnet Laboratory Nijmegen, The Netherlands,
01.05.2018-16.05.2018

Yale Univ., New Haven, USA, Research Cooperation, 29.09.2018 - 17.10.2018

Zavoisky Institute Kazan, Russia, Measurements and research cooperation,
12.03.2018-11.04.2018

PSI Villigen, Switzerland and ESRF Grenoble, France,
Measurements at Swiss Light Source and ESRF, 18.09.2018-09.10.2018

Soochow Univ. Suzhou, China, Measurements and Research Cooperation, 02.04.2018 -
27.04.2018

Ioffe Institue St. Petersburg, Russia, research stay in the framework of the DFG-RSF
Project NI 616/22-1, 04.04.2018 - 30.05.18

PSI Villigen, Switzerland and ESRF Grenoble, France, Measurements at Swiss Light Source
and ESRF, 18.09.2018-09.10.2018

Soochow Univ. Suzhou, China, Measurements and Research Cooperation,
08.12.2018 - 22.12.2018

CNRS Grenoble, France, Collaboration with Spintec Grenoble, 28.08.2018-11.11.2018
PSI Villigen, Switzerland, Measurements, 23.04.2018-08.05.2018

Heraklion Univ., Greece, Mercator fellowship & lectures,
28.02.2018-14.05.2018 & 29.07.2018-01.12.2018
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Board of trustees

Dr. Babett Glaser, Saxonian Ministry of Science and Art - Head -
Dr. Peter Schroth, Federal Ministry of Education and Research

Prof. Dr. Gerhard Rédel, TU Dresden

Prof. Dr. Manfred Hennecke, Berlin

Scientific Advisory Board

Prof. Dr. Maria-Roser Valenti, Univ. Frankfurt, Germany -Head-
Prof. Dr. Robert H. Blick, Univ. Hamburg, Germany

Prof. Dr. Sang-Wook Cheong, Rutgers, USA

Prof. Dr. Andrey Chubukov, Univ. of Minnesota, USA

Prof. Dr. Ralph Claessen, Univ. Wiirzburg, Germany (up to 31.12.2018)
Prof. Dr. Matthias Goken, Univ. Erlangen-Niirnberg, Germany

Dr. Heinz Neubert, Siemens AG, Germany

Prof. Dr. Nini Pryds, TU Denmark Lyngby, Denmark

Dr. Jiirgen Rapp, Robert Bosch GmbH, Germany

Prof. Dr. Roberta Sessoli, Univ. di Firenze, Italy

Prof. Dr. David Johnson, Univ. of Oregon (from 01.10.2018 on)
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