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Advanced magnetic materials for efficient energy,
transport and cooling applications

Oliver Gutfleisch

TU Darmstadt, Material Science, Germany
oliver.gutfleisch@tu-darmstadt.de

High performance hard and soft magnets are key components of energy-related
technologies, such as direct drive wind turbines and e-mobility. They are also important in
robotics and automatization, sensors, actuators, and information technology. The
magnetocaloric effect (MCE) is the key for new and disruptive solid state-based refrigeration.
Magnetic hysteresis — and its inherent energy product - characterises the performance of all
magnetic materials. Despite considerable progress in the modelling, characterisation and
synthesis of magnetic materials, hysteresis is a long-studied phenomenon that is still far from
being completely understood. Discrepancies between intrinsic and extrinsic magnetic
properties remain an open challenge, the so-called Brown’s paradox, and magnets do not
operate yet at their physical limits. Basic material requirements, figure of merits, demand and
supply, criticality of strategic elements are explained for both permanent magnets and
magnetocalorics referring to the benchmark materials NdFeB and LaFeSi. New research
avenues given by compositionally complex alloys (CCA), where the duality or unusual
combinations of functional and mechanical properties can be explored, will be elucidated
looking at soft magnetic materials. The search for perfect defects is driving the material design
strategy.

[17 O. Gutfleisch, M. A. Willard, E. Briick, C. H. Chen, S. G. Sankar, and J. P. Liu, Magnetic materials and
devices for the 21st century: stronger, lighter, and more energy efficient. Adv. Mater. 23 (2011) 82.

[2] K.P. Skokov and O. Gutfleisch, Heavy rare earth free, free rare earth and rare earth free magnets - vision
and reality, Scripta Materialia View Point Set, 154 (2018) 289-294.

[3] M. Duerrschnabel, M. Yi, K. Uestuener, M. Liesegang, M. Katter, H.-J. Kleebe, B. Xu, O. Gutfleisch, L.
Molina-Luna, Atomic structure and domain wall pinning in samarium -cobalt based permanent magnets,
Nature Communications 8:54 (2017).

[4] T. Gottschall, K.P. Skokov, M. Fries, A. Taubel, I. Radulov, F. Scheibel, D. Benke, S. Riegg, O
Gutfleisch, Making a cool choice: the materials library of magnetic refrigeration, Progress Report in
Advanced Energy Materials 9 no. 34 (2019) 1901322.

[5] T. Gottschall, A. Gracia-Condal, M. Fries, A. Taubel, L. Pfeuffer, L. Manosa, A. Planes, K.P. Skokov, O.
Gutfleisch, A multicaloric cooling cycle that exploits thermal hysteresis, Nature Materials (2018).

[6] O. Gutfleisch, T. Gottschall, M. Fries, D. Benke, I. Radulov, K. P. Skokov, H. Wende, M. Gruner, M.
Acet, P. Entel and M. Farle, Mastering hysteresis in magnetocaloric materials, Phil. Trans. R. Soc. A 374
(2016) 20150308.

[7] L. Han, Z. Rao, I.R. Souza Filho, F. Maccari, Y. Wei, G. Wu, A. Ahmadian, X. Zhou, O. Gutfleisch, D.
Ponge, D. Raabe, Z. Li, Ultrastrong and ductile soft magnetic high-entropy alloys via coherent ordered
nanoprecipitates, Advanced Materials 2102139 (2021).

[8] L. Han, Z. Rao, I.R. Souza Filho, F. Maccari, Y. Wei, G. Wu, Al. Ahmadian, X. Zhou, O. Gutfleisch, D.
Ponge, Z. Li, D. Raabe, Ultrastrong and ductile soft magnetic high-entropy alloys via coherent ordered
nanoprecipitates, Nature 608 (2022) 310-316.
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Symmetry Breaking by Materials Engineering
for Spin-Orbit-Torque Technology

2022 IEEE Magnetics Distinguished Lecture

Jingsheng Chen
Department of Materials Science and Engineering, National University of Singapore

msecj@nus.edu.sg

Electric manipulation of magnetization is essential for the integration of magnetic
functionalities in integrated circuits. Spin-orbit torque (SOT), originating from the coupling of
electron spin and orbital motion through spin-orbital interaction, is able to effectively
manipulate magnetization. Symmetry breaking plays an important role in spintronics based on
SOT. SOT requires inversion asymmetry in order to have a net effect on magnetic materials,
which is commonly realized by spatial asymmetry: a thin magnetic layer sandwiched between
two dissimilar layers. This kind of structure restricts the SOT by mirror and rotational
symmetries to have a particular form: an “antidamping-like” component oriented in the film
plane even upon reversal of the magnetization direction. Consequently, magnetization
perpendicular to the film plane cannot be deterministically switched with pure electric current.
To achieve all-electric switching of perpendicular magnetization, it is necessary to break the
mirror and rotational symmetries of the sandwiched structure.

In this lecture, I will begin with a basic introduction of the physical origin of SOT,
followed by the related symmetry analysis of a magnetic thin film in a sandwiched structure
for the generation of a net SOT effect. Then I will introduce a new method — a composition
gradient along the thin-film normal for breaking the inversion symmetry — to generate bulk-
like SOT [1], which enables a thicker magnetic layer with high magnetic anisotropy. An
overview of the methods commonly used to break mirror and rotational symmetries in order
to realize all-electric switching of perpendicular magnetization will follow. I will give a
detailed discussion on our methods for the realization of all-electric switching of perpendicular
magnetization: the use of a spin source layer with low magnetic symmetry and low crystal
symmetry, which generates an out-of-plane SOT [2] — [4]; interfacial 3m1 symmetry, which
induces a new ‘“3m” spin torque [5]; precise control of the tilting of magnetocrystalline
anisotropy easy axis [6]; and a spin-current gradient along the current direction [7].

[1] L.Liuetal., “Electrical switching of perpendicular magnetization in a single ferromagnetic layer,” Phys.
Rev. B, vol. 101, 220402, June 2020.

[2] J. Zhou et al., “Magnetic asymmetry induced anomalous spin-orbit torque in IrMn,” Phys. Rev. B, vol.
101, 184403, May 2020.

[3] J. Zhou et al., “Large spin-orbit torque efficiency enhanced by magnetic structure of collinear
antiferromagnet IrMn,” Sci. Adv., vol. 5, eaau6696, May 2019.

[4] Q. Xie et al., “Field-free magnetization switching induced by the unconventional spin—orbit torque from
WTe,,” APL Mater., vol. 9, 051114, May 2021.

[5] L. Liu et al., “Symmetry-dependent field-free switching of perpendicular magnetization,” Nat.
Nanotech., vol. 16, pp. 277-282, January 2021.

[6] L. Liu et al., “Current-induced magnetization switching in all-oxide heterostructures,” Nat. Nanotech.,
vol. 14, 939-944, September 2019.

[7] S. Chen et al., “Free field electric switching of perpendicularly magnetized thin film by spin current
gradient,” ACS Appl. Mater. Interfaces, vol. 11, pp. 30446-30452, July 2019.


mailto:msecj@nus.edu.sg

12th International Conference on Magnetic

~N\ S
M S M and Superconducting Materials Plenary tal kS

7 University of Duisburg-Essen, Faculty of Physics
vl + \\ . August 28 - September 2, 2022

Spin Current in Superconductor/Ferromagnet
Heterostructures

Sadamichi Maekawa

RIKEN Center for Emergent Matter Science (CEMS), Wako, 351-0198, Japan

Kavli ITS at University of Chinese Academy of Sciences, Beijing, China
Sadamichi.maekawa@riken.jp

Spin current is the flow of electron spins, which carries and manipulates energy and
information, and is one of the key concepts in the recent spintronics [1]. Superconductivity in
a conventional superconductor is carried by the Cooper-pair condensate in the spin-singlet
state. In superconductor (SC)/ferromagnet (FM) heterostructures, the SC order parameter
quickly decays due to the exchange field acting on the pairs in the FM. On the other hand,
when the spin current enters into a SC, it stays there with long life time because the SC gap
suppresses the relaxation of spin [2].

As a result, a variety of unique spin transport phenomena are expected in the SC/FM
heterostructures. In a certain SC/FM/SC Josephson junction, the SC phase vs. Josephson
current relation is reversed (n-Junctions) from that in the normal ones (0-Junction), and the
half-integer Shapiro steps are observed in the 1-V curve [3]. We examine the magnetization
dynamics in the n-Junctions [4,5]. The Josephson current in -Junctions is studied as well [6]
The m-junctions have a unique potential for qubits [7].

[1] “Spin Current” ed. S. Maekawa et al. (Oxford University Press, 2017).
[2] H. Yang et al., Nature Mater. 9, 586 (2010).

[3]Y. Yao et al., Phys. Rev. B104, Vol.10 (2021).

[4] C. Holmquist et al., Phys. Rev. B83, 104521 (2011).

[5] S. Maekawa and Y. Tsutsumi, unpublished.

[6] M. Mori et al., Appl. Phys. Express 14, 103001 (2021),

[7] T. Yamashita et al., Phys. Rev. Lett., 95, 097001 (2005).
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Exploring the potentials of spin-orbitronics
2022 IEEE Magnetics Distinguished Lecture

Aurélien Manchon

Centre Interdisciplinaire de Nanoscience de Marseille (CINaM), Aix-Marseille University, France
aurelien.manchon@univ-amu.fr

The ever-increasing demand of information technology for power-efficient
components has led to the search for alternative solutions to mainstream microelectronics. In
this context, spintronics devices stand out as competitive candidates, especially for memory
and logic applications. A promising route harvests unconventional transport properties arising
from spin-orbit coupling in magnetic heterostructures lacking inversion symmetry.

In these systems, typically multilayers of transition-metal ferromagnets and heavy
materials (e.g., W, Pt, Ta, Bi»Ses, WTe,), interfacial spin-orbit coupling promotes a wealth of
remarkable physical phenomena: the generation of spin-orbit torques, the interconversion
between spin and charge currents, and the stabilization of topological magnetic skyrmions.
These effects have gathered extraordinary interest and have led to remarkable experimental
breakthroughs, including extremely fast magnetic reversal, terahertz emission, and current-
driven skyrmion motion. The recent synthesis of novel classes of materials, including all-oxide
heterostructures, noncollinear antiferromagnets, and van der Waals heterostructures, has
profoundly enriched this vivid field of research by unlocking unforeseen forms of torques and
magnetic interactions, thereby enhancing the functionalities of spin-orbitronic devices.

This lecture will provide a theoretical perspective of the advancement of the fascinating
field of spin-orbitronics, focusing on two emblematic mechanisms: the spin-orbit torque and
the Dzyaloshinskii-Moriya interaction. | will examine what theory and materials modeling can
tell us about these two effects, and what future research directions they open. I will first
introduce key concepts in spintronics, such as spin currents and spin-transfer torque, and show
how spin-orbit coupling enables new physical effects of high interest for potential applications.
I will present standard phenomenological descriptions of these two effects, spin-orbit torque
and Dzyaloshinskii-Moriya interaction, determine the symmetry rules that govern them, and
give a broad overview of the current state-of-the-art of the field from experimental and
theoretical standpoints. Finally, I will explore how spin-orbitronics takes a completely new
form in materials possessing low crystalline symmetries, such as FesGeTe,, CuPt/CoPt
bilayers, and noncollinear antiferromagnets (e.g., MnsSn).

I hope this seminar will not only encourage electrical engineers to engage in this
beguiling field of research and explore the device implications of this new technology, but also
reach out to scientists working in adjacent fields (terahertz science, for instance) who could
bring inspiring new ideas to spintronics [1-5].

This work was supported by the King Abdullah University of Science and Technology (KAUST, Thuwal,

Saudi Arabia) and by the Excellence Initiative of Aix-Marseille Université - A*Midex, a French “Investissements
d’Avenir” program.

[1] Manchon, Aurelien, et al. "Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic
systems." Reviews of Modern Physics 91.3 (2019): 035004.

[2] A. Belabbes, G.Bihlmayer, F.Bechstedt, S.Bliigel, and A.Manchon, “Hund’s rule-driven
Dzyaloshinskii-Moriya interaction at 3d-5d interfaces,” Phys. Rev. Lett., vol. 117, 247202, December 2016.
[3] E. Jué, C. K. Safeer, M. Drouard, A. Lopez, P. Balint, L. Buda-Prejbeanu, O. Boulle, S. Auffret, A.
Schuhl, A. Manchon, I. M. Miron, and G. Gaudin, “Chiral damping of magnetic domain walls,” Nature
Mater., vol. 15, pp. 272-277, March 2016.

[4] S. Laref, K.-W. Kim, and A. Manchon, “Elusive Dzyaloshinskii-Moriya interaction in monolayer
Fe3GeTe2,” Phys. Rev. B, vol. 102, 060402, August 2020.

[5]L. Liu et al., “Symmetry-dependent field-free switching of perpendicular magnetization,” Nat. Nanotech.,
vol. 16, pp. 277-282, January 2021.
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Coherent magnonics for quantum information science

2022 IEEE Magnetics Distinguished Lecture

Michael E. Flatté

University of lowa, United States of America
michael-flatte@uiowa.edu

The current revolution in quantum technologies relies on coherently linking quantum
objects like quantum bits (“qubits”). Coherent magnonic excitations of low-loss magnetic
materials can wire together these qubits for sensing, memory, and computing. Coherent
magnonics may reduce the size of superconducting qubits (which otherwise struggle with the
large scale of microwave excitations) and may increase the size of spin-based qubit networks
(which otherwise contend with the very short distances of dipolar or exchange interactions).
Compared to photonic devices, these magnonic devices require minimal energy and space.
However, efforts to exploit coherent magnonic systems for quantum information science will
require a new understanding of the linewidths of low-loss magnonic materials shaped into
novel structures and operating at dilution-refrigerator temperatures.

This lecture will introduce the fundamental requirements for practically linking
quantum objects into large-scale coherent quantum systems as well as the advantages of
coherent magnonics for next-generation quantum coherent systems (i.e., spin-entangling
quantum gates [1]). Other critical challenges for quantum information science then will
motivate the development of coherent magnonics for quantum transduction from “stationary”
spin systems to “flying” magnons and for quantum memory [2-4]. Finally, the advantages of
all-magnon quantum information technologies that rely on manipulating and encoding
quantum information in superpositions of fixed magnon number states will highlight the
potential of new magnetic materials, devices, and systems.

[1] M. Fukami, D. R. Candido, D. D. Awschalom, and M. E. Flatté, “Opportunities for long-range
magnon-mediated entanglement of spin qubits via on and off-resonant coupling,” PRX Quantum, vol.
2, Oct. 2021, Art. no. 040314.

[2] D. R. Candido, G. D. Fuchs, E. Johnston-Halperin, and M. E. Flatté, “Predicted strong coupling of
solid-state spins via a single magnon mode,” Mater. Quantum Technol., vol. 1, Dec. 2021, Art. no.
011001.

[3] O.0.Soykal and M. E. Flatté, “Strong field interactions between a nanomagnet and a photonic cavity,”
Phys. Rev. Lett., vol. 104, Feb. 2010, Art. no. 077202.

[4] T. Liu, X. Zhang, H. X. Tang, and M. E. Flatté, “Optomagnonics in magnetic solids,” Phys. Rev. B,
Condens. Matter, vol. 94, Aug. 2016, Art. no. 060405(R).
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Magnetic skyrmionic textures in proximity to a
superconductor: vortex-skyrmion interaction,
Meissner currents, and charge/spin supercurrentls

Samme Dahir, Anatoly F. Volkov,
and Illya M. Eremin

Institut fiir theoretische Physik III, Ruhr-Universitdt Bochum, Bochum, Germany
Ilya.Eremin@ruhr-uni-bochum.de

Topological spin configurations in proximity to a superconductor have recently
attracted great interest due to the potential application of the former in spintronics and as
another platform for realizing nontrivial topological superconductors. Their application in
these areas requires precise knowledge of the existing exchange fields and/or the stray fields,
which are therefore essential for the study of these systems.

In this talk we will analyse theoretically a hybrid heterostructure with magnetic textures
including skyrmions inside a chiral ferromagnet interfaced by a thin superconducting film via
an insulating barrier. We find that Pearl vortices (PV) are generated spontaneously in the
superconductor within the skyrmion radius, while anti-Pearl vortices (PV) compensating the
magnetic moment of the Pearl vortices are generated outside of the Sk radius, forming an
energetically stable topological hybrid structure. Finally, we analyze the interplay of skyrmion
and vortex lattices and their mutual feedback on each other. In particular, we argue that the
size of the skyrmions will be greatly affected by the presence of the vortices offering another
prospect of manipulating the skyrmionic size by the proximity to a superconductor [1].
Furthermore, we calculated the magnetic stray field and Meissner current in a superconductors
S created by various nonhomogeneous magnetic texture in a F film incorporated in an S/F/S
system [2] We also discuss the implications of the recent experimental results realizing these
skyrmions-vortex interaction [3].

We also theoretically the influence of the magnetic textures and domain walls (DWs)
on the DC Josephson current in magnetic superconducting Sm/FI/F/FI/Sm junctions. The
Josephson junction consists of two “magnetic” superconductors Sm (superconducting film
covered by a thin ferromagnetic layer), spin filters Fl, and a ferromagnetic layer F with or
without DW(s). The spin filters FI allow electrons to pass with one specific spin orientation,
such that the Josephson coupling is governed by a fully polarized long-range triplet
component. Once a DWis introduced, it reduces the critical Josephson current Ic in the case of
equal spin polarization and makes it finite in the case of opposite spin orientation. The critical
current Ic is maximal when the DW is in the center of the F film. A deviation of the DW from
the center generates a force that pushes the DW to the center of the F film [4].

[1] S. Dahir, A.F. Volkov, and I. Eremin, Interaction of Skyrmions and Pearl Vortices in Superconductor-
Chiral Ferromagnet Heterostructures, Phys. Rev. Lett. 122, 097001 (2019).

[2] Samme M. Dahir, Anatoly F. Volkov, and llya M. Eremin, Meissner currents induced by topological
magnetic textures in hybrid superconductor/ferromagnet structures, Phys. Rev. B 102 , 014503 (2020)

[3] A. P. Petrovi¢, M. Raju, X. Y. Tee, A. Louat, I. Maggio-Aprile, R. M. Menezes, M. J. Wyszyniski, N. K.
Duong, M. Reznikov, Ch. Renner, M. V. Milosevi¢, and C. Panagopoulos, Phys. Rev. Lett. 126,
11720513 (2021).

[4] Samme M. Dahir, Anatoly F. Volkov, and llya M. Eremin, Charge and spin supercurrents in magnetic
Josephson junctions with spin filters and domain walls, Phys. Rev. B 105, 094517 (2022).
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Navigating in the dark - studying the magnetic
sense of mole-rats

E. Pascal Malkemper

Max Planck Research Group Neurobiology of Magnetoreception, Max Planck Institute for
Neurobiology of Behavior — caesar, Ludwig-Erhard-Allee 2, Bonn, Germany

pascal.malkemper@mpinb.mpg.de

Magnetoreception, the ability to sense the
Earth’s magnetic field und use it for orientation, is
widespread within the animal kingdom. Even though
there is unequivocal behavioral evidence for a
magnetic sense in birds, amphibians and mammals,
the location and identity of the sensory organ
remains a mystery [1]. Three main mechanisms for
the transduction of magnetic signals into nerve
impulses have been proposed: (1) a chemical
mechanism based on radical pairs, (2) a mechanism
based on electromagnetic induction, and (3) a
mechanism based on biological magnetite
nanoparticles (Figure 1). There is data supporting
each of these mechanisms, so there might not be just
one type of magnetoreceptor. Conclusive evidence,
however, on the histological, cellular and molecular
level is lacking and new results often challenge
published key findings years later. Therefore,
unravelling the magnetic sense is a highly exciting
field of research.

Our research group focusses on the
mechanisms by which mammals perceive the Earth’s
magnetic field and use it for orientation. As a model
system, we employ subterranean African mole-rats of
the genus Fukomys, which in the wild spent their
entire life in the total darkness of underground tunnel
systems. We know for more than 30 years that these
hamster-sized rodents possess a magnetic compass
that guides them in the total darkness of their tunnels
[2]. To deepen our understanding of mole-rat
magnetoreception, we follow a neuroethological
approach  that involves behavioral assays,

A

500 m

Figure 1. The magnetite hypothesis of
magnetoreception. (A) TEM image of
magnetotactic bacteria that produce a chain
of single domain magnetite particles, which
align them with the geomagnetic field lines.
(B) A hypothetical magnetoreceptor based
on single domain magnetite coupled to an
ion channel in a vertebrate neuron. This
neuron could fire depending on the chain’s
alignment in the geomagnetic field (not in
scale, adapted from Ref 1). Magnetite is a
likely mechanism for magnetoreception in
many species including mole-rats.

measurements of neuronal activity and directed screens for magnetoreceptor cells. In a top-
down manner, we aim to identify and characterize the brain structures encoding magnetic
information in these mammals to learn more about the location of the primary magnetoreceptor
cells [3]. In this talk, I will give an overview of this approach, focusing on some of the methods
to identify the primary receptor cells, such as Synchrotron X-Ray fluorescence microscopy,
MRI quantitative susceptibility mapping, and quantum magnetic imaging.

The financial funding from the European Research Council (ERC StG NeuroMagMa, 948728), the DFG
(Project 490777637), and the Max Planck Society is gratefully acknowledged.

[1] G.C. Nordmann et al., PLOS Biology 15(10), €2003234 (2017).
[2] H. Burda et al., Experientia 46: 528-530 (1990).
[3] E.P. Malkemper et al., J. Exp. Biol. 223, 21 (2020).
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The changing landscape of science diplomacy

Laura H. Greene
The National MagLab and Florida State University

Since the invasion of Ukraine, CERN has published fewer scientific papers because
German and Polish physicists have refused to publish with their Russian colleagues. Even
historically neutral Switzerland has sanctioned Russia. Furthermore, to attend IUPAP
sponsored meetings, Russian physicists are now required to claim IUPAP as their byline. The
pursuit of science must remain a global endeavor to ensure broad access to large-scale
facilities, diverse participation, and the continued ability to build constructive international
partnerships. Science diplomacy has clearly changed since the mid 20th century. In addressing
these new challenges, it is essential that we develop new policy to advise our leadership.
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Superconductivity in infinite-layer nickelates

Harold Y. Hwang

Department of Applied Physics, Stanford University
Stanford Institute for Materials and Energy Sciences and Department of Photon Science, SLAC
National Accelerator Laboratory
hyhwang@stanford.edu

Finding unconventional superconductors in proximity to various strongly correlated
electronic phases has been a recurring theme in materials as diverse as heavy fermion
compounds, cuprates, pnictides, and twisted bilayer graphene. The recent discovery of
superconductivity in layered nickelates [1] was motivated by looking for an analog of the
cuprates. The synthesis of the nickelates is in and of itself interesting — it involves the removal
of planes of oxygen from a 3D nickel oxide using soft chemistry techniques. We will introduce
this new family of superconductors and our current understanding of their electronic and
magnetic structure. Notable aspects are a doping-dependent superconducting dome [2], strong
magnetic fluctuations [3], instabilities towards charge stripes [4], and a landscape of unusual
normal state properties from which superconductivity emerges [5]. These features are strongly
reminiscent of the cuprates, despite key differences in the electronic structure and the absence
of a proximate correlated insulator.

This work was supported by the US Department of Energy, Office of Basic Energy Sciences, Division of
Materials Sciences and Engineering grant DE-AC02-76SF00515; and the Gordon and Betty Moore Foundation’s
Emergent Phenomena in Quantum Systems Initiative grant GBMF9072.

[1]1 D. F. Li et al., Nature 572, 624 (2019).

[2] D. F. Li et al., Phys. Rev. Lett. 125, 027001 (2020).
[3]1 H. Luetal., Science 373, 213 (2021).

[4] M. Rossi et al., arXiv: 2112.02484.

[5] K. Lee et al., arXiv: 2203.02580.
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Hard X-ray Magnetic Circular Dichroism: Where from?
Where to?

Andrei Rogalev, Fabrice Wilhelm

ESRF, France
rogalev@esrf.fr

Discovery of X-ray magnetic circular dichroism (XMCD) 35 years ago [1] marks a
major breakthrough in magnetism research reaching objectives that previously would have
been unattainable. The XMCD is obtained as a difference in the X-ray absorption spectra of a
magnetized sample recorded with left and right circularly polarised photons. In a way, it may
be seen as the high-energy counterpart to the magneto-optical effects in the visible discovered
by Faraday and Kerr. Unlike the latters, XMCD benefits of the unique advantage to be element
specific and orbital selective since it originates from transitions of a core electron of an
absorbing atom into its empty states picked out via the selection rules. Furthermore, derivation
of magneto-optical sum rules [2,3] has greatly strengthened the XMCD, offering a unique
capability of quantitative determination of the orbital and spin contributions to the total
magnetic moment carried by the absorbing atom. Availability of high fluxes of circularly
polarized X-rays at the 3rd generation synchrotron radiation facilities make this technique
widely available. Sophisticated end stations have facilitated its use, offering a large variety of
sample environments, including high magnetic field, ultralow temperature, high pressure, etc.

Two examples are selected to illustrate how XMCD helps to dechipher a new quantum
conundrum in condensed matter physics: coexistence of magnetism and superconductivity.
The first example is Plutonium paramagnetism in the vortex phase of an exotic superconductor
PuCoGas [4]. The second one concerns the dual nature of Uranium 5f electrons in heavy
fermion ferromagnetic superconductor UGe; [5].

Concomitant advances in X-ray instrumentation and theoretical approaches have
metamorphosed XMCD from a scientific curiosity to a workhorse technique in modern
magnetism research and have paved the way to further new applications of XMCD in
chemistry, earth science, biology and other field of science.

[1] G. Schiitz et al., PRL 58, 737 (1987).

[2] B. T. Thole et al., PRL 68, 1943 (1992).

[3] P. Carraetal., PRL 70, 694 (1993).

[4] N. Magnani et al., PRL 119, 157204 (2017).
[4] F. Wilhelm et al., submitted (2022).
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Direct observation of tunable magnetic domains and walls in a
noncentrosymmetric ferromagnetic Weyl semimetal

Ilya Sochnikov

University of Connecticut, Storrs, CT USA
ilya.sochnikov@uconn.edu

Textures and dynamics of domain walls (DW) in magnetic Dirac materials are
predicted to have their electromagnetic behavior transformed by the emergent gauge or axial
fields. The axial fields — a paradigm initially developed in the high-energy and particle physics
— is yet to be confirmed in direct experiments in solid state materials. Therefore, knowing the
detailed domain physics is important for the experimental detection of the axial effects. In this
work, we imaged spontaneous magnetization and magnetic susceptibility of a non-
centrosymmetric ferromagnetic (FM) Weyl semimetal: CeAlSi [1,2]. We utilized a scanning
SQUID susceptometer microscopy, which can be considered a type of low-frequency and low-
energy spectroscopic imaging technique [3,4]. We observed large ferromagnetic DWs and
discovered the coexistence of stable and metastable phases, which likely arise due to
magnetostriction effects and are potentially highly tunable with small strains. We found that
the pattern of the FM domains is strongly correlated with both the magnitude and the
orientation of an external in-plane magnetic field. Our results show how these domains, and
the heterogeneous phases can be fine-tuned. Therefore, this work provides guidance for future
studies of the fundamental interplay between magnetism and exotic electromagnetic fields in
Dirac systems.

[1] H.-Y.Yang et al., Phys. Rev. B, Editor's Choice Article, 103, 115143 (2021).
[2] B. Xu et al., Adv. Quantum Technol., Cover Article, 2000101 (2021).

[3] Z.-C. Wang et al., Advanced Materials, 2005755 (2021).

[4] C. Herreraetal., Phys. Rev. B, Editor's Choice Article, 103, 024528 (2021).
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Magnetic hedgehog structure in a magnetically frustrated
Kondo-lattice CePtAlsGe;

Soohyeon Shin®*, Jin-Hong Park?, Romain Sibille3, Oksana Zaharko®, Harim Jang?, Marisa
Medarde?, Ekaterina Pomjakushina?, Michel Kenzelmann?, Tuson Park?

!Laboratory for Multiscale Materials Experiments, Paul Scherrer Institut, CH-5232 Villigen PSl,
Switzerland
2Center for Quantum Materials and Superconductivity (CQMS) and Department of Physics,
Sungkyunkwan University, Suwon 16419, South Korea
3Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, CH-5232, Villigen PSI,
Switzerland
soohyeon.shin@psi.ch

CePtAlsGe; exhibits an antiferromagnetic state below 2.3 K in which the size of
ordered moments modulates with an ordering wave vector k = (1.39, 0, 0.09) [1]. Single-
crystal neutron diffraction experiments have been recently performed and revealed that the
magnetic structure of CePtAlsGe; is of multi-k structure in which symmetry-equivalent three
arms of k = (1.39, 0, 0.09) are superposed. Theoretical calculation of the topological numbers
on singular points in the multi-k spin structure shows non-trivial hedgehog numbers, indicating
that a three-dimensional topological spin texture is realized in this frustrated Kondo lattice.
When subjected to a magnetic field applied along the [010] direction, the magnetic structure
undergoes a phase transition at the critical field (H"= 10 kOe) from the multi-k to single-k
phase while the ordering wave vector k remains the same. At H*, the temperature-coefficient
of electrical resistivity and magnetic entropy exhibit the maximum value, suggesting that the
field-induced topological transition from the hedgehog state to a non-topological single-k state
is correlated with the quantum critical behavior. In this presentation, we will discuss the
possible origin of the topological magnetic structure and the relationship between the
topological transition and quantum criticality.

[1]S. Shin et al., Physical Review B 101, 224421 (2020).
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Chern and Z; topological insulating phases in perovskite-
derived oxide honeycomb lattices

Okan Koeksal, Rossitza Pentcheva

Department of Physics, University of Duisburg-Essen
okan.koeksal@uni-due.de

On the basis of density functional theory calculations plus the Hubbard U interaction,
we explore the electronic and possibly topologically non-trivial phases in (LaXO3)2/(LaAlOs3)4
(111) superlattices (SLs) with X = 4d and 5d cations. Our results predict that the metastable
ferromagnetic phases of LaTcO3z and LaPtOs; with preserved P321 symmetry turn out to be
Chern insulators (CI) with C = 2 and 1 with band gaps of 43 and 38 meV at the in-plane lattice
constant of LaAIO; (aLao = 3.79 A), respectively. By applying lateral strain, the Chern
insulating phase of X = Tc is further stabilized, whereas a site disproportionation arises for X
= Pd and Pt when the lateral constant is increased from a_ao to aLno. The candidate for a Chern
insulator, i.e., X = Pt shows a strong dependence on the Coulomb repulsion strength U with a
sign reversal for higher values associated with the change of band gap opening mechanism.
Moreover, non-magnetic systems such as X = Mo and W emerge as potential candidates for Z,
topological invariants at aiao with band gaps of 26 and 60 meV, respectively. The
investigation of Berry curvatures, spin textures, edge states and Z, invariants provide
additional insight into the nature of both the Chern and Z; topological insulating states.

900
800
700

1600
1 500

100

-100

Figure 1. A SOC-induced band inversion leads to avoided band crossing around K visible as a
ring-like structure in the Berry curvature Q(k) (left) accompanied by a spin reversal in the spin
texture (right)

The financial funding from DFG within CRC/TRR80 (Projektnummer 107745057), project G3
is gratefully acknowledged.

[1] O. Koeksal, Rossitza Pentcheva, Sci. Rep. 9, 1 (2019).
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Ab initio study of spin-spin and spin-lattice couplings in two-
dimensional Ising antiferromagnet FePSs

Mohammad Amirabbasi, Peter Kratzer

Faculty of Physics and CENIDE, Universitit Duisburg-Essen, 47057 Duisburg, Germany
mohammad.amirabbasi@uni-due.de

Understanding the magnetic properties of low-dimensional materials is one of the
major challenges in the field of condensed matter physics. In particular, the availability of 2D
magnetic semiconductors opens up numerous applications in spintronics and magneto-optics.
In this context, two-dimensional transition metal phosphorus trisulfides MPS3; (M=Fe, Ni and
Mn) have gained special interest recently because they combine narrow band gaps with
unusual magnetic behavior. In this contribution, we investigate the magnetic ordering in
FePSs, a two-dimensional Ising antiferromagnet FePS; with a Neel temperature of 120 K in
bulk. Bulk FePS; is a layered material where Fe?* (S=2) ions form a distorted honeycomb
geometry, two bonds being longer than the other 4 bonds. This material has a strong out-of-
plane easy axis, which renders stable magnetic order even in the monolayer limit. However,
despite many experimental [1] and theoretical [2] investigations, the exact magnetic structure
of the ground state is still under debate.

This motivated us to carry out a
comprehensive computational study of the magnetic _*_ 'ﬁ'
and vibrational properties employing the DFT+U _*, _*
approach (Density Functional Theory plus on-site
electron-electron repulsion). We find that U=2.22 eV -*- -*-
can produce the experimental band gap of 1.23 eV [3]. *— *—

The Fe?* ions have a fully occupied 3d shell in the

majority spin channel, plus one minority-spin d-

electron. Our obtained results show that the spin-orbit  Figure 1. Ground state spin structure as
coupling is not quenched in this material, and our  obtained from our DFT+U calculations.
calculations indicate an orbital moment of Fe?* of The red, blue and yellow spheres denote
about 0.8 pg. The projected density-of-states and Fe, P and S atoms, respectively.
Lowdin analysis show that the minory-spin electron

occupies a linear combination of the x>-y? and yz 3d-orbitals, which gives rise to orbital
ordering in the ground state. Thus, the phase transition to the paramagnetic state involves both
the magnetic and the lattice degrees of freedom. Therefore, we introduce, within the DFT+U
framework, a spin-lattice Hamiltonian governing the magnetic properties of this system at
finite temperatures. The spin-lattice Hamiltonian includes isotropic and anisotropic terms,
such Heisenberg, single-ion anisotropy, and Dzyaloshinskii-Moriya interactions. Interestingly,
we find that the magnetic exchange interaction is ferromagnetic and antiferromagnetic along
the long bonds and short bonds, respectively. This assignment turns out to be robust with
respect to changes of the U parameter. We conclude that the magnetic ground state consists of
ferromagnetic spin chains running along the long bonds which couple antiferromagnetically
among each other. According to our findings, the atomic vibrations and the associated changes
in bond lengths couple to the spin-spin interaction. Approaching the Neel temperature from
below, the excitations of the system are combined magnonic and phononic excitations, in
accord with the observation of temperature-dependent shifts of Raman-active modes [4].

[1] D. Lancon et al., Phys. Rev. B 94, 214407 (2016).

[2] T. Olsen, J. Phys. D: Appl. Phys. 54, 314001 (2021).

[3] M. Ramos et al., npj 2D Materials and Applications 5, 1 (2021).
[4] X. Wang et al., 2D Materials 3, 031009 (2016).
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Comparative study of magnetic properties
of Mn®* magnetic clusters in GaN using classical
and quantum mechanical approach

Y.K. Edathumkandy and D. Sztenkiel

Institute of Physics, Polish Academy of Sciences, Warszawa, Poland
sztenkiel@ifpan.edu.pl

Currently, simulations of many-body quantum systems are known to be
computationally too demanding to be solved on classical computers. The main problem is that
the computation time (number of elementary operations) and memory necessary for
performing the calculations usually grow exponentially with the number of particles. An
efficient approach to simulate many-body quantum systems is the use of classical
approximation. Such an approach can reduce the overall computational complexity, but it
usually face difficulties in proper reproduction of temperature-dependent properties of the
system due to neglect of spin quantization [1]. It is important then to somehow assess the
validity of this classical approximation. For practical reasons the quantum simulations of
interacting Mn%* ions in GaN, coupled by ferromagnetic super-exchange interaction JS;.S;, are
restricted up to small magnetic clusters. Therefore in this work [2], we compare the results of
numerical calculations of magnetic clusters (singlet, pairs, triplets and quartets) in (Ga,Mn)N
where the Mn spins are treated classically with those where they are treated quantum-
mechanically (crystal field model) [3,4]. In the first case, we solve the LLG equation, that
describe the precessional dynamics of spins represented by classical vectors. On the other
hand, in crystal field model, the Mn3* state (d* configuration, with S=2, L=2) is characterized
by the set of orbital and spin quantum numbers |ms,m_>. The relevant energy level structure of
singlet, pair, triplet and quartet of Mn ions are found by the numerical diagonalization of full
(25x25), (252x252), (25°x25%) and (25%x25%) Hamiltonian matrix respectively. Particular
attention is paid to use numerical parameters that ensure the same single ion magnetic
anisotropy in classical and quantum approximation. Finally, a detailed comparative study of
magnetization M(H,T) as a function of magnetic field H, temperature T, number of ions in
given cluster N and the strength of super-exchange interaction J, obtained from both

approaches will be presented.

The work is supported by the National Science Centre, Poland, through projects DEC-2018/31/B/ST3/03438
and by the Interdisciplinary Centre for Mathematical and Computational Modelling at the University of Warsaw
through the access to the computing facilities.

[1] R. F. L. Evans et al., J. Phys.: Condens. Matter. 26, 103202 (2014).
[2] Y. K. Edathumkandy and D. Sztenkiel, arXiv:2108.01474.

[3] J. Gosk, et al., Phys.Rev. B. 71, 094432 (2005).

[4] D. Sztenkiel et al., Nature Comm. 7, 13232 (2016)
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Thermally induced spin transport and magnon propagation
length in garnet heterostructures

Hari Srikanth

University of South Florida, Tampa, FL
sharihar@usf.edu

Thermal spin transport is a topical area of interest for the spintronics community. The
origin of Spin Seebeck effect (SSE) and its relationship with magnetic anisotropy as well as
magnon propagation across magnetic insulator/heavy metal interfaces have remained
challenging issues. We have pioneered the technique of RF transverse susceptibility to probe
the effective magnetic anisotropy in magnetic materials and heterostructures. Combining these
experiments with SSE and anomalous Nernst effect (ANE) measurements, a distinct
correlation between bulk and surface anisotropy with the field and temperature dependence of
SSE in yttrium iron garnet (Y1G)/Pt heterostructures and other compensated ferrimagnets have
been obtained [1,2]. We have also demonstrated, for the first time, universal scaling of
longitudinal SSE in gadolinium iron garnet (GdIG) films with different thickness and on
different substrates across the compensation temperature [3]. Our current work on thulium iron
garnet (TmIG) heterostructures with varying film thickness reveals the clear role of anisotropy
and damping on the SSE. From RF susceptibility, SSE and FMR spin pumping experiments,
quantitative analysis of the magnon propagation length has been done. Overall, this talk would
present new results in the thermal spin transport of garnet heterostructures which are of
fundamental importance in next generation spin caloritronic devices.

[1] “Giant spin Seebeck effect through an interface organic semiconductor” - V. Kalappattil, R. Geng, R. Das.
M. Pham, H. Luong, T. Nguyen, A. Popescu, L.M. Woods, M. Klauei, H. Srikanth and M.H. Phan,
Materials Horizons 7, 1413 (2020)

[2] “Tunable competing magnetic anisotropies and spin reconfigurations in ferrimagnetic Fe100-xGdx alloy
films” -A. Chanda, J. E. Shoup, N. Schulz, D. A. Arena and H. Srikanth, Physical Review B 104, 094404
(2021)

[3] “Scaling of the thermally induced sign inversion of longitudinal spin Seebeck effect in a compensated
ferrimagnet: role of magnetic anisotropy” -A. Chanda, C. Holzmann, N. Schulz, J. Seyd, M. Albrecht,
M.H. Phan and H. Srikanth, Advanced Functional Materials 32, 2109170 (2022)
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Recent progress in ultrafast magneto-acoustics

Vasily Temnov

LSI, Ecole Polytechnique, CEA/DRF/IRAMIS, CNRS, IP Paris, F-91128, Palaiseau, France
vasily.temnov@cnrs.fr

Here | review some of our recent experimental and theoretical results in ultrafast
magneto-acoustics in magnetostrictive materials and nanostructures [1] in the GHz-to-THz
frequency range. Ultrafast magneto-acoustics investigates the coupling between magnetization
and elementary excitations of magnetic order with lattice vibrations in the highest
experimentally accessible frequency range.

The first example discusses magneto-elastic excitations of ferromagnetic resonance
(FMR) with quasi-monochromatic GHz-frequency Surface Acoustic Waves (SAWSs) optically
excited in nickel thin films on glass using the transient grating geometry [2]. The underlying
theoretical modeling, starting from the analysis of phenomenological Landau-Lifshitz-Gilbert
(LLG) equations, results in a simple equation of an externally and parametrically driven FMR-
oscillator. The letter captures the most essential experimental observations such as the resonant
enhancement of FMR amplitude, the linear parametric sum- and difference frequency mixing
and generation of fractional parametric frequencies [3]. The peculiarities of time-resolved
experiments with GHz-frequency excited on permanent gratings will be illustrated using recent
magneto-elastic experiments with permanent grating on glass and silicon substrates.

The second example discusses how perpendicular standing spin wave modes in
ferromagnetic thin films in ~100 GHz frequency range, i.e. exchange magnons, can be excited
by ultrashort pulses of longitudinal acoustic phonons propagating across the film. The
dominant role of the acoustic bandwidth in this process is revealed [4].

The outlook discusses some recent theoretical results about resonantly enhanced
interactions between acoustic and magnonic cavity modes in suspended hybrid metal-
ferromagnetic multilayer structures [5].

The financial funding from ANR-21-CE15-0048-01 MRSEI "IRON-MAG" is gratefully acknowledged.

[1] W.G. Yang and H. Schmidt, Appl. Phys. Rev. 8, 021304 (2021).
[2] J. Janusonis et al., Phys. Rev. B 94, 024415 (2016).

[3] C.L. Chang et al., Phys. Rev. B 95, 060409 (2017).

[4] V. Besse et al., J. Magn. Magn. Mat. 502, 166320 (2020).

[5] U. Vemik et al., https://arxiv.org/abs/2205.09805 (2022).
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Inverse magneto-plasmonics for laser-induced spin dynamics

Ilya Razdolski, Andrzej Stupakiewicz

Faculty of Physics, University of Bialystok, 15-245 Bialystok, Poland
i.razdolskiy@uwb.edu.pl

Optical technologies for magnetic recording require nanoscale spatial resolution, thus
highlighting the importance of nanophotonics for localizing light-spin interaction. Surface
plasmons are known for their ability to confine light in subwavelength volumes and strongly
increase the optical energy density which is key for numerous applications. Plasmon-based
excitation mechanisms of spin dynamics enjoy high potential for taking the all-optical
magnetization switching onto the nanoscale and approaching the fundamental
thermodynamical energy limit for switching magnetic bits.

In this work, we present a novel perspective of plasmonics beyond the conventional
enhancement of the electromagnetic fields. We demonstrate our approach in the framework of
nanophotonic control of inverse magneto-optical (opto-magnetic) Faraday effect (IFE) and
photo-magnetism (PM). Taking the free energy approach and following [1], after the
separation of symmetric (y) and antisymmetric (o) parts of the susceptibility tensor for the
effective light-induced magnetic field we get:

HL(O) = aijkEjE; +YijlE]EI:Ml(0) +c.c.+-

Here E is the electric field of light, and M(0) is the static magnetization of the medium.
The first and the second terms are responsible for the IFE and PM together with the inverse
Cotton-Mouton effect, respectively. We discuss a model surface plasmon-polariton excitation
at an interface between a metal and magnetic dielectric. In these systems, Eq. (1) can be
rewritten in terms of a total optical intensity o |E[? and a phase shift between the electric field
components. We argue that the key role of nanophotonic excitations consists in effectively
modifying this phase while simultaneously enhancing and, notably, confining the excitation at
the nanoscale. We experimentally and numerically demonstrate its efficiency and flexibility at
setting the magnetization into motion via ultrafast plasmonic excitation of the spin system in
the dielectric. An exchange precession mode in Yb,Gd-doped BIG [2] and a Kittel mode in
Co-doped YIG [3,4] is excited with about one order enhancement of the specific efficiency, as
shown by the quantitative analysis.

Our results emphasize the potential of hybrid magneto-plasmonic structures featuring
noble (plasmonic) metals and transparent magnetic dielectrics. We further discuss future
development of this novel approach and outline a promising class of nanophotonic systems
demonstrating inverse magneto-plasmonic effects.

The funding from National Science Center Poland (Grant No. DEC-2019/35/B/ST3/00853) is gratefully
acknowledged.

[1] A.V. Kimel and A. K. Zvezdin, Low Temp. Phys. 41, 682688 (2015).

[2] A.L. Chekhov, A. I. Stognij, T. Satoh, T. V. Murzina, |. Razdolski and A. Stupakiewicz, Nano Lett. 18,
2970 (2018).

[3] A. Kazlou, A.L. Chekhov, A. I. Stognij, |. Razdolski, and A. Stupakiewicz, ACS Photon. 8, 2197-2202
(2021).

[4] T. Kaihara, I. Razdolski, and A. Stupakiewicz, Opt. Mater. Express 12 (2), 788-797 (2022).
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Spin-wave driven bidirectional domain wall motion in kagome
antiferromagnets

K. M. D. Hals?, A. Salimath?, D. R. Rodrigues?, K. Everschor-Sitte?

!Department of Engineering Sciences, University of Agder, 4879 Grimstad, Norway
kjetil.hals@uia.no
2Institute of Physics, Johannes Gutenberg University, 55128 Mainz, Germany

Insulator-based spintronics is a a
promising new pathway for developing
the next-generation low-power
technologies [1-3]. In contrast to metallic
spin electronics, in which the magnetic
bits are controlled via the itinerant charge
carriers, the spin information in insulators
is manipulated by the collective spin-
wave excitations of the magnetic
material, i.e., the magnons. In this work
[4], we predict a new mechanism to

controllably manipulate domain walls in Fig. 1: Frequency controlled spin wave-induced
kagome antiferromagnets via a single domain wall motion. For a low (b high)

linearly polarized spin-wave source. We frequencies, linearly polarized spin waves move
show by means of atomistic spin the domain wall away from (towards) the spin-
dynamics simulations of wave source. The figure is taken from Ref. [4].

antiferromagnets with kagome structure

that the speed and direction of the domain wall motion can be regulated by only tuning the
frequency of the spin waves (Fig. 1). Starting from microscopics, we establish an effective
action and derive the corresponding equations of motion for the spin-wave-driven domain
wall. Our analytical calculations reveal that the coupling of two spin-wave modes inside the
domain wall explains the frequency-dependent velocity of the spin texture. The findings imply
that the placement of the domain walls can be manipulated via a single linearly polarized spin-
wave source and thus provides a route toward significantly simplifying the bits' control
mechanism in racetrack memories. We expect our predictions to be valid for a large class of
materials ranging from iron jarosites to Weyl semimetals.

The work received funding from the Research Council of Norway via Grant No. 286889 and the DFG via
the Emmy Noether project 320163632 and TRR 173 — 268565370 (project B12). A. Salimath acknowledges A.
Abbout for the assistance during the development of the atomistic spin dynamics code. D.R. Rodrigues and K.
Everschor-Sitte acknowledge H. Gomonay for discussions on noncollinear antiferromagnets.

[1] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando,
K. Takanashi, S. Maekawa, and E. Saitoh, Nature, 464, 262 (2010).

[2] L. J. Cornelissen, J. Liu, R. A. Duine, J. B. Youssef, and B. J. van Wees, Nat. Phys., 11, 1022 (2015).
[3] R. Lebrun, A. Ross, S. A. Bender, A. Qaiumzadeh, L. Baldrati, J. Cramer, A. Brataas, R. A. Duine, and
M. Kl4ui, Nature, 561, 222 (2018).

[4] D. R. Rodrigues, A. Salimath, K. Everschor-Sitte, K. M. D. Hals, Phys. Rev. Lett. 127, 157203 (2021).
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Spin pumping in noncollinear antiferromagnets

Mike A. Lund, Akshaykumar Salimath, Kjetil M. D. Hals

Department of Engineering Sciences, University of Agder, 4879 Grimstad, Norway
mikeal @uia.no

The spin pumping [1, 2] and spin-transfer torque [3, 4] mechanisms in antiferromagnets
(AFMs) have been theoretically investigated in several works, and sub-THz spin pumping has
recently been experimentally observed [5, 6]. Most of these works have concentrated on
collinear AFMs, which are characterized by a single order parameter vector (the staggered
field). However, several AFMs require two or even three orthogonal staggered fields to
describe the spin order correctly. These systems are referred to as noncollinear
antiferromagnets (NCAFMs), whose order parameter is an SO(3) rotation matrix defining the
orientation of the reference frame spanned by the orthogonal staggered fields. To date, little
knowledge exists on how spin currents couple to the SO(3)-valued antiferromagnetic order
parameter of NCAFMs. Apart from a few works on spin transfer torque [7 - 9], there has been
no thorough investigation of the spin pumping process in these nontrivial spin systems.

In this work [10] we theoretically investigate the ac spin pumping of NCAFMs. Starting
from an effective action description of the spin system, we derive the Onsager coefficients
connecting the spin pumping and spin-transfer torque associated with the dynamics of the
SO(3)-valued antiferromagnetic order parameter. Our theory is applied to a kagome AFM
resonantly driven by a uniform external magnetic field. We demonstrate that the reactive
(dissipative) spin-transfer torque parameter can be extracted from the pumped ac spin-current
in phase (in quadrature) with the driving field. Furthermore, we find that the three spin-wave
bands of the kagome AFM generate spin currents with mutually orthogonal polarization
directions (Fig. 1). This offers a unique way of controlling the spin orientation of the pumped
spin current by exciting different spin-wave modes.

Figure 1. The spin wave dispersion relation of the kagome AFM (left) and the spin current (right)
pumped from the NCAFMssss (blue) into an adjacent normal metal (transparent pink), when driven at
resonance by the field h (yellow arrow). The three spin wave bands pump a spin current with mutually

orthogonal spin polarization directions (red arrows)

The financial funding from RCN (Young Research Talents Grant No. 286889) is gratefully acknowledged.
[1] R. Cheng, J. Xiao, Q. Niu, and A. Brataas, Physical Re-view Letters 113, 057601 (2014).
[2] R. E. Troncoso, M. A. Lund, A. Brataas, A. Kamra, Phys.Rev. B 103, 144422 (2021).

[3] K.M.D. Hals, Y. Tserkovnyak, and A. Brataas, Phys. Rev. Lett. 106, 107206 (2011).
[4] For a review see T. Jungwirth et al., Nat. Phys. 14, 200 (2018).
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[5] P. Vaidya et al., Science 368, 160 (2020).

[6] J. Li et al., Nature 578, 70 (2020).

[7]1 H. V. Gomonay, R. V. Kunitsyn, and V. M. Loktev, Phys.Rev. B 85, 134446 (2012).
[8] Y. Tserkovnyak and H. Ochoa, Phys. Rev. B 96, 100402(R) (2017).

[9] B. Li and A. A. Kovalev, Phys. Rev. B 103, L060406 (2021).

[10] M. A. Lund, A. Salimath, and K. M. D. Hals, Phys. Rev. B 104, 174424 (2021)
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Ferromagnetic resonance study of spin pumping in epitaxial
Fe/Rh bilayers

Jonas Wiemeler, Ali Can Aktas, Michael Farle, Anna Semisalova

Faculty of Physics and CENIDE, University of Duisburg-Essen, 47057 Duisburg, Germany
jonas.wiemeler@uni-due.de

The alloy FeRh of various Fe composition has been studied extensively for structural,
electrical, and magnetic properties. A nearly equiatomic composition represents a special
interest since it undergoes a first order magnetic phase transition from antiferromagnetism to
ferromagnetism, driven by temperature, strain or external magnetic fields, which makes a bulk
FeRh system suitable for magnetocaloric applications. High prices and limited worldwide
supply of Rh make a bulk application economically inefficient. Therefore, investigation
focuses on FeRh thin films. In equiatomic FeRh thin film, the (111) interface would represent
Fe and Rh multilayers of monolayer thicknesses [1].

Fe/Rh thin film bilayer systems with Fe and Rh layer thicknesses greater than the
monolayer limit were not studied in detail yet. In this work, 5 nm Fe films capped with Rh of
thicknesses (0, 1, 2, 3, 5, 10, 15) nm were grown on GaAs(100) substrates using molecular
beam epitaxy (MBE). The growth characteristics of Rh on a 5 nm Fe layer have been
investigated using Low Energy Electron Diffraction (LEED) and Auger electron spectroscopy
(AES) during the Rh growth. The AES intensities of 703 eV Fe and 302 eV Rh peaks are
compared in Figure 1. It was found, that Rh grows epitaxially on Fe in a deviated layer-by-
layer manner [2], as supported by literature [3, 4].

Ferromagnetic resonance (FMR) experiments at room temperature, combining both
angular X-Band and frequency (1-40 GHz) dependence, were used to characterise magnetic
anisotropy and magnetic damping a. The thickness dependence of o, measured in-plane, shows
an exponential behaviour which was analysed in terms of a spin pumping effect using a model
developed by Tserkovnyak [5], that can be seen in Figure 2. We found that Rh spin mixing
conductance compares to that of platinum [6], while the spin-diffusion-length compares to that
of palladium [7] making Fe/Rh a promising combination for further spintronics studies.
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Figure 1. AES intensity of Fe and Rh peaks Figure 2. The precession damping of 5 nm
during submonolayer growth of Rh on Fe. Fe/GaAs(100) capped with Rh of varied

thickness.
Funding by DFG Project No. 392402498 (SE 2853/1-1 — AL 618/37-1) and helpful discussion with
R. Meckenstock and T. Strusch are acknowledged.
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[1] I. Suzuki et al., APL 105, 17, 172401 (2014) [5] Y. Tserkovnyak et al., PRB 66, 224403 (2002)
[2] K. Bryant et al., JAP 97, 024904 (2004) [6] Y. Huo et al., AIP Advances 7, 056024 (2017)
[3] R. Pfandzelter et al., Surf. Rev. Lett. 10, 117-120 (2003)  [7] A. Kumar et al., PRB 95, 6, 064406 (2017)
[4] T. Kachel et al., PRB 46, 19, 12888-12891 (1992)
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Quantum spins and hybridization in artificially-constructed
chains of magnetic adatoms on superconducting 2H-NbSe>

Eva Liebhaber?, Lisa Riitten!, Gaél Reecht?, Jacob F. Steiner?, Harald Schmid?, Sebastian
Rohlf3, Kai Rossnagel®, Felix von Oppen?, Katharina J. Franke®*

'Fachbereich Physik, Freie Universitit Berlin, 14195 Berlin, Germany
2Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitit Berlin,
14195 Berlin, Germany
SInstitut fiir Experimentelle und Angewandte Physik, Christian-Albrechts-Universitit zu Kiel, 24118
Kiel, Germany
franke@physik.fu-berlin.de

Exchange coupled magnetic adatoms on superconductors are prime examples to study
the competition of magnetism and superconducting pairing. A fingerprint of the interaction
can be found as Yu-Shiba-Rusinov (Y SR) states inside the superconducting energy gap of the
substrate. These states can be detected in scanning tunneling spectroscopy at the single-atom
scale.

Here, we explore the quasi-two-dimensional superconductor 2H-NbSe; as a substrate
for magnetic adatom structures. Fe adatoms induce four pairs of YSR states, associated to the
singly-occupied crystal-field-split d orbitals. The energy of the YSR states scales with the
modulated charge density across the surface, highlighting the spatial variation of the
competition of exchange coupling and superconducting pairing.

In a second step, we place magnetic adatoms in close proximity and investigate the
interaction of their YSR states. We observe a shift and splitting of the YSR states, including a
guantum phase transition from a screened-spin state to a free-spin state. The transition is driven
by substrate mediated magnetic interactions (RKKY interactions) becoming possible in the
free-spin state [2, 3].

We then deliberately increase the chain length by adding individual Fe atoms with the
STM tip, up to a length of 51 atoms. In each step we track the evolution of the YSR states. We
find signatures of YSR band formation consistent with ferromagnetic coupling of quantum
spins [2,4].

[1] E. Liebhaber et al., Nano Lett. 20, 339 (2020).

[2] E. Liebhaber, et al., Nature Commun. 13, 2160 (2022).
[3] H. Schmid, et al, Phys. Rev. B 105, 235406 (2022).

[4] J. F. Steiner, et al., Phys. Rev. Lett. 128, 036801 (2022).
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Y u-Shiba-Rusinov states of Fe dimers on 2H-NbSe;

Lisa M. Riitten!, Eva Liebhaber!, Gaél Reecht!, Kai Rossnagel?2, Felix von Oppen?,
Katharina J. Franke

Fachbereich Physik, Freie Universitit Berlin, 14195 Berlin, Germany
l.ruetten@fu-berlin.de
?Institut fiir Experimentelle und Angewandte Physik, Christian-Albrechts-Universitit zu Kiel, 24118
Kiel, Germany
Ruprecht Haensel Laboratory, Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg,
Germany
4Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitét Berlin,
14195 Berlin, Germany

Unpaired adatom spins on superconductors interact with the Cooper pairs of the
substrate and induce Yu-Shiba-Rusinov (YSR) states inside the superconducting gap [1-3].
These can be probed by scanning tunneling spectroscopy at the single-atom scale. 2H-NbSe,
is a superconducting, layered van der Waals material, where the YSR wave functions of
magnetic impurities extend over several nanometers [4]. This provides a wide range of adatom
spacings over which their interaction is sufficiently strong to be potentially observed as a
splitting in the tunneling spectra.

In addition to superconductivity, 2H-NbSe, hosts an incommensurate charge-density
wave (CDW). The imposed variation of the local density of states leads to shifts in the energy
of the YSR states and alters the spatial symmetry of YSR wave functions [5]. Here, we arrange
Fe atoms on 2H-NbSe; using the tip of a scanning tunneling microscope and realize dimers
with different spacings and symmetries. We investigate the influence of spacing and position
of the atoms with respect to the CDW on the interaction between the YSR states.

[1] L. Yu, Acta Phys. Sin. 21.1 (1965).

[2] H. Shiba, "Classical spins in superconductors." Prog. Theor. Phys. 40.3 (1968).
[3] A. Rusinov, JETP Lett. (USSR)(Engl. Transl.); (United States) 9 (1969).

[4] G. Ménard, et al., Nature Physics 11.12 (2015).

[5] E. Liebhaber, et al., Nano letters 20.1 (2019).
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Non-symmorphic band sticking in a topological
superconductor

Warren Pickett, Yundi Quan, Matthew Staab, Inna Vishik, Valentin Taufour

Department of Physics and Astronomy, University of California Davis, Davis California
wepickett@ucdavis.edu

Unconventional  superconductors  continue to
challenge our understanding of condensed matter systems.
These condensates have Cooper pairs with lower symmetries
than in  conventional superconductors. In  most
unconventional superconductors, the additional symmetry
breaking occurs in relation to typical ingredients such as
strongly correlated Fermi liquid phases, magnetic
fluctuations, or strong spin-orbit coupling in non-
centrosymmetric structures.

Figure 2: Energy surface plot for
Cmcm LaNiGa2 on the kz = w/c
plane, with the Z—T line indicated.
The intersection of various bands
with the Fermi energy EF can be
seen. The Dirac band touching
point is identified by the small
vertical arrow. The small SOC
splitting is visible between nearby
bands in several places. Along the
T-Z-T line, SOC splitting

Energy (eV)
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Figure 1: Photon energy dependence of ARPES intensity and

overlaid ARPES data of the ky = 0 plane. a Photon energy
dependence of ARPES intensity along the I'-A diagonal, K|,
through the BZ. b DFT calculation of spectral weight A(k,®) along
the same plane as a. Comparing the structure of a and b indicates
that the ky = 0 plane of the BZ can be accessed with a photon energy
of 144 eV. ¢ ARPES measured Fermi surface along the ky = 0 plane
overlaid with DFT calculated Fermi surface contours. White dashed
line indicates same location in all panels.

vanishes, leaving the Dirac points
as the only true degeneracies. Also
evident from the figure is the
combination of bands near the
nodal point with very small,
moderate, and large velocities—a
highly  anisotropic  electronic
structure.

In this presentation, | will show that the 'SR observed time-reversal symmetry
breaking in the unconventional superconductor LaNiGaz is enabled by its previously unknown
topological electronic band structure. Our single crystal diffraction experiments indicate a
nonsymmorphic crystal structure [1], in contrast to the previously reported symmorphic
structure. The nonsymmorphic symmetries transform the plane of the Brillouin zone boundary
into a nodal-surface.

Through band-structure calculations we reveal that distinct Fermi surfaces become
degenerate on the nodal-surface and form Dirac lines and a Dirac loop at the Fermi level.
Within the Dirac loop are two symmetry related Dirac points which remain degenerate under
spin-orbit coupling.[2] ARPES measurements confirm the calculations and provide evidence
for the Fermi surface degeneracies on the nodal-surface.[1] These unique topological features
enable an unconventional superconducting gap in which time-reversal symmetry can be
broken in the absence of other typical ingredients.

LaNiGa, provides the first example of a topological crystalline superconductor that
breaks time-reversal symmetry without any overlapping magnetic ordering or fluctuations.
Our findings will enable future discoveries of additional topological superconductors.

Financial support from AFOSR, DOE, and NSF is gratefully acknowledged.

[1] J. R. Badger et al., Commun. Phys. 5, 22 (2022).
[2] Y. Quan, W. E. Pickett, et. al., Phys. Rev. B 105, 064517 (2022).
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The Conductivity Parameters of YBa>CuzOss+s
Superconductor Compound

Emad K. Al-Shakarchi and Ali Mohsin

Al-Nahrain University, College of Science, Physics Department, Baghdad, Iraq
eks2000@hotmail.com

The high-temperature superconductor like YBa,Cu3sOs5+5 Was prepared by solid-state
reaction method at calcination temperatures (900 °C). The crystal structure was confirmed
using X-ray diffraction, and it was found that YBa2CusOss+s showed an orthorhombic phase
with lattice parameters (a=3.82030, b=3.88548, and ¢ = 11.6835 A) with space group (Pmmm).
The sample was sintered at sintering temperatures (900 °C) for (24 hr). The oxygen excess (3)
was nearly (0.36), which was effective in the appearing superconducting properties. The
sample YBa,Cus0s g6 had a critical temperature of about (92 K). The simulation of the XRD
pattern was necessary to predicate the shape of the unit cell and the position of atoms in the
unit cell. The last is very important to find some theoretical data, which are beneficial in the
prediction of the conductivity parameters through the sequences unit cells, which are useful in
the conductivity mechanism. This mechanism is depending on the concept of interlayer
coupling, so the number of the layers including the unit cell is an effective parameter in the
conductivity mechanism through the normal resistivity created.
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Effect of uniaxial and hydrostatic pressure on competing
phases in iron-based superconductors

Elena Gati

Max-Planck-Institute for Chemical Physics of Solids, Noethnitzer Str. 40, 01187 Dresden, Germany
elena.qgati@cpfs.mpg.de

Iron-based superconductors represent an exceptional playground to explore the
competition of correlated electronic phases by tuning the crystal lattice via pressure [1].
Pressure is such an excellent tool to explore this competition since the different components
of the stress tensor can couple to certain order parameters directly, thus providing an effective
mean to study competition of different ordered phases. In addition, the different components
of the stress sensor can nowadays be controlled experimentally with very high precision.

In this talk, I will illustrate the impact of different types of pressures on the phase
diagram of archetypical iron-based superconductors. First, | will introduce how non-symmetry
breaking hydrostatic pressure impacts the phase diagram of FeSe and discuss how specific heat
measurements under hydrostatic pressure reveal interesting manifestations of the competition
of magnetic and superconducting phases [2,3]. Second, I will discuss how symmetry-breaking
uniaxial pressure affects the phase diagram of materials from the CaKFesAs, family [4]. Last,
I will introduce a novel technique, that allows to combine hydrostatic with uniaxial pressure,
show proof-of-principle results on BaFe,As, [5] and outline how this technique might be of
relevance for studies of the wider class of quantum materials.

Work is performed in collaboration with Sergey L. Bud’ko and Paul C. Canfield (Ames
Laboratory/lowa State University). Part of the work was carried out at lowa State University and
supported by Ames Laboratory, US DOE, under Contract No. DE-AC02- 07CH11358.

[1] E. Gati et al., Ann. Phys. 532, 2000248 (2020).

[2] E. Gati et al., Phys. Rev. Lett. 123, 167002 (2019).
[3] E. Gati et al., Rev. Sci. Instrum. 90, 023911 (2019).
[4] M. Xu et al., arXiv:2204.10925 (2022).

[3] E. Gati et al., Rev. Sci. Instrum. 91, 023904 (2020)
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Disorder in FeSe;—xSx (0 < x < 1) superconducting crystals

Cedomir Petrovic

Brookhaven National Laboratory
Petrovic@bnl.gov

Connections among crystal chemistry, disorder and critical temperature Tc have been
at the forefront of superconductivity, one of the most widely studied phenomena in physics,
chemistry and materials science alike. In Fe-based superconductors Tc correlates with the
average anion height above the Fe plane, i.e. with the geometry of the FeAs4 or FeCh4 (Ch =
Te, Se, S) tetrahedron. By synthesizing FeSel—xSx (0 < x < 1) single crystal alloys with atomic
defects we find that their Tc is not correlated with the anion height of other Fe superconductors.
Instead, changes in Tc(x) and tetragonal-to-orthorombic (nematic) transition Ts(x) on cooling
are correlated with Bragg plane and Fe vibrations disorder in direction orthogonal to Fe planes
and thereby induced scattering rates (1/1)(x) [1,2]. The disorder stems from deformed
Fe(Se,S)4 tetrahedra with different Fe-Se and Fe-S bond distances. Moreover, high-
temperature metallic resistivity in the region of strong disorder exceeds Mott limit and
provides an example of the strong violation of Matthiesen’s rule and Mooij law which is
known to be a dominant when adding moderate disorder past the Drude/Matthiassen’s regime
in all materials [2]. Scattering mechanism of Mott limit-exceeding resistivity is unrelated to
phonons and arises for strong Se/S atom disorder in tetrahedral surrounding of Fe. Our findings
shed light on the intricate connection between nanostructure details and unconventional
scattering mechanism, possibly related to chargenematic or magnetic spin fluctuations.

[1] Aifeng Wang et al., Inorganic Chemistry (in press 2022).
[2] Aifeng Wang et al., under review (2022).
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Hydrogen in metal/metal oxide hydrides

M.R. Mohammadizadeh?, Hamed Arab?, S. Vahid Hosseini', M. Abbasnejad?, M. Sedighei?,
Z. Alizadeh!

1Superconductivity Research Laboratory (SRL), Department of Physics, University of Tehran, North
Kargar Ave., P. O. Box 14395-547, Tehran, Iran.
2Faculty of Physics, Shahid Bahonar University of Kerman, Kerman, Iran

Hydrogen is a very important element in new high pressure metal hydrides. We have
studied the influence of H in some metal and metal oxides. For example, new compaositions of
palladium hydride at pressure 50 GPa have been investigated using USPEX genetic algorithm.
At this pressure, compounds such as PdH, Pd;H and PdsH were proposed. The phonon
calculations show that these compounds do not show any imaginary frequency in the phonon
dispersion curve, so they have mechanical stability. However, superconductivity calculations
based on BCS theory showed that the electron-phonon interaction in these compounds is very
low and the superconducting transition temperature was less than 1 K.
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Two distinct possibilities of realizing room-temperature
superconductivity in high-T. cuprates
and high pressure hydrides

S. Dzhumanov

Institute of Nuclear Physics, Uzbek Academy of Sciences, 100214, Ulugbek, Tashkent, Uzbekistan
dzhumanov@inp.uz

The theory of three-dimentional (3D) and two-dimentional (2D) Bose-liquid
superconductivities in high-T. cuprates and other materials is developed. The high-T. cuprates
and related high pressure hydrides with strong electron-phonon coupling are believed to be in
the limit of bosonic superconductors [1]. According to the theory of a superfluid Bose-liquid
of Cooper pairs, the superconducting transition temperature T is much lower in the bulk of
high-T cuprates than at planes in them and the 3D superconductivity in these systems above
the bulk T¢ is destroyed, after which 2D superconductivity persists only at grain boundaries,
interfaces and planes in the laminated blocks in the temperature range T.<T<T.°. The
possibility of realizing room-temperature superconductivity in some families high-T. cuprate
superconductors (with T¢ >100 K) containing grain boundaries, interfaces and laminated
blocks is discussed. The crossover from bulk to surface Bose-liquid superconductivity in these
high-T. materials can serve as a starting point in the theoretical and experimental search for
room-temperature superconductivity. In particular, the crossover from 3D to 2D Bose-liquid
superconductivity in alternating 3D/2D sandwich layers might be possible route to room-
temperature superconductivity in promising Bi-based cuprate materials. Since the crossover
from 3D to 2D Bose-liquid superconductivity at grain boundaries, interfaces and planes in the
laminated blocks in such high-T. cuprates can lead to an increase in T. to room temperature.
The possibility of increasing T. up to room temperature in 2D superconductors depends on
several parameters (i.e. on the effective mass mg” of bosonic carriers (tightly-bound Cooper
pairs), the density of superfluid bosons ps, the interboson coupling constant j& and the energy
of optical phonons fw,). The theory of 3D superfluid Bose-liquid of Cooper pairs predicts an
alternative route to room-temperature superconductivity in recently discovered high-T.
hydrides, which should not be considered as the conventional superconductors described by
the BCS-like and Migdal-Eliashberg theories. In these new superconducting materials, Cooper
pairs might be in the bosonic limit and the 3D Bose-liquid superconductivity can occur at room
temperature under high pressures. Since the coupling constant » and the density of superfluid
bosonic carriers ps in high-T. hydrides under high pressures may increase significantly and
their superconducting transition temperature T, can reach up to room temperature [1].

Various experiments on some families of high-T. cuprates [2,3,4,5] lend support to the
theory of Bose-liquid superconductivity and the signatures of the superconducting transitions
at temperatures far above the bulk T, and sometimes close to room temperature. Apparently,
other experiments [6] on high-T. hydrides also support for predictions of this theory
concerning the possibility of room-temperature superconductivity in high pressure hydrides.

The financial funding from Project F-FA-2021-433 is gratefully acknowledged.

[1] S. Dzhumanov, Arxiv. 1912.12407.

[2] A. Ulug et al., Physica C 235-240, 879 (1994).

[3] J.L. Tholence et al., Physica C 235-240, 1545 (1994).

[4] I. Bozovic et al., Quantum Stud.: Math. Found, DOI 10.1007/5 40509-017-012-X.
[5] D.D. Gulamova, Private Communication.

[6] E. Snider et al., Nature 586, 373 (2020).
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Elemental substitution at Tl-site of Tl1xXx(Ba,Sr)CaCu20~
superconductor with X = Cr, Bi, Pb, Se and Te

J. Nur-Akasyah?, R. Abd-Shukor?

1School of Mechanical Engineering, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia
jnurakasyah@gmail.com
2Department of Applied Physics, Universiti Kebangsaan Malaysia,
43600 Bangi, Selangor, Malaysia

The Sr and Ba bearing TI-1212 phase, TI(Ba,Sr)CaCu,O7 is an interesting
superconductor. The Sr only bearing TISr,CaCu,0; is not easily prepared in the
superconducting form. The Ba only bearing TIBa,CaCu,O7 on the other hand does not show
improvement in the transition temperature with elemental substitution. In this work, the effect
of elemental substitutions at the TI-site of Tl1.«Xx(Ba,Sr)CaCu,0O7 (X = Cr, Bi, Pb, Se or Te)
superconductors for x = 0 and 0.4 was studied.

The aim of this study was to determine the .0
element that enhance and suppress the .
superconducting transition temperature of Tl.. sl .

«Xx(Ba,Sr)CaCu.07 (TI-1212) phase. The selected
elements were from transition metal (Cr), post-
transition metal (Bi and Pb), non-metal (Se) and
metalloid (Te) categories.

The samples were prepared by the solid-
state reaction method. XRD patterns showed single
TI-1212 phase was formed in pure samples. The
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.

pure sample (x = 0) also showed plate-like structure ) 00 10 20 20
with larger voids. Substitution of Pb showed ) Temperature / K
similar morphology with the pure sample. The Figure 1. Electrical resistance versus

temperature curves of Tl1-
xXx(Ba,Sr)CaCu207 (X = Cr, Bi, Pb, Se or
Te) forx=0and 0.4.

highest superconducting transition temperatures
(Teonset, Ty and Tp) were achieved by Cr-
substituted samples (Table 1). However,
substitution of Te suppressed the superconductivity of T1-1212 phase (Fig. 1). Jcinter(Tp) for all
samples were calculated to be in the range of 12-17 A/lcm?.

This work showed that the transition temperature decreased linearly with the ionic
radius except for Cr and Se which showed high T although its ionic radius is smaller. The
roles of ionic radius of the substituted elements on the superconductivity of TI(Ba,Sr)CaCu.07
are discussed in this paper.

Table 1. Tconset, Tezeros ATe, Teys Tp, Je inter(Tp), lattice parameters, unit volume cell and volume fraction of TI1-1212
phase for Tl;.,X«(Ba,Sr)CaCu,0; with X = Cr, Bi, Pb, Se or Te.

TI-
Th- Teonset/ Tezero/ Teyl  Tpl Je (Tp) / 1212
«Xx(Ba,Sr)CaCu20 K K ATe/ K é Pp< Al(cr:)w)2 a/A c/A ViR phase

1%
x=0 96 81 15 95 74 17 3.8220 12.370 180.70 100
X =Cr(x=0.15) 106 77 29 107 75 12 3.8320 12.304 180.67 99
X=Cr(x=0.4) 113 85 28 111 76 14 3.8270 12.289 179.98 83
X =Bi(x=0.4) 95 87 8 92 75 15 3.8170 12.282 178.94 68
X=Pb(x=0.4) 82 70 8 83 67 12 3.8250 12.327 180.35 95
X=Se(x=04) 100 85 15 100 51 17 3.8190 12.314 179.99 78
X=Te(x=0.4) 77 60 17 62 48 16 3.8240 12394 181.21 51

The financial funding from Ministry of Higher Education of Malaysia under grant no.
FRGS/1/2020/STG07/UKM/01/1 is gratefully acknowledged.
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Competition of crystal structure motives in Heusler alloys
Fe:NiZ (Z = Al, Ga, In, Sn) and its influence on phase stability
and ground state properties

Vladimir Sokolovskiy?, Olga Miroshkina?, Vasiliy Buchelnikov?, and Markus Gruner?

IChelyabinsk State University, Chelyabinsk, Russia
vsokolovsky84@mail.ru
2University of Duisburg-Essen, Duisburg, Germany

The Heusler alloys have attracted great attention from experimental and fundamental
points of view due to their remarkable magnetic, mechanical, and thermodynamic properties.
Many of them exhibit a martensitic transformation from high-symmetry cubic austenite to
lower symmetry martensite with tetragonal or orthorhombic structure. A lowering in a crystal
symmetry induces a large magnetocrystalline anisotropy energy (MAE) [1]. As a consequence,
the low cost Heusler alloys possessing a high MAE, Curie temperature and saturation
magnetization would be useful in the field of rare-earth free permanent-magnet technology.

In the present work we focus on Heusler alloy family Fe;NiixZix (Z = Al, Ga, In, Sn)
with the framework of ab initio calculations and the projector augmented wave method as
implemented in VASP code [2]. We considered regular (L21) and inverse (XA) Heusler
structures together with three types of layered atomic ordering. Three new types of atomic
ordering based on the inverse structure - tetragonal symmetry structures TP, T¢, T# - are obtained
by rearrangement of atom pairs. All these structures are modeled using the 16-atom supercells.
The full description of each structure can be found in [3].

For all compositions under study, the total energy and magnetic moments as a function
of lattice parameters and tetragonal ratio are calculated. The possibility of martensitic
transition for off-stoichiometric compounds is determined. Fig. 1 displays the total energies as
a function of tetragonal distortion (c/a) for Fe;NiGa and Fe;Niln alloys with different crystal
structures considered. It can be seen that the preferable structure is the proposed layered TP
structure although the XA and T® structures are very close in the energy as compared to the
L2, structure. Similar trends are also found for other compounds. Besides, the MAE (out-of-
plane direction) which twice larger than that for the tetragonal L1, FeNi is predicted for Fe;:NiZ
with favorable TP crystalllne structure
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Figure 1. Total energy as a function of tetragonal ratio for Fe2NiGa and FezNiln with different

crystal structures. The energy difference is plotted with respect to the energy of XA structure.
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The financial funding from Ministry of Science and Higher Education of the RF within the framework of the
Russian State Assignment under Contract No. 075-01391-22-00 is gratefully acknowledged.

[1] Y. Matsushita et al., J. Phys. D 50, 095002 (2017).).

[2] G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).
[3] V.V. Sokolovskiy et al., Phys. Rev. Mat. 6, 025402 (2022).
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Ab initio study of the 4d Heusler alloy RhoFeZ

Danil Baigutlin®, VIadimir Sokolovskiy?, Vasiliy Buchelnikov?, Olga Miroshkina?

IChelyabinsk State University, 454001, Chelyabinsk, Russian Federation
dOnik1996@mail.ru
2University of Duisburg-Essen, 47057, Duisburg, Germany

Half-metallic ferromagnets are a class of materials with 100 % spin polarization on the
Fermi level. They have attracted a lot of interest due to their possible applications in the
spintronics area [1]. One of the most common methods is spin injection from a ferromagnetic
material, in particular, half-metallic Heusler alloys [1]. The half metall full Heusler alloys are
based on the 3d transition metals quite well investigated [1]. On the contrary, there is much
less information about half metallic ferromagnets containing 4d transition elements. The goal
of this work is investigation of structural, electronic and magnetic properties of Heusler alloys
based on the RhoFeZ (Z = Al, Si, Ga, Ge, In, Sn) family.

The calculation was performed within the framework of the Density Functional Theory
using the plane augmented waves approach implemented in the VASP code [2]. Since the alloy
contains strongly correlated 3d and 4d elements, the meta-GGA SCAN approximation was
used to approximate the exchange-correlation functional [3].
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Figure 1. The total energy difference (AE) as a function of the lattice parameter of RhaFeZ (Z = Al
Si, Ga, Ge, In, Sn) for L21 and Xa lattice. The AE is plotted with respect to the L21 lattice with
ferromagnetic alignment.

The regular L21 structure is energetically advantaged for all Z elements and functional.
The FM ordering is preferable, however the energy distance between FM and AFM orders is
lower in the case of fourth main group elements, which shows the possibility of a meta-
magnetic transition for such alloys. At the same time, the antiferromagnetic ordering competes
with each other. To establish the possibility of a martensitic transformation, the dependencies
of the total energy on the tetragonal ratio are plotted in Fig. 1. In the case of the Z element
from the third group the two almost degenerate martensite minimums with small c/a distortion
~ 0.98 and 1.02 are observed For FM ordering. When passing to the elements of the fourth
group, these minima become clearly distinguishable. The tetragonal distortion ratiois 0.92 and
1.2, respectively, whereby a martensitic structure with c/a >1 is favorable.

The research was supported by the RSF - Russian Science Foundation project No. 22-12-20032.
[1] C. Felser et al., Angew. Chem. Int. Ed 46(5), 668-699 (2007)

[2] G. Kresse, D. Joubert, Phys. Rev. B. 59, (1999) 1758.
[3] J. Sun, A. Ruzsinszky, J. P. Perdew, Phys. Rev. Lett. 115, (2015) 036402.
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Tuning of the effective magnetic decoupling
in Ni-Mn-(In,Sn) Heusler alloys

Olga N. Miroshkina?, Francesco Cugini?3, Simone Chicco?, Fabio Orlandi*, Giuseppe
Allodi?, Pietro Bonfa?, Vincenzo Vezzoni?, Greta Cavazzini®®, Franca Albertini®, Roberto De
Renzi?, Massimo Solzi?3, and Markus E. Gruner!

!Department of Physics and CENIDE, University of Duisburg-Essen, Duisburg, Germany
olga.miroshkina@uni-due.de
2University of Parma, Parma, Italy
3National Research Council (IMEM-CNR), Parma, Italy
“Rutherford Appleton Laboratory, Chilton, United Kingdom

The magnetocaloric effect at first-order phase transitions is considered as an efficient
and ecologically friendly alternative to conventional compressor cooling [1]. A promising
class of materials for magnetic cooling devices are multifunctional Heusler materials [2,3]. We
explore the complex magnetic ordering mechanisms in magnetocaloric Ni-Mn-(In,Sn) Heusler
alloys by means of density functional theory, which provides an accurate and efficient
characterization of the relation between structure, magnetism, and electronic properties in
these materials. The calculations accompany extensive experimental investigations, which
reveal a non-monotonic trend in the Curie temperature and an effective magnetic decoupling
of 4a and 4b sublattices exhibiting different temperature dependence of their magnetization
[4], see Fig. 1.
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Figure 1. (a) Total energies of different magnetic arrangements (AF, AF/FM, paramagnetic) relative
to the FM state of the Ni-Mn-In-Sn alloys as a function of the Sn content. (b,c) Mn magnetic moment
in the (b) 4a and (c) 4b sublattices as a function of temperature, obtained from the refinement of
neutron powder diffraction data.

Our first-principles reveal a composition-dependent competition of the effective
ferromagnetic (FM) and antiferromagnetic (AFM) coupling between the sublattices, which
can be directly controlled by electron doping in terms of In/Sn substitution. This result shows
the possibility of fine-tuning of Heusler materials via exchanging the main-group element
increasing the range of their potential applications.

The financial funding from DFG (CRC/TRR 270, Project-ID 405553726) is gratefully acknowledged.
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Metamagnetism and magnetocaloric effect:
case study of AuMn

Elvina Dilmieval, Andrei Rogalev?, Fabrice Wilhelm?, Jean-Paul Jacques Kappler?,
Alex Aubert®, Konstantin P. Skokov?®

'European Synchrotron Radiation Facility, 38043 Grenoble, France
elvina.dilmieva@esrf.fr
2Synchrotron Soleil L’Orme des Merisiers, 91190 Saint-Aubin, France
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The magnetocaloric materials remain at the forefront of research motivated by a
possibility of using them in eco-friendly refrigeration over a wide temperature interval or in
gas liquefaction at low temperatures. Structural, magnetic and electronic subsystems
contribute differently to the magnetocaloric effect (MCE) and definite answer to the question
of the driving force is still to be found [1].

AuzMn compound is remarkable system that .. - @
allows one to elucidate roles of different subsystems C§
to the MCE. It exhibits the 1% order metamagnetic 0% 0
(field induced) transition from a spin-spiral state [2, 0% 0
3] to a ferromagnetic one, which is not accompanied (
by the structural changes [4]. In this work we present O%‘
the results of thorough study of magnetic properties Py : ®
of AuzMn across the metamagnetic transition. X-ray '
magnetic circular dichroism (XMCD) measurements @K{ ®
have been performed at the L,3-edges of Au and at .’Q.'
the K-edge of Mn under a magnetic field up to 17 T. Q
The XMCD results showed the presence of a finite oQ0 0
magnetic moment on Au atoms, induced via Q& o

hybridization of the 5d states with 3d orbitals of Mn

atoms. The magnetic moments of Au atoms orders in

their own spiral despite the weakness of the moment

(~0.01 [1g) (see Fig.1). It should be noted that the

spin-to-orbital moment ratio is the same for the spin- Q;

spiral and the ferromagnetic states. In the region of °® .—.,,.

the metamagnetic transition, the inverse MCE has () (b)

been studied by both indirect and direct methods up Figure 1. Spin-spiral (a) and field

to 14 T. The extremely low value (AS ~ 0.04 J/(kgK) . qced kb) magnetic structures of

gt_ypoz 2hT)hof the MCEI is udnarlnbiguquslygetected. AuwMn.  Arrows  indicate  the
ince both the structural and electronic subsystems .~ ..

do not contribute to the MCE in Au;Mn, we can direction of Mn (red) and Au (black)

conclude that the observed small contribution is due

to the magnetic subsystem only. The obtained results are discussed from a more general point

of view of influence of metamagnetic transitions on magnetocaloric properties.

magnetic moments.

[1] A.S. Komlev et al., JAC 898, 163092 (2022).

[2] L. Liu et al., PRB 96 (18), 184429 (2017).

[3] J. Glasbrenner et al., PRB 90 (14). 144421 (2014).
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The study of electronic structure and magnetic properties of
selected U-based intermetallics from the first-principles

Mane Sahakyan'*, Manuel Richter?,Vinh Hung Tran*

Lnstitute of Low Temperature and Structure Research, Polish Academy of Sciences, P. O. Box 1410,
50-422 Wroclaw, Poland
2L_eibniz IFW Dresden, Helmholtzstrafe 20, 01069 Dresden, Germany
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Due to the localized or itinerant nature of the 5f electrons, actinide compounds
displaying various intriguing phenomena, such as the Kondo effect, heavy fermion behawior
and etc., have been continuously studied in recent decades. Moreover, it can be noticed that in
uranium intermetallic compounds the magnetic properties strongly correlate with the features
of both the electronic and the crystal structure, since any small change can lead to large changes
in magnetism.

In this report we present the theoretical investigation of the electronic structure and
magnetic properties study of two intermetallic U,PdGas and U,PtGas compounds crystallizing
in an orthorhombic CeCu,-type structure (space group Imma). Based on the electrical
resistivity, =~ magnetization, magnetic  susceptibility = data, compounds ordering
antiferromagnetically [1, 2]. Moreover, the magnitude of ordered uranium magnetic moments
obtained by neutron-diffraction patterns is evaluated to 0.32(5) us/U and 0.38(5) us/U for
U,PdGas and U;PtGas, respectively, which are strongly reduced in comparison of moments of
free uranium ions (U* (3.6 ue/U) and U** (3.58 ps/U)). This fact and the number of other
features proves the assumption that Kondo effect is operative in an antiferromagnetically
ordered state. Employing Density functional theory methods we observe significant changes
in the magnetic moments and electronic properties of these compounds. Using Full-Potential
Linearized Augmented Plane-Wave (FP-LAPW) method [3], the electronic structure
properties are discussed in terms of effects brought by the Coulomb interaction (U) and the
Hund coupling (J). Moreover, taking into account the importance of orbital magnetism in
uranium compounds the Orbital Polarization Correction (OPC) was used to model the
magnetic properties in the Full-potential local-orbital method [4].

This work was supported by the National Science Centre (Poland) under the Scintific activity No.
2020/04/X/ST300094. We gratefully acknowledge computational center of IFW Dresden for giving opportunity to
perform calculations in the high-performance computing environment.

[1] Tran V. H., J. Phys.: Condens. Matter 8, 6267 (1996).

[2] Tran V. H., Steglich F., and Andre G., Phys. Rev. B 65, 134401 (2002).

[3] Wimmer, E.; Krakauer, H.; Weinert, M.; Freeman, A. J 1103/PhysRevB..1981, 24, 864 —875.
[4] K. Koepernik and H Eschrig, Phys. Rev. B 59, 1743 (1999). https://www.fplo.de/.

41



/ 12th International Conference on Magnetic

O\
M SM and Superconducting Materials TueSday, AUgUSt 30
S

University of Duisburg-Essen, Faculty of Physics
+ \\\\ August 28 — September 2, 2022

Non-collinear spin reorientation in FeRh from first principles:
Ultrafast laser-quenching vs. coherent rotation of Fe moments

Mike J. Bruckhoff, Markus E. Gruner, Rossitza Pentcheva

Faculty of Physics and Center for Nanointegration (CENIDE) Duisburg - Essen,

University of Duisburg - Essen, Lotharstr. 1, 47057 Duisburg, Germany
mike.bruckhoff@uni-due.de

The binary alloy FeRh exhibits a large magnetocaloric effect (MCE) around room
temperature at the isostructural, metamagnetic first-order phase transition from
antiferromagnetic (AFM) to ferromagnetic
(FM) order, which can be driven by an
external magnetic field or laser excitation [1].

Here, we present a comprehensive
non-collinear DFT study where we
investigate the multidimensional energy
landscape E(M,V), by constraining the total
spin moment in the whole unit cell in order to
compare different kinds of spin reorientation
pathways. The absence of significant energy
barriers suggests that the coherent in-plane
rotation of the Fe moments is a likely scenario
for the magnetic phase transition (Fig. 1) inan  Figure 1. Energy landscape E(M,V) for a
external magnetic field. The response of FeRh  coherent rotation of the Fe magnetic
to a laser pulse is calculated by means of real-  \\oments within the y-z plane. Path of
time time-dependent DFT (RT-TDDFT).  goaneqt descent from AFM global minimum

Here, we observe an ultrafast to FM local minimum (black dashed).
demagnetization of the Fe magnetic moments

and a net Rh-to-Fe charge transfer [1] in both phases (Fig. 2). The magnitude of the response
depends strongly on the magnetic phase, the photon energy and the laser fluence of the incident
laser pulse. We conclude that laser excitation and applied magnetic fields initiate distinct
transition pathways, which may be exploited to avoid hysteresis losses.
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Figure 2. Ultrafast response to a) an optical laser pulse of b) the total energy change, c) magnetic
atomic moments and d) change of atomic charges in dependence on the magnetic phase (AFM blue
line, FM red line)

We gratefully acknowledge funding by the DFG within TRR/CRC270 as well as within CRC1242.
Calculations were carried out on the MagnitUDE supercomputer system at the University of Duisburg-Essen.
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The influence of exchange correlation functional on the
properties of Mn2V/(Al,Si) Heusler alloys

V.D. Buchelnikov?, D.R. Baigutlin®, V.V. Sokolovskiy* and O.N. Miroshkina®-2

!Chelyabinsk State University, Chelyabinsk, Russia
buche@csu.ru
2University of Duisburg-Essen, Duisburg, Germany

Half-metallic (HM) magnetics attract interest due to their potential spintronics
applications involving novel thermoelectrics, spin filters, data storage, and other spin-based
devices [1]. Recently, we reported that the implementation of electron correlation effects using
the strongly constrained and appropriately normed (SCAN) meta-GGA functional yields
nearly degenerate HM and metallic phases in Mn,ScSi and Mn;VGe [2,3]. It has been
suggested that switching between these two phases could be achieved by applying volume
change within the cubic phase, by the application of an external magnetic field or doping of
alloy by fourth element. The aim of this work is to provide a theoretical description of Mn-V-
Al-Si Heusler alloy, which is shown to demonstrate a switchable low (LMS) to high magnetic
state (HMS) behavior. These alloys are more cost effective and stable to segregation.
Calculations were performed using the DFT scheme with the PAW method as implemented in
the VASP package [4]. We show that such a switching mechanism can be treated via the
exchange-correlation effects described within the SCAN functional. Stoichiometric Mn,VAI
and Mn,VSi are found to display an energy difference between the LMS and HMS phases,
which is too large to allow easy switching between these two phases. For this reason, we
explore the effects of Si or Al doping, which drives the LMS and HMS phases into near

degeneracy. It is shown that the effect of doping significantly decreases the energy between
the LMS and HMS phases (Figure 1).
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Figure 1. The dependence of energy and magnetization from lattice parameter for Mn2VAI, Mn2VSi
and Mn2VAlosSios for PBE (left panel) and SCAN (right panel) functional.
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Geometrical effects in three-dimensional magnetic and
superconductor circuits
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The expansion of magnetism and superconductivity to three dimensions provides
exciting opportunities to explore new physical phenomena and opens great prospects to create
3D novel devices for green computing technologies [1,2].

In this talk, I will present some of our recent works dedicated to the investigation of
three-dimensional artificial circuits with complex-shaped geometries (see Figure 1). The talk
will give an overview of the new methods we have developed to fabricate and characterize
magnetic [3] and superconducting [4] nanomaterials, and some of the new functionalities
obtained [5, 6]. This includes the creation of localized spin textures, topological defects and
stray fields exploiting geometrical effects [7,8], the automotive 3D motion of information in
magnetic circuits [9] and the strong magnonic contribution to the magnetoelectrical signals of
the devices under investigation [10].

Figure 1. Selection of three-dimensional nanomaterials where geometrical effects have
been investigated.

Financial support from an EPSRC Early Career Fellowship EP/M008517/1, the EPSRC Cambridge
NanoDTC EP/L015978/1, the Winton Program for the Physics of Sustainability, the project CALIPSOplus under
Grant Agreement 730872 from the EU Framework Programme for Research and Innovation HORIZON 2020, and by
the European Community under the Horizon 2020 Program, Contract no. 101001290, 3DNANOMAG. is gratefully
acknowledged.
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Topological magnetic structures and their dynamics
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The current-induced dynamics of magnetic structures is
quite complex. For example, magnetic skyrmions allow for _
‘banana kicks’ in magnetism, i.e., not only a motion of the
skyrmions along but also transverse to the current direction. This — -
effect, which has become known as the skyrmion Hall effect
[1,2,3], is often disruptive for device applications. In this talk, we _
will present possibilities of how to eliminate the skyrmion Hall
effect [4,5]. As a particular example, we discuss helical phases  Figure 3: Skyrmion in a
which provide confined one-dimensional channels for high-speed helical background [6].
skyrmion motion. We discuss how skyrmions can be generated in
such helical backgrounds and analyze their stability [6].
al F Moreover, we will address the role played by

ﬂ topology in the physics of the skyrmion Hall effect. For

example, it is widely believed that the skyrmion Hall

K, effect, vanishes for overall topologically neutral

i structures such as (synthetic) antiferromagnetic
¥ skyrmions and skyrmioniums due to a compensation of

INE: 5 Magnus forces. While this is true for spin-transfer torque-
driven skyrmions, we show that this simple picture is

g F generally false for spin-orbit torque-driven objects [7].

: We find_that the sk_yrmio_n H_all angle for spin—orb_it
torque-driven skyrmions is directly related to their

E helicity, which imposes an unexpected roadblock for

Figure 2: Net Skyrmion Hall developing faster and lower input racetrack memories

effect in topologically neutral based on spin-orbit torques.
skyrmionics structures [7].
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Magnetic skyrmion braids and antiskyrmions in cubic chiral
magnets

N. S. Kiselev?, F. Zheng?3, F. N. Rybakov*%, V. M. Kuchkin!, D. Song?, A. Kovacs?, H. Du®,
L. Yang?, S. Bliigel* and R. E. Dunin-Borkowski?

Peter Griinberg Institute and Institute for Advanced Simulation, Forschungszentrum Jiilich and JARA,
52425 Jiilich, Germany
n.kiselev@fz-juelich.de
2Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Griinberg Institute,
52425 Jiilich, Germany
33pin-X Institute, School of Physics and Optoelectronics, State Key Laboratory of Luminescent
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We report the most recent findings [1,2] on magnetic skyrmions in B20 type FeGe
obtained by transmission electron microscopy (TEM). In these crystals, the skyrmions
represent vortex-like spin textures that form strings. In buck crystals and relatively thick plates
of cubic chiral magnets, we found that the skyrmions can form braids — the superstructures
of skyrmion strings that wind around one another. Experimental observations of skyrmion
braids are supported by comprehensive theoretical analysis, which explains the mechanism of
their stability, dependencies on the external field, and plate thickness. A reliable approach for
the creation of skyrmion braids composed of an arbitrary number of skyrmion strings is
provided.

Besides the skyrmion braids in this talk, we also report on the stability of antiskyrmions
— skyrmion antiparticle. Earlier it was assumed that the coexistence of statically stable
skyrmions and antiskyrmions is impossible in isotropic chiral magnets. The experimental
observation of the skyrmion-antiskyrmion pairs in FeGe plates is consistent with the earlier
theoretical findings in two-dimensional (2D) systems [3] but has some essential peculiarities
connected with the additional twist of magnetization across the thickness of the plate. For
instance, contrary to 2D systems, skyrmion antiskyrmion pairs in FeGe can appear as statically
stable configurations. We present a reliable approach for nucleation of antiskyrmions in plates
of isotropic chiral magnets. We estimate the antiskyrmion stability range and show the effect
of skyrmion-antiskyrmion pair annihilation.

The authors acknowledge financial funding from the European Research Council under the European Union's
Horizon 2020 Research and Innovation Programme (Grant 856538 - project “3D MAGIC”) and the Deutsche
Forschungsgemeinschaft through SPP 2137 “Skyrmionics” Grants KI 2078/1-1 and BL 444/16.
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Spin-wave resonance modes in 3D skyrmion lattice

Andrii S. Savchenko??, Vladyslav M. Kuchkin?, Filipp N. Rybakov3#, Stefan Bliigel* and
Nikolai S. Kiselev?

IPeter Griinberg Institut and Institute for Advanced Simulation, Forschungszentrum Jiilich, Jiilich,
Germany
a.savchenko@fz-juelich.de
2Donetsk Institute for Physics and Engineering, National Academy of Sciences of Ukraine, Ukraine
3Uppsala University, SE-75120 Uppsala, Sweden
4KTH Royal Institute of Technology, SE-10691 Stockholm, Sweden

The resonance excitations of the three-dimensional (3D) skyrmion lattice (SkL) in the
plate of an isotropic chiral magnet were studied using spin dynamics simulations. We
calculated the dependencies of the impedance part of dynamic magnetic susceptibility Im y(o)
on plate thickness L to illustrate the features of the eigenmodes. The plate was in a constant
magnetic field Bpc directed along normal. The eigenmodes were excited by an alternating
magnetic field Bac that oriented B, L By or By Il Bpc. The dependencies of Im yx(®) on
L are characterized by a set of low-frequency and high-frequency modes appearing in pairs for
the case of B, L Bj (see Fig.1(a)). In this case, the maxima of the spin-wave excitations are
localized in the inter-skyrmion area or in the skyrmion core, where magnetization is normal to
the film plane. These resonance modes correspond to chiral standing spin waves (SSW).
Contrary to standard SSW in ferromagnets without Dzyaloshinskii-Moriya interaction (DMI),
the profiles of dynamic magnetization of chiral SSW are characterized by helical modulation
with the pitch determined by the competition between DMI and Heisenberg exchange. An
important consequence of such modulation of dynamic magnetization is the periodic fading of
the absorption spectra intensity with the variation of the plate thickness. This effect takes place
not only in the 3D SKL but also in the case of the field saturated state and the conical phase.
For the case of B, Il By the dependencies of Im y.(®) on L (Fig.1(b)) also demonstrates the
appearance of SSW, which are localized in the skyrmion shell where spins lie in the plane of
the plate. The helical modulations of the dynamic magnetization profile are not present in this
case. Thus, SSW for B, | B, have more in common with standard SSW in pure
ferromag?e)ts. The effect of the chiral surface tWist(E)Iays an essential role in this case.
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Figure 1. (a) Absorption spectra Im yx(®) of 2D (left) and 3D SkL (right) as a function of film
thickness, L for B¢ L Bp; Lo is the period of the helical spin spiral at zero field; B, = 0.5Bp; Bp
is the saturation field required for transition into ferromagnetic state; CW and CCW modes correspond
to clockwise and counterclockwise precession; white digits indicate the number of nodes of SSW. (b)

The thickness dependent spectra of Im yzz(®) for B¢ Il Bpc.
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Steering Majorana braiding via skyrmion-vortex pairs: a
scalable platform

Jonas Nothhelfer!, Sebastian A. Diaz?, Stephan Kessler?, Tobias Meng?®, Matteo Rizzi*®,
Kjetil M.D. Hals®, Karin Everschor-Sitte®”

Faculty of Physics, University of Duisburg-Essen, 47057 Duisburg, Germany
sebastian.diaz@uni-due.de
2Institute of Physics, Johannes Gutenberg University Mainz, 55128 Mainz, Germany
SInstitute of Theoretical Physics, Technische Universitéit Dresden, 01062 Dresden, Germany
“Forschungszentrum Jiilich, Institute of Quantum Control, Peter Griinberg Institut (PGI-8), 52425
Jiilich, Germany
SInstitute for Theoretical Physics, University of Cologne, 50937 Cologne, Germany
5Department of Engineering Sciences, University of Agder, 4879 Grimstad, Norway
Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, 47057
Duisburg, Germany

Majorana zero modes are quasiparticles that hold promise as building blocks for
topological quantum computing. However, the litmus test for their detection, the observation
of exotic non-abelian statistics revealed by braiding, has so far eluded experimental efforts.
Here we take advantage of the fact that skyrmion-vortex pairs in superconductor-ferromagnet
heterostructures harboring Majorana zero modes can be easily manipulated in two spatial
dimensions. We adiabatically braid the hybrid topological structures and explicitly confirm
the non-abelian statistics of the Majorana zero modes numerically using a self-consistent
calculation of the superconducting order parameter. Our proposal of controlling skyrmion-
vortex pairs provides the necessary leeway toward a scalable topological quantum computing
platform.
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Figure 1. Braiding of two skyrmion-vortex pairs in a superconductor-ferromagnet heterostructure.

[1] J. Nothhelfer, S. A. Diaz, S. Kessler, T. Meng, M. Rizzi, K. M. D. Hals, K. Everschor-Sitte,
arXiv:2110.13983.
[2] J. Nothhelfer, K. M. D. Hals, K. Everschor-Sitte, M. Rizzi, International Patent Application
WO2020EP66120.
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Stability of antiferromagnetic skyrmions

David Ramos-Salamanca?, Pierre Pujol?, Luis A. Nufiez!

1Escuela de Fisica, Universidad Industrial de Santander
david2208450@correo.uis.edu.co
2Laboratoire de Physique Theorique, CNRS and Université de Toulouse, UPS, Toulouse, France

Magnetic skyrmions are particle-like spin textures that form in chiral magnets. The
non-trivial topology of skyrmions grants them great stability and makes them promising
candidates to be the base of new information storage and logic devices. Magnetic skyrmions
have been observed in many ferromagnetic materials [1, 2] and they have been predicted to
exist in antiferromagnets [3] but they have not been observed yet. Recently, there has been
great interest in antiferromagnetic skyrmions as they have been found more suitable for
applications in data storage [4]. This has resulted in an effort to determine the conditions under
which antiferromagnetic skyrmions can form.

In this study, we explored the zero-temperature phase space of square-lattice chiral
antiferromagnets with easy-axis anisotropy in the presence of a magnetic field. By numerically
solving the Euler-Lagrange equations associated to the energy functional of the material, we
found a region of phase space where skyrmion solutions have a hon-vanishing size and a lower
energy than the antiferromagnetic phase. Furthermore, using Monte Carlo simulations, we
show that in said region of phase space, antiferromagnetic skyrmions (or antiskyrmions) are
stable configurations at finite temperatures even in the absence of a magnetic field. These
results can help identify antiferromagnetic materials where skyrmions can form and in what
range of temperatures they can be stable.

[1] S. Muhlbauer et al., Science 323, 5196 (2009).
[2] X. Z. Yu et al., Nature 465, 7300 (2021).

[3] A. N. Bogdanov et al., PRB 66, 214410 (2002).
[4] B. Gobel et al., Phys. Rep. 895 (2021).
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Nematic d-wave superconductivity in magic-angle twisted
bilayer graphene from atomistic modeling

Tomas Léthman, Johann Schmidt, Fariborz Parhizgar, and Annica Black-Schaffer*

Department of Physics and Astronomy, Uppsala University, Uppsala Sweden
annica.black-schaffer@physics.uu.se

Bilayer graphene at specific small twist angles develops large-scale moiré patterns with
flat energy bands hosting correlated insulating states and superconductivity. The large system
size and intricate band structure have however hampered investigations into the properties of
the superconducting state. By using full-scale atomistic modeling with local electronic
interactions, mimicking closely those of the high-temperature cuprate superconductors, and
solving fully self-consistently for the superconducting order, we find a highly inhomogeneous
superconducting state with nematic ordering on both the atomic and moiré length scales, see
Fig. 1. Specifically, we obtain locally anisotropic real-valued d-wave pairing with a nematic
vector winding throughout the moiré pattern and a three-fold degenerate ground state. Despite
the d-wave nature, the superconducting state has a full energy gap, which we show is tied to a
p-phase interlayer coupling. We further show that the superconducting nematicity is easily
detected through signatures in the local density of states. These results show both that atomistic
modeling is essential for superconductivity in twisted bilayer graphene and that the
superconducting state is distinctly different from that of the cuprate superconductors.

0 0.2 0.4 0.6 0.8 1.0

Figure 1. Order parameter in moiré cell in the top (left) and bottom (right) graphene layer.
Underlying color intensity plot shows the amplitude, clearly depicting a global, moiré-
scale, nematicity. Streamlines show of the local nematic vector field, illustrating the
intricate atomic-scale nematicity in the local d-wave bond order parameters, as well as the
superconducting -phase-shift between the two layers. From Ref. [1].

Financial funding from the Swedish Research Council (Vetenskapsrddet Grant No. 2018-03488) and the
Knut and Alice Wallenberg Foundation through the Wallenberg Academy Fellows program. The numerical work was
enabled by resources provided by the Swedish National Infrastructure for Computing (SNIC) at the Uppsala
Multidisciplinary Center for Advanced Computational Science (UPPMAX) partially funded by the Swedish Research
Council through Grant No. 2018-05973.

[1] T. Léthman, J. Schmidt, F. Parhizgar, and A. M. Black-Schaffer, Commun. Phys. 5, 92 (2022)
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Nematicity in unusual iron-based superconductors

Anna Béhmer

Ruhr-Universitit Bochum
boehmer@physik.rub.de

I will discuss nematic fluctuations in iron-based superconductors that do not show the
stripe-type magnetic order that is typically associated with this kind of structural distortion. In
the most studied and cited model systems, the onset of stripe-type magnetic order coincides
with or is only narrowly preceded by a tetragonal-to-orthorhombic (“nematic”) transition.
CaK(Fe1xNix)sAss resembles the archetypal 122-type iron-based materials but hosts one of the
few examples of the so-called spin-vortex crystal magnetic order, a non-collinear magnetic
configuration that preserves tetragonal symmetry, in contrast to the stripe-type magnetic
configuration common to the 122-type systems. The evolution of nematic fluctuations in such
an unsual case is studied via elastoresistance and elastic modulus measurements combined
with phenomenological modeling and density functional theory. Despite the absence of a finite
nematic order parameter, we find clear experimental signatures of considerable nematic
fluctuations. We address the effect of the specific crystal symmetry of the 1144-type structure
in determining its magnetic ground state and on the nematic fluctuations.

The strongly-hole doped iron-based superconductors AFe;As; (A=K,Rb,Cs) exhibit no
magnetic order but stand out because of their strong electronic correlations. The symmetry
channel and strength of nematic fluctuations, as well as possible nematic order, in these
compounds remains obscure. We address these questions using transport measurements under
elastic strain and elucidate the evolution of the elastoresistance across the hole-doping series
from optimal to the fully overdoped end-members. Our technical development takes into
consideration the extreme thermal expansion of some of these compounds. By decomposing
the strain response into the appropriate symmetry channels, we demonstrate the emergence of
a giant in-plane symmetric contribution, associated with the growth of both strong electronic
correlations and their strain-sensitivity, whereas nematic fluctuations are continuously
weakened.

We acknowledge support by the Helmholtz Association under Contract No. VH-NG-1242 and the German
Research Foundation (DFG) under CRC/TRR 288 (Project A02).

[1] Anna E. Bohmer, Fei Chen, William R. Meier, Mingyu Xu, Gil Drachuck, Michael Merz, Paul W. Wiecki,
Sergey L. Bud'ko, Vladislav Borisov, Roser Valenti, Morten H. Christensen, Rafael M. Fernandes,
Christoph Meingast, Paul C. Canfield, arXiv:2011.13207 (2020).

[2] P. Wiecki, M. Frachet, A. -A. Haghighirad, T. Wolf, C. Meingast, R. Heid and A. E. Béhmer, PRL 125,
187001 (2020).

[3] P. Wiecki, A.-A. Haghighirad, F. Weber, M. Merz, R. Heid, and A. E. B6hmer, Nat. Commun. 12, 4824
(2021).
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Non-reciprocity in current-biased Josephson junctions in the
presence of Yu-Shiba-Rusinov bound states

M. Trahms?, B. Mahendru?, 1. Tamir?, L. Melischek?, J. F. Steiner?,
N. Bogdanoff?, O. Peters!, G. Reecht?, C. B. Winkelmann?,
F. von Oppen? and K. J. Franke?
Freie Universitit Berlin, Berlin, Germany

martina.trahms@fu-berlin.de
2Univ. Grenoble Alpes, Institute Néel, Grenoble, France

Magnetic impurities on a superconducting surface are known to locally disturb Cooper
pairs and form Yu-Shiba-Rusinov-states, thereby influencing the superconducting ground-
state. We employ current-biased Josephson spectroscopy in a scanning tunnelling microscope
to study the phase dynamics of Josephson junctions in the presence of Yu-Shiba-Rusinov-
states of single atoms. For that purpose magnetic Mn and Cr adatoms are evaporated on a
superconducting Pb(111) surface and investigated with a superconducting Pb tip. We observe
switching currents that are significantly larger than the retrapping currents, identifying the
junction as underdamped. In the presence of magnetic atoms, a local reduction of switching
currents is observed. Additionally, we find a non-reciprocal behavior of the retrapping currents
with respect to the current-sweep direction, i.e., the absolute value of the retrapping current
depends on whether the current sweep starts at positive or negative bias values. In our
experiment both species of magnetic atoms lead to a non-reciprocal retrapping-current
behavior, albeit with a different directionality. We suggest a correlation between the damping
of the Josephson junction and the electron-hole asymmetry of the Yu-Shiba-Rusinov-states.
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Superconductor-Insulator transition in Lead-Graphene
Hybrid system
Suraina Gupta, Santu Prasad Jana, Rukshana Pervin, Anjan Kumar Gupta

Department of Physics, Indian Institute of Technology Kanpur, Kanpur 208016, India
suraina@iitk.ac.in

Superconductor-Insulator transition has been observed in a range of systems such as
homogeneously disordered thin films, granular superconductors, high T¢-superconductors and
arrays of Josephson junctions [1]. The two-dimensional nature of graphene with high mobility
and inertness with exposure to the environment has opened up prospects for the fabrication of
graphene hybrid systems [2]. We have observed that lead (Pb) deposition at different
temperatures and thickness, on exfoliated single-layer graphene, leads to formation of lead
nano-islands of different sizes with varying separation between these islands as shown in Fig.
1. Optimizing these parameters for the fabrication of our lead-graphene hybrid system, we
have observed that the lead nano-islands become superconducting below its transition
temperature. These superconducting islands are coupled to each other through graphene and
are characterised as granular superconductors. Superconductor-insulator transition is observed
with change in carrier-density of graphene, by varying back-gate voltages applied to it. For
gate voltages applied such that the fermi level of graphene is close to its Dirac point, resistance
measurements with lowering temperature show “re-entrant” behavior. At low temperatures,
the system becomes insulator. Away from the Dirac point, the system shows a transition in
resistance at the T. of Pb, see Fig. 2, indicating superconducting behavior. However, the
resistance remains finite at low temperatures possibly due to phase fluctuations, which destroy

phase coherence of the system.
dR/dT

Temperature (K}

2
20 10 0 10 20 30 40 50 60 70
Gate (V)

Figure 1. SEM image of lead-graphene hybrid Figure 2. Phase diagram of the SIT transition.

system showing lead nano-islands formed on dR/dT versus gate voltage (V) and temperature

graphene. (T). Red region: superconducting transition at Te
of lead; Blue region: insulating behavior; Green
region: metallic behavior

We have also conducted magnetoresistance measurements with varying gate voltages
and temperatures and have noticed negative magnetoresistance for gate voltages close to the
Dirac point at low temperatures. This system can be useful to understand the concept of charge-
phase duality behind superconductor-insulator transition.

The financial funding from SERB-DST is gratefully acknowledged.

[1] Gantmakher, V. F. & Dolgopolov, V. T. Phys. Usp. 53, 1-49 (2010).
[2] Allain, A., Han, Z. & Bouchiat, V. Nature Mater. 11, 590-594 (2012).
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Correlated normal state fermiology and topological
superconductivity in UTe>

Hong-Chul Choi'?, Seung-Hun Lee'?3, Bohm-Jung Yang-23*

!Department of Physics and Astronomy, Seoul National University, Seoul, South Korea
2Center for Correlated Electron Systems, Institute for Basic Science, Seoul, South Korea
3Center for Theoretical Physics (CTP), Seoul National University, Seoul, South Korea

UTe; is a promising candidate of spin-triplet superconductors where a paramagnetic
normal state becomes superconducting due to spin fluctuations. The subsequent discovery of
various unconventional superconducting properties, including gaplessness, Kondo effect, and
time-reversal symmetry breaking, etc., has promoted UTe; as an exciting playground to study
unconventional superconductivity, while fathoming the normal state fermiology still requires
further investigation. Here, we theoretically show that electron correlation induces a dramatic
change of the normal state fermiology with an emergent correlated Fermi surface (FS) driven
by Kondo resonance at low temperature [Ref. 1] (See Figure 1). This emergent correlated FS
can account for various unconventional superconducting properties in a unified way.
Especially, the geometry of the correlated FS can naturally host topological superconductivity
in the presence of odd-parity pairings which become leading instability due to strong
ferromagnetic spin fluctuations. Moreover, two pairs of odd-parity channels appear as
accidentally degenerate solutions, which can naturally explain the multi-component
superconductivity with broken time-reversal symmetry. Interestingly, the resulting time-
reversal breaking superconducting state turns out to be a Weyl superconductor in which Weyl
points migrate along the correlated FS as the relative magnitude of nearly degenerate pairing
solutions varies. We believe that the correlated normal state fermiology we discovered
provides a unified platform to describe the unconventional superconductivity in UTea.

k

z

kV

Figure 1. Emergent correlated Fermi surface from Kondo resonance in UTe;

The financial funding from the Institute for Basic Science in Korea (Grant No. IBS-R009-D1),
Samsung Science and Technology Foundation under Project Number SSTF-BA2002-06, the National
Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
(N0.2021R1A2C4002773, and No. NRF-2021R1A5A1032996) is gratefully acknowledged.

[1] Hong-Chul Choi, Seung-Hun Lee, and Bohm-Jung Yang, “Correlated normal state fermiology and
topological superconductivity in UTe2” (submitted).
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Superfluid and non-superfluid properties of emergent Bose
liquid: Exotic transport and optical properties resembling
unconventional superconductors

Wei Ku

Tsung-Dao Lee Institute, Shanghai Jiao Tong University, China
weiku@sjtu.edu.cn

Unconventional superconductors often exhibit exotic non-Fermi liquid behavior that
are qualitatively distinct from those in textbooks. These include prototypical properties not
only in their low-temperature superconducting phase, but more importantly also in their high-
temperature non-superconducting phase. Examples include unorthodox transport properties
known as the “strange metal”, “bad metal”, “weak insulating behavior”, strongly temperature
dependent Hall coefficient. Other examples include puzzling optical properties such as “Fermi
arc”, “pseudogap”, or non-Fermi liquid quasi-particle scattering rate. This talk will survey the
recent studies on various basic transport, optical, and superfluid properties of an emergent
Bose liquid, including the first homogeneous Bose metal phase. These generic behaviors of
an emergent Bose liquid naturally display all the above-mentioned exotic behaviors found in
materials with just a single model and a single set of parameters, thus leading to a strong
suggestion that many of the puzzling strongly correlated materials, particularly unconventional
superconductors, can be intuitively understood as emergent Bose liquid.

[1] A. Hegg, J Hou, and Wei Ku, PNAS 118 (46) €2100545118 (2021)
[2] T Zeng, A Hegg, L Zou, S Jiang, and Wei Ku, arXiv:2112.05747
[3] X Yue, A Hegg, X Li, and Wei Ku, arXiv:2104.07583

[4] Zi-Jian Lang, Fan Yang, and Wei Ku, arXiv:1902.11206

[5] Shengtao Jiang, Long Zou, and Wei Ku, PRB 99, 104507 (2019)
[6] Y. Yildirim and Wei Ku, PRB 92, 180501(R) (2015)

[7] Y.Yildirim and Wei Ku, PRX 1, 011011 (2011)
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Audio Recognition with Skyrmion Mixture Reservoirs

Robin Msiska?, Jake Lovel, Jonathan Leliaert?, Jeroen Mulkers?, George Bourianoff?,
Karin Everschor-Sitte!
IUniversity of Duisburg-Essen, Duisburg, Germany
robin.msiska@uni-due.de
2Ghent University, Ghent, Belgium
3Senior Principle Engineer, Intel Corp. (Retired)

Physical reservoir computing is an information processing scheme that enables energy
efficient temporal pattern recognition to be performed directly in physical matter [1].
Previously, random topological magnetic textures have been shown to have the characteristics
necessary for efficient reservoir computing [2] and allowed for simple pattern recognition with
two input channels [3].

We propose a skyrmion mixture reservoir that implements the reservoir computing
model multi-dimensional inputs. Through micro-magnetic simulations, we show that our
implementation can solve audio classification tasks at the nanosecond timescale to a high
degree of accuracy. Due to the quality of the results shown and the low power properties of
magnetic texture reservoirs, we argue that skyrmion magnetic textures are a competitive
substrate for reservoir computing.

The financial funding from the Emergent Al Centre (Carl-Zeiss-Stiftung), DFG (320163632), FWO-
Vlaanderen and computer resources by VSC (Flemish Supercomputer Center) are gratefully acknowledged.

[1] G. Tanaka et al., Neural Networks 115, 100 (2019).

[2] D. Prychynenko et al., Physical Review Applied 9, 014034 (2018)
[3] D. Pinna et al., Phys. Rev. Applied 14, 054020 (2020)
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Magnetic domains in [Pt/Co/Ta]i0 multilayers

Liz Montafiez!, Valentin Ahrens?, Markus Becherer?, Sabine Piitter!

'Forschungszentrum Jiilich GmbH, Jiilich Centre for Neutron Science at MLZ, Lichtenbergstrasse
1,85748, Garching, Germany
2Chair of Nano and Quantum Sensors, Department of Electrical and Computer Engineering, Technical
University of Munich, Munich, Germany
|.montanez.huaman@fz-juelich.de

Multilayers composed of heavy metals and ferromagnets with strong perpendicular
anisotropy are potential candidates for magnetic memory applications [1,2]. In particular,
magnetic skyrmions may enable ultra-dense storage devices due to the extremely low spin
currents needed to move/manipulated them [2]. Pt/Co-based multilayers generally exhibit
worm domains, which can nucleate into skyrmions through breaking/nucleation processes
[3,4]. Recent studies have demonstrated the nucleation of skyrmions by varying external
magnetic field, temperature, and current in sputtered Pt/Co/Ta multilayers [4,5].

In this work, [Pt/Co/Ta]1o multilayers with cobalt layer thickness between 5 A to 21 A
were grown by molecular beam epitaxy. The uniformity and quality of the multilayers are
demonstrated by pronounced Bragg peaks and Kissig fringes observed in the X-Ray
reflectivity (XRR) patterns. We study the dependence of the domain structure in [Pt/Co/Ta]10
multilayers on the thickness of the Co layer, and the application of external oop magnetic
fields, by means of magnetic force microscopy (MFM) at room temperature. The multilayers
exhibit worm domains over the entire film (Figure 1a). Furthermore, we observed skyrmions
under a magnetic field of ~38 mT (Figure 1b).

10 deg

@ £ FRw v ek o

Figure 1. Magnetic force microscopy (MFM) images for [Pt/Co/Ta]10 multilayer with
17 A Co. The measurements were performed without external field (a) and under an
external oop magnetic field of ~38 mT (b).

[1] A. Fert and V. Sampai, Nat. Nanotechnol. 8 (2013) 152-156
[2] C. Wang et al., J. Phys. D: Appl. Phys. 46 (2013) 285001
[3] M. Macet al., J. Appl. Phys. 127 (2020) 223901

[4]J. Brandao et al., Appl. Nano Mater. 2 (2019) 7532—7539
[5]1 S. Zhang et al., Appl. Phys. Lett. 112 (2018) 132405
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Element-specific, spatially and time resolved observation of
different phasic magnetic resonances of FesO4 nanoparticle
ensembles in a bacterium Magnetospirillum Magnetotacticum

Thomas Feggeler!, Johanna Lill?, Damian Giinzing?, Ralf Meckenstock?, Detlef Spoddig?,
Mariia Efremova3*®, Sebastian Wintz® 7, Markus Weigand’, Benjamin W. Zingsem? 8,
Michael Farle?, Heiko Wende?, Katharina J. Ollefs? and Hendrik Ohldag?1°
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4Institute for Synthetic Biomedicine, Helmholtz Zentrum Miinchen, 85764 Neuherberg, Germany
SDepartment of Applied Physics, Eindhoven University of Technology, Netherlands
6Max Planck Institute for Intelligent Systems, 70569 Stuttgart, Germany
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Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany
Department of Material Sciences and Engineering, Stanford University, United States
Department of Physics, University of California Santa Cruz, Santa Cruz CA 95064, United States
tfeggeler@Ibl.gov

Nanoscaled magnetic particle ensembles are promising candidates for future magnon
based binary logic concepts [1, 2]. Element-specific real-space spatial sampling of magnetic
resonance modes in the GHz regime allows the experimental verification of future complex
magnonic devices. Here we use the element-specific technique of Time-Resolved Scanning
Transmission X-ray Microscopy (TR-STXM) [3, 4] to monitor different phasic magnetic
resonance modes within a chain of magnetically dipolarly coupled (Figure 1) FesOs
nanoparticles (40-50 nm edge length) grown by biomineralization inside a single cell of a
magnetotactic bacterium Magnetospirillum Magnetotacticum. The magnetization dynamics is
probed at the Fe Ls X-ray absorption edge with 25 nm spatial resolution in response to a
microwave excitation of 4.07 GHz. A multitude of resonant responses for resonances fields
between 0.03 to 0.116 T within multiple particle segments oscillating in- and out-of-phase
could be observed.
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Figure 1: a) Demagnetization and stray field intensity summarized in the quantity Bpemag for the
investigated FesO4 nanoparticle chain. b) The respective demagnetization and stray field distribution.

Lawrence Berkeley National Laboratory is acknowledged for funding through LDRD Award: Development
of a Continuous Photon Counting Scheme for Time Resolved Studies. We thank the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) — Project No. OL513/1-1, 321560838 and Project-ID
405553726 TRR 270 for financial funding.

[1] A. Barman, G. Gubbiotti, et al. J Phys Condens Matter, 2021.

[2] B. Zingsem, T. Feggeler, et al. Nature Communications, 2019. 10: p. 4345.

[3] S. Bonetti, R. Kukreja, et al. Review of Scientific Instruments, 2015. 86(9): p. 093703-1-093703-9.
[4] T. Feggeler, R. Meckenstock, et al. Physical Review Research, 2021. 3(3).
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Indirect Spin-Readout of Rare-Earth-Based Single-Molecule
Magnet with Scanning Tunneling Microscopy

H. Chen®”, T. Frauhammer?, T. Balashov?, G. Derenbach??, S. Klyatskaya*,
E. Moreno- Pineda®, M. Ruben®48, and W. Wulfhekel3

Physikalisches Institut, Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe, Germany
2Physikalisches Institut, RWTH Aachen, 52074 Aachen, Germany
3Institute for Quantum Materials and Technologies, Karlsruhe Institute of Technology (KIT), 76021
Karlsruhe, Germany
4Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, Germany
SDepartamento de Quimica-Fisica, Escuela de Quimica, Facultad de Ciencias Naturales, Exactas y
Tecnologia, Universidad de Panama 0824, Panama
6Centre Européen de Sciences Quantiques (CESQ) in the Institut de Science et d’Ingénierie
Supramoléculaires (ISIS), 8 allée Gaspard Monge BP 70028, 67083 Strasbourg Cedex, France
hongyan.chen@kit.edu

Rare-earth based single-molecule magnets are promising candidates for magnetic
information storage including qubits as their large magnetic moments are carried by localized
4f electrons. However, this in turn hampers a direct readout of the moment. Here, we present
the indirect readout of the Dy moment in Bis(phthalocyaninato)dysprosium (DyPc2)
molecules on Au(111) using milli-Kelvin scanning tunneling microscopy. Because of an
unpaired electron on the exposed Pc ligand, the molecules show a Kondo resonance that is,
however, split by the ferromagnetic exchange interaction between the unpaired electron and
the Dy angular momentum. Using spin-polarized scanning tunneling spectroscopy, we read
out the Dy magnetic moment as a function of the applied magnetic field, exploiting the spin
polarization of the exchange-split Kondo state [1].

Figure 1. Basic idea to access the Dy magnetic moment

[1] T. Frauhammer, H. Chen, T. Balashov, G. Derenbach, S. Klyatskaya, E. Moreno-Pineda, M. Ruben, and
W. Wulfhekel, Phys. Rev. Lett. 127, 123201 (2021).
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Inducing and Controlling Molecular Magnetism through
Supramolecular Manipulation

Manuel Gruber?, Jan Homberg?, Alexander Weismann?, and Richard Berndt?

Faculty of Physics and CENIDE, University of Duisburg-Essen, 47057 Duisburg, Germany
manuel-gruber@uni-due.de
john.author@correspondence.email.com
%Institut fiir Experimentelle und Angewandte Physik, Christian-Albrechts-Universitit, 24098 Kiel,
Germany

Magnetic molecules on surfaces have attracted considerable interest, in particular, in
view of tuning spin-dependent electron transport through molecular junctions. The interaction
between a molecule and a substrate can significantly alter the molecular spin through charge
transfer, extreme cases being the creation or quenching of spin magnetic moment. The charge
transfer can be modified by charges close to the molecule [1]. The interaction between a
localized spin and Cooper pairs of a superconductor leads to the emergence of Yu-Shiba-
Rusinov (YSR) states. In low-temperature scanning tunneling spectroscopy (STS), YSR
resonances are observed as pair(s) of peaks, symmetrically located around the Fermi energy
Er within the gap of the superconductor. Here, we show the emergence of a spin moment in
initially diamagnetic H, phthalocyanine molecules within a self-assembled monolayer on
Pb(100) using Y SR resonances for spin detection. The spin moments are found to significantly
vary from molecule to molecule. The magnitude of the induced moment is determined by the
electrostatic field that results from polar bonds in the surrounding Pc molecules. Each molecule
generates an approximate quadrupole field, which can be inverted by repositioning the
hydrogen atoms of the inner macrocycle of the molecule. We fabricated supramolecular arrays
and selectively swapped hydrogen atoms to tune the magnetic moment with a precision of
~0.01 Bohr magneton [2].

Figure 2. Scanning tunneling microscopy image of H2 phthalocyanine enneamer on a
Pb(100) surface. Dashed green lines are overlaid over atomic raws of the substrate.

The financial funding from European Union’s Horizon 2020 program (grant No. 766726) and the Deutsche
Forschungsgemeinschaft (SFB 677) is acknowledge.

[1] A. Mugarza et al., Nat. Commun. 2, 490 (2011).
[2] J. Homberg et al., ACS Nano 14, 17387 (2020).
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Magnetoelectric effect of Ni — PZT — Ni layered structures
obtained by nickel electrochemical deposition
Iin an external magnetic field

Natallia Poddubnaya, Vladimir Laletin

Institute of Technical Acoustics of the National Academy of Sciences of Belarus, Vitebsk, Belarus
poddubnaya.n@rambler.ru

The paper presents studies of the influence of external electric and magnetic fields on
the magnetoelectric (ME) properties in layered structures metal - piezoelectric metal on the
ME effect.

Structures zirconate - lead titanate are
made with a thickness of 400 microns by
chemical deposition of nickel 0.5 microns

The structure and orientation
of the magnetic field and
polarization upon reseipt

and electrochemical deposition of nickel 50
microns on each side. Electrochemical
deposition was carried out on non-polarized
(P/EI) and polarized (EI/P) ceramics. Some
of the samples were obtained by
electrochemical deposition in a magnetic
field on non-polarized (EI+H/P) and
polarized (P/EI+H) ceramics. A magnetic
field of 14 kA/m was applied in all cases in
the direction of structure polarization
(Fig. 1). The structures had the shape of a
square 4 mm wide.

The results of the study of the ME coefficient for the longitudinal and transverse
orientation of the external magnetic field to the polarization of the structure are shown in
Fig. 2.

‘ 50 mkm
4 mm
Orientation of the magnetic field
and polarization during measurements {H} Longitudinal effect

1} Transversive effect
=

Figure 1. The sample structure and
orientation of the magnetic field and
polarization upon receipt.

250
Transversive

—EI/P

Figure 2. ME coefficient for the longitudinal and transverse orientation of the external
magnetic field to the polarization of the structure.

The graphs show that the value of the transverse ME coefficient is higher for
prepolarized structures. The imposition of a magnetic field during the deposition of nickel
coatings leads to a significant decrease in the transverse ME coefficient. In the case of the
longitudinal effect, the value of the ME coefficient is higher for pre-polarized structures
obtained without exposure to a magnetic field, and lower for polarized preforms metallized in
a magnetic field. The use of a magnetic field in the preparation of structures made it possible
to halve the magnetoelectric hysteresis in the case of the longitudinal effect.
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Is lead really a prototypical type | superconductor? New
results on the phase diagram at ultra-low temperatures

Wulf Wulfhekel*2, Thomas Gozlinski?, Qili Li?, Rolf Heid?, Jorg Schmalian?

Physikalisches Institut, KIT, Germany
?Institute for Quantum Materials and Technologies, KIT, Germany
wulf.wulfhekel@Kkit.edu

Superconductors are classified by their behavior in a magnetic field into type I, which
transitions from a superconducting Meissner to a normal metallic state at the critical field [1]
and type Il, which have an additional Shubnikov phase of an Abrikosov lattice consisting of
magnetic vortices with one magnetic flux quantum, each [2]. For type | superconductors of
finite lateral dimensions, the transition to the normal state is, however, known to occur locally
in form of domains in the so-called intermediate Landau state [3]. Basis for this classification
are thermodynamic considerations near the critical temperature and a single band description
of superconductivity.

Although bulk lead (Pb) is classified as a prototypical type | superconductor, we
surprisingly observe single and multi-flux quanta vortices in the intermediate state at
temperatures far below the critical temperature using a 25 mK scanning tunneling microscope
hand in hand with a complex superconducting behaviour of the two distinct Fermi surfaces of
Pb. The vortices have a diameter of at least 100 nm, growing in size with the number of
confined flux quanta. By probing the quasiparticle local density of states (LDOS) inside the
vortices and comparison with quasi-classical simulations based on DFT band-structure
calculations, we identify the Caroli-de-Gennes-Matricon states [4] of the two superconducting
bands of Pb and are consequently able to determine their winding number.

Finally, we investigate how stacking fault pyramids near the Pb surface selectively act
as confining boxes for Cooper pairs on the two Fermi surfaces.

This study shines a light at the complexity of multiband superconductors forcing to
rethink established models of seemingly simple type | superconductors.

The financial funding from DFG (Project Wu 349/14-1) is gratefully acknowledged.

[1] V. L. Ginzburg, L. D. Landau, Zh. Eksp. Teor. Fiz. 20, 1064 (1950).
[2] A. A. Abrikosov, Sov. Phys. JETP 5, 1174 (1957).

[3] L. D. Landau, Zh. Eksp. Teor. Fiz. 7, 371 (1937).

[4] C. Caroli, P. G. De Gennes, J. Matricon, Phys. Lett. 9, 307 (1964).
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Tailored High Tc Superconductor Materials
for Power and Magnet Applications

Bernhard Holzapfel

Institute for Technical Physics, Karlsruhe Institute of Technology, Karlsruhe, Germany
bernhard.holzapfel@kit.edu

High field magnet applications like MRI, NMR and accelerator magnets are one of the
major success stories of superconductivity and only possible by tailoring superconducting
materials on various length scales. Besides the conventional low temperature superconductors,
cuprate based High Temperature Superconductors (HTSC) and new superconducting materials
will open completely new opportunities in modern magnet/power applications and are
currently on the way into commercial products. In this talk I will discuss and review firstly the
basics and current status of superconducting material and wire development as well as the
realization of HTSC based applications like high power urban transmission lines, H»-based
electric aircrafts and high field magnets beyond 30T. Secondly | will address the main basic
requirements for new superconducting materials with potential applicability and discuss the
prospects of the new Fe-based superconductors for power and magnet applications based on
single crystalline thin film electrical transport properties in magnetic fields.
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Emergent phases in geometrically-frustrated lattices
Ming Yi

Rice University, United States of America
mingyi@rice.edu

Emergent phases often appear when the electronic kinetic energy is small compared to
the Coulomb interactions. One approach to seek material systems as hosts of such emergent
phases is to realize localization of electronic wavefunctions due to the geometric frustration
inherent in the crystal structure, resulting in flat electronic bands. Recently, such efforts have
found a wide range of exotic phases in the two-dimensional (2D) kagome lattice, including
magnetic order, time-reversal symmetry breaking charge density wave (CDW), nematicity,
and superconductivity. For the first part of the talk, I will present experimental evidence for
the coexistence and intertwinement of magnetic order and charge density wave in the kagome
FeGe system—the only kagome system so far found to exhibit both orders simultaneously.
For the second part of the talk, | will present experimental realization of three-dimensional flat
bands and Dirac cones found in a pyrochlore superconductor, where geometric frustration
appears along all three crystal axes.
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Magnetic features in nanocrystalline CoMnFeNiGa high
entropy alloys: from bulk materials to nanoparticles

N.F. Shkodich?, V. Nallathambi2, S. Reichenberger!, M. Farle?

IFaculty of Physics and Center of Nanointegration (CENIDE), University of Duisburg-Essen, 47057
Duisburg, Germany
2Max-Planck-Institut fiir Eisenforschung Max-Planck-Strale 1, 40237 Diisseldorf, Germany
natalia.shkodich@uni-due.de

The concept of high-entropy alloys (HEAS) introduces a fundamentally novel strategy
for exploring unknown regions in multicomponent phase diagrams and opens ways to new
materials [1, 2]. Most of research in HEASs is focused on a macroscale materials, and the studies
on nanoscale properties have been limited. Exploiting features of nano-crystallinity may add
another exciting aspect to the huge compositional space of HEAs for further development and
improvement of their functional properties [3].

In our present study, we report the successful fabrication of three types of
CoMnFeNiGa high entropy alloys: a) nanocrystalline metallic bulk, b) nanocrystalline micron-
sized powder and c) nanoparticles.

Homogeneous micron-sized CoMnFeNiGa HEA powders with a nanocrystalline
structure and compositional homogeneity were produced by high energy ball milling (HEBM)
for 190 min in Ar at 900/1800 rpm. From these powders we synthesised (a) a homogeneous
nanocrystalline bulk HEAs by Spark plasma sintering (SPS), and (b) HEA nanoparticles — by
laser fragmentation (LF).

The XRD, SEM/EDX, and TEM results showed that the single fcc phase consisting of
nanosized grains (~10 nm) obtained after 190 min of HEBM partially transforms into a bcc
one after SPS at 973K. After laser fragmentation of the starting powder two morphologies,
that is spheres and platelets (thickness 5.7 + 1.4 nm, lengths 40 +80 nm) with fcc, bcec and
hexagonal structures, were observed in TEM.

Annealing up to 1000K of HEBM and LF HEA particles led to significant structural
and composition changes and increased the saturation magnetization Ms (300K) by 171.5%
(Fig. 1a) and by 44.3% (Fig. 1b) respectively.
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Figure 1. (a) Field dependence of magnetization recorded before annealing (blue) at 300 K and
after annealing (red) at 300 K (a) for HEBM CoMnFeNiGa HEAs and (b) for LF CoMnFeNiGa HEA
nanoparticles.

Two paramagnetic ordering temperatures in the temperature range of 800K—900K were
observed for HEBM and LF HEA particles.
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[1] Yeh, J.-W. et al., Adv. Eng. Mater., 6, 299 (2004).

[2] Cantor et al., Mater. Sci. Eng. A 213 (2004).
[3] D.B. Miracle et al., Acta Mater. 122, 448 (2017).
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FCC-BCC phase transition and magnetism
iIn MnFeCoNiCuzoxAx (A: Al, Ga) high-entropy alloys

Yasar Orbay?, Asli Cakir!, Tolga Tavsanoglu!, Mehmet Acet?, Michael Farle?

!Department of Metallurgical and Materials Engineering, Mugla University, 48000, Mugla, Turkey
2Fakultit fiir Physik and CENIDE, Universitéit Duisburg-Essen, Forsthausweg 2, 47057 Duisburg,
Germany
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High entropy alloys (HEAS) containing five or more major elements with nearly
equiatomic composition are receiving interest due to favorable mechanical and physical
properties [1,2]. These alloys mostly form in solid solution FCC, BCC and HCP phases as a
result of the high configurational entropy [3,4]. In this work, we investigate the FCC-BCC
transition in MnFeCoNiCuzxxAx (A: Al, Ga) HEAs. X-ray diffraction, energy dispersive x-ray
spectroscopy, magnetization, and microhardness measurements were performed on these
systems. The equiatomic MnFeCoNiCu alloy is FCC and ferromagnetic with a Curie
temperature, Tc, close to room temperature. However, the BCC structure emerges with
increasing amount of Al (5 at%) and Ga (20 at%) with additional ferromagnetic interactions
and associated Tcs.

[1] B. Cantor et al., Mater. Sci. Eng. A. 375-377: 213-218 (2004).
[2]J. W. Yeh et al., Adv. Eng. Mater., 6(5), 299-303 (2004).

[3] Z. Lei et al., Nature 563, 546-550 (2018).

[4] Y. Zhang. et al., Sci. Rep., 3:1455 (2013).
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Emergence of magnetic moments in the high anisotropy
antiferromagnets NiMn and PdMn

Nicolas Josten'”, Olga Miroshkina?, Sakia Noorzayee!, Benjamin Zingsem?, Asli Cakir?,
Mehmet Acet!, UIf Wiedwald*, Markus Gruner?, and Michael Farle?

Faculty of Physics and Center for Nanointegration (CENIDE), University Duisburg Essen, Duishurg,
47057, Germany
2Department of Metallurgical and Materials Engineering, Mugla University, 48000 Mugla, Turkey
Nicolas.Josten@uni-due.de

Near-equiatomic L1o NiMn and PdMn are antiferromagnets with strong magnetic
anisotropy. Annealing these compounds, with a slight excess of Ni or Pd (<5%), at around
650K in a magnetic field, results in the emergence of strongly pinned magnetic moments. This
effect is observed as a vertical shift in the field-dependent magnetization, as shown in Fig. 1.
The effect is caused by magnetically driven diffusional ordering of excess Ni (or Pd) atoms on
Mn-sites [1]. Based on our experiments, we discuss a phenomenological model to explain the
magnetically driven diffusion of excess atoms. The results are corroborated by ab initio
calculations. The model accurately describes the effect of annealing-temperature, -duration
and magnetic field strength.
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Figure 1. Magnetization vs magnetic field of Nis1.6Mnas.4 at 300 K before and after
magnetic annealing for 6h at 650K and 5T, leading to a vertical shift of the
magnetization curve. The inset magnifies the data around zero field.

Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) —
Project-1D 405553726 — TRR 270.

[1]L. Pal et al., Phys. Stat. Sol. 42, 49-59 (1970).
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Magnetic-field-biased diffusion during temper-annealing in
nearly equiatomic Ni-Mn alloys

Sakia Noorzayee®", Nicolas Josten®, Asli Cakir?, Inci Nur Sahin!, Mehmet Acet?, Michael
Farle!
Sakia.Noorzayee@stud.uni-due.de
IFaculty of Physics and Center for Nanointegration (CENIDE), Duisburg-Essen University, Duisburg,
D-47057, Germany
2Department of Metallurgical and Materials Engineering, Mugla University, Mugla, 48000, Turkey

NisoMnso is an intermetallic compound featuring a martensitic transformation from a
low-temperature tetragonal L1, phase to a high-temperature cubic B2 phase at about 950 K
[1]. Starting from the equiatomic composition and moving towards Ni-rich compositions, the
c/aratio of the L1, phase decreases and becomes 1 at about 56 at% Ni, at which the FCC phase
is stabilized. In the L1, phase, NisgMnsg is a collinear antiferromagnet with strong magneto-
crystalline anisotropy. Being so, it is widely used as the pinning layer-element in multilayer
films constructed for exchange-bias purposes. Also, it has always attracted interest for its
magnetic properties. A property of particular interest is the case when NisoMnso is annealed
for several hours in an external magnetic field B at about 700 K, a subsequent M(B)-
measurement reveals a vertically shifted hysteresis loop. The vertical shift is only obtained
with a magnetic field present during the heat treatment. This feature was first discovered by
Pal et al. in 1970 [2]. They explained this phenomenon by considering the occurrence of
strongly pinned excess Ni atoms in nearly-equiatomic Ni-Mn samples. In such a picture, the
system should experience a bias in the diffusion process by the external magnetic-field during
annealing. If this hypothesis holds true, no vertical shift would be expected for Ni-deficient
Ni-Mn alloys, and the magnitude of the vertical shift would directly depend on the Ni-
concentration. Here, we present an investigation on magnetic-field-biased diffusion in Ni-Mn
with compositions varying between 44.7 and 57.2 at% Ni. We study this effect by examining
the properties of the vertically shifted M(B)-loops and the compositional development of the
lattice structures from the L1, to the FCC phase.

Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) — Project-ID
405553726 — TRR 270.

[1] L. Ding et al., Appl. Phys. Lett. 80, 1186 (2002).
[2] L. Pal et al., Phys. Stat. Sol. 42, 49-59 (1970).
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Precise temperature control of exchange bias fields
in graded ferromagnetic multilayers

Mikel Quintana, Adrian Meléndez, Carmen Martin Valderrama, Lorenzo Fallarino,
Andreas Berger

CIC nanoGUNE BRTA, E-20018 Donostia, San Sebastian, Spain.
m.quintana@nanogune.eu

Thin films, in which the exchange energy is designed to be depth-dependent have arisen
as an interesting tool to control properties of ferromagnets that are otherwise extremely
difficult to modify [1,2]. It is known that such exchange-graded films behave at each depth as
if their magnetic properties depend only on a ‘local’ Curie temperature Tc'¢, down to the 1-2
nm length-scale. This specific feature allows us to design structures exhibiting ferromagnetic
exchange everywhere, but whose magnetic behavior can split into seemingly isolated
ferromagnetic (FM) regions in certain T-ranges. This phenomenon can be particularly useful
in magnetic multilayers, if such exchange-graded films are used as spacer layers.

In this work, we present a novel multilayer sequence composed of two CoRu thin films,
separated by an exchange-graded Coix@zRuxz spacer layer, in which the Ru concentration x
is varied along the depth z of the film. Our particular design is such that the effective
paramagetic (PM) phase thickness in the spacer layer increases with T. This phenomenon
results in a strong temperature-dependent interaction between the FM regions [3].

A detailed magnetometry analysis of our films allowed us to quantify the magnitude of
the temperature-dependent bias fields, as well as the effective interlayer exchange coupling,
which we managed to monitor over a temperature range of 75 K. We fabricate films with
different thicknesses of the spacer layer and thus exchange gradients, and we observe that for
thicker effective PM phases, the interaction between FM layers decreases monotonously.

Our particular design can be employed at any given temperature by means of T¢'%(2)
design and it is generally applicable to any given FM material. Furthermore, the design of the
temperature dependent bias fields could be interesting for technological applications. For
example, we observed we can obtain temperature independent coercive fields over wide
temperature ranges, which can be extremely useful for stable operation points as well.
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Figure 1. Schematic of the T¢'(z) profile in our films and examples of three hysteresis
loops at three different temperatures for a thin film with t = 20 nm.

Our work was supported by the Spanish Ministry of Science and Innovation under the Maria de Maeztu Units
of Excellence Programme (Grant No. CEX2020-001038-M) and Project No. RT12018-094881-B-100 (MCIU/Feder),
and by Predoctoral Fellowship No. PRE2019-088428. C. M. V. acknowledges the Basque Government for fellowship
No. PRE_2021_1_0056.

[1] L. Fallarino, E. Lopez Rojo, M. Quintana, J. S. Salcedo Gallo, B. J. Kirby, & A. Berger, Phys. Rev. Lett.
127, 147201 (2021).

[2] L. Fallarino, M. Quintana, E. Lopez Rojo, & A. Berger, Phys. Rev. Appl. 16, 034038 (2021).

[3] M. Quintana, A. Meléndez, C. Martin Valderrama, L. Fallarino, & A. Berger, submitted to Phys. Rev.
Appl. (2022).
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Atomic-scale insights to design of high-performing SmCo
based sintered permanent magnets gained
by atom probe tomography

Nikita Polint*, Stefan Giron?, Esmaeil Adabifiroozjaei?, Yangyiwei Yang?, Alaukik
Saxena!, Bai-Xiang Xu?, Leopoldo Molina-Luna?, Oliver Gutfleisch?, Konstantin Skokov?,
Baptiste Gault'

!Max-Planck-Institut flir Eisenforschung GmbH, Diisseldorf, Germany
n.polin@mpie.de
2Institute of Materials Science, Technische Universitit Darmstadt, Germany
3Department of Materials, Royal School of Mines, Imperial College, Prince Consort Road,
London SW7 2BP, United Kingdom

Hard disc drives, electric cars and wind turbines - in all these devices permanent
magnets are key components to translate mechanical into electrical energy and vice versa.
Enhancing performance of permanent magnets thus contributes to energy transition and
sustainability. However, practically the performance of permanent magnets only reaches 20%
of the possible maximum (called Brown's paradox). This is related to imperfect nanostructure
and nanocomposition where atom probe tomography is a suitable tool to gain atomic-scale
insights.

In this talk 1 will present a structural and magnetical investigation of high-end
production-grade Smy(Co,Fe,Cu,Zr)i17 permanent magnets which show unusual regions
leading to suboptimal performance (Fig. 1, left). Local differences of nano-structure and nano-
composition between both regions (Fig.1) are studied by atom probe tomography and
transmission electron microscopy combined with micromagnetic simulations based on the
experimental results. Based on these findings, design rules for higher performance of
Smy(Co,Fe,Cu,Zr)17 magnets are proposed.

Low HC High HC

/ B 2at%Cu
/: W 6 atxzr

Figure 1. 3D reconstruction of APT data for the areas of low coercivity (left) and high
coercivity observed in high-end production-grade Smz(Co,Fe,Cu,Zr)17.

The financial funding from IMPRS SusMet, DFG, CRC/TRR 270 and ERC is gratefully acknowledged.
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Semisynthetic Magnetic Nanoparticles
for Remote Actuation of Biological Processes

A. Neusch?, D. Kuckla?, I. Novoselova?l, C. Vicario?, D. Lisse?, J.-S. Brand?,
M. Farle®, U. Wiedwald?, M. Dahan? and C. Monzel**

'Heinrich-Heine-Universitit Diisseldorf, Diisseldorf, Germany
2Physico-Chimie, Institut Curie, Paris, France
SUniversity of Duisburg-Essen, Duisburg, Germany
Cornelia.Monzel@hhu.de

Remote actuation of biological processes is of central interest for many biological,
biotechnological or biomedical applications. However, only few tools are hitherto capable of
providing a tunable stimulus with nano-scale precision. Superparamagnetic Nanoparticles
demonstrated to meet this demand, as their magnetic properties allow for (i) their spatial
displacement, (ii) to mediate mechanical forces, or (iii) to heat their environment in a contract-
free manner while being positioned at distinct sites. Here, we introduce a semisynthetic
magnetic nanoparticle (SMNP) based on the natural iron storage protein ferritin. We
genetically modified the protein shell to provide biocompatibility as well as to target the SMNP
to specific molecules. We further synthesize a magnetic core into the protein cage and
characterize the SMNP properties with electron microscopy, magnetometry, dynamic light
scattering and surface Zeta potential. We then show how sMNP in comparison to other
superparamagnetic nanoparticles can be used to apply stimuli (i)-(iii) as well as to target and
modify cell signal formation. This work is supported by Volkswagen Foundation (Grant Nr.:
94195).

[1] D. Lisse, et al. Advanced Materials (2017), 29, 1700189 DOI: 10.1002/adma.201700189
[2] L. Toraille, et al. Nano Letters (2018), 18, 7635-41 DOI: 10.1021/acs.nanolett.8b03222
[3] I. Novoselova, et al. Nanomaterials (2021) 11, 2267 DOI: 10.3390/nan011092267
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Iron-biomineralizing encapsulin proteins as a new tool for the
non-invasive tracking and manipulation of mammalian cells

Mariia Efremova®?2, Anna N. Gabashvili*®, Felix Sigmund?*?, Silviu-Vasile Bodea'?, Stepan
S. Vodopyanov*®, Alevtina S. Semkina’8, Irina Beer®, Thomas Feggeler'®, Hendrik
Ohldag'?, Ralf Meckenstock®, Natalia P. Ivleva®, Maxim A. Abakumov*7, UIf Wiedwald??,
Gil G. Westmeyer?

1Department of Chemistry & TUM School of Medicine, Technical University of Munich, Germany
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“4Laboratory “Biomedical Nanomaterials”, National University of Science and Technology “MISIS”, Russia
SBiomedical Technology Department, National Medical Research Center for Hematology, Russia
®Biology Faculty, Lomonosov Moscow State University, 119234 Moscow, Russia
"Department of Medical Nanobiotechnology, Pirogov Russian National Research Medical University,
Moscow, Russia
8Department of Basic and Applied Neurobiology, Serbsky National Medical Research Center for
Psychiatry and Narcology, 119991 Moscow, Russia
%Institute of Hydrochemistry, Technical University of Munich, 85748 Garching, Germany
OAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley CA 94720, United States
HFaculty of Physics and CENIDE, University of Duisburg-Essen, 47048 Duisburg, Germany

Proteinaceous nanoreactors called encapsulins naturally occurring in bacteria
Quasibacillus thermotolerans can be expressed in human embryonic kidney HEK293T cells,
as well as in human hepatocellular carcinoma HepG2 cells, and murine mammary carcinoma
4T1 cells [1,2,3,4,5]. These encapsulins represent a two-component system of a nanoshell and
a ferroxidase cargo, enabling the biomineralization of up to 60000 iron atoms inside the
nanocompartment. Encapsulin expression in the above-mentioned cells, together with their
cultivation in a Fe-rich medium, did not affect cell viability and proliferation (in the case of
carcinoma lines). In vitro MRI study showed a decrease in T2 relaxation time for all transfected
cells compared to wild-type controls. We believe this to be an essential step towards the future
in vivo MRI tracking of malignant cells. However, it should be better understood in terms of
the physical properties of Fe-containing encapsulin nanoparticles, which we investigated in
HEK293T cells isolated via magnet-assisted cell sorting. Transmission Electron Microscopy
and Energy Dispersive X-Ray Spectroscopy revealed that each sorted cell contained thousands
of 30+3 nm-sized iron oxide nanoparticles. Synchrotron radiation-assisted X-Ray Absorption
Spectroscopy and Raman microspectroscopy pointed toward Fe;Os stoichiometry of the
nanoparticles. Vibrating Sample Magnetometry and Ferromagnetic Resonance measurement
proved the ferrimagnetic response of the sorted cells at 5-250K, which corresponds to the ~
25% of maghemite-like (y-Fe.O3) phase in the total Fe cell content. Finally, we demonstrated
that the sorted HEK293T cells could be manipulated by magnetic gradient fields, making
encapsulins a modern tool for the magnetism-driven actuation and imaging of mammalian

cells.

We acknowledge the support of an Alexander von Humboldt Research Fellowship for Postdoctoral
Researchers, an Add-on Fellowship for Interdisciplinary Life Science by the Joachim Herz Foundation (M.E.), as well
as RSF grants number 19-45-06302/ 21-75-00096 and the Helmholtz-RSF Joint Research Group (HRSF0064).

[1] F. Sigmund, S. Pettinger, M. Kube et al., ACS Nano 13(7), 8114-8123 (2019).

[2] M.V. Efremova, S.-V. Bodea, F. Sigmund et al., Pharmaceutics 13(3), 397 (2021).

[3] A.N. Gavashvili, S.S. Vodopyanov, N.S. Chmelyuk et al., Int. J. Mol. Sci. 22(22), 12275 (2021).
[4] AN. Gavashvili, M.V. Efremova, S.S. Vodopyanov et al., Nanomaterials 12(10), 1657 (2022).
[5] M.V. Efremova et al., in preparation.
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Microwave-assisted large-scale synthesis approach for FesOa
nanoparticles

Konstantinos Simeonidis®?, Theopoula Asimakidou?, Maria del Puerto Morales?®,
Sabino Veintemillas-Verdaguer?

!Department of Chemical Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki,
Greece
ksime@physics.auth.gr
2Ecoresources P.C., Giannitson-Santaroza Str. 15-17, 54627 Thessaloniki, Greece
SInstituto de Ciencia de Materiales de Madrid, CSIC, Sor Juana Inés de la Cruz 3, Cantoblanco, 28049
Madrid, Spain

In spite of the growing demand of magnetic nanoparticles for developing applications,
not much effort has been devoted to transfer laboratory knowledge into large-scale production
schemes. Continuous processes are always preferred over batch ones when reproducible and
scalable industrial procedures are needed. For instance, the production of magnetite
nanoparticles by oxidative precipitation of FeSO4 in agueous media has been demonstrated by
a continuous approach that offers (i) the complete separation of the green rust’s precipitation
from FesO4 nucleation, (ii) constant concentrations in all ionic and solid forms, and (iii) the
possibility to control critical parameters, through on-line regulation of synthesis parameters
such as the reactor’s pH [1]. However, this process requires a long ageing period of at least 4
h during which reaction mixture remains in a heated bath (90 °C). This step appears to have
significant impact in the total energy consumption while the high residence time implies to the
need for larger facilities. To overcome such issues, a different setup which introduces a
microwave heating step was designed. Here, the ageing reactor (CSTR) was placed into a
microwave oven and continuously fed with the green rust precursor. Following this scheme,
Fes0. nanoparticles with diameter around 30 nm were successfully produced by applying a
residence period of less than 10 min in a polyacetal tank. Surprisingly, by using a plug-flow
reactor (PFR), a very high heating rate was succeeded and well-defined magnetic nanoparticles
were received with a residence period of less than 30 s. The suggested setup provides an
automatable solution for onsite nanoparticle synthesis in the biomedical sector by non-

specialized staff.
GREEN RUST AGEING

[
O | cSTR
O

Lo

Fe;0,
nanoparticles

microwave heating

Figure 1. Microwave-assisted setup for continuous flow oxidative precipitation.

Research is funded by the IMAGINE: Implementing MAgnetic targeting of nano-Guided ImmuNE cells
project funded by European Science Foundation Fight Kids Cancer 2020 programme. The research project was
supported by the Hellenic Foundation for Research and Innovation (H.F.R.I.) under the “2nd Call for H.F.R.I.
Research Projects to support Post-Doctoral Researchers” (Project Number: 00046 MagnoSorb).

[1] T. Asimakidou et al., Chemical Engineering Journal 393, 124593 (2020).
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Versatile magnetic filament fabrication: A novel pathway for
3D printed biomagnetic scaffolds

A. Makridist, N. Okkalidis?, M. Angelakeris!

IMagnetic Nanostructure Characterization: Technology and Applications (MagnaCharta) Center for
Interdisciplinary Research and Innovation (CIRI-AUTH) 57001 Thessaloniki, Greece
anmakrid@physics.auth.gr
2Morphé, Praxitelous 1, Thessaloniki, 54641, Greece

3D printing technology has proven as a promising innovation for manufactured scaffolds with
high accuracy and precision, revealing unique itemized biomimetic 3D designs. Fabricating
magnetic scaffolds by using additive processes, such as 3D printing, opens a multitude of state-
of-the-art areas of application like bone repair and regeneration, tissue engineering, drug
delivery and magnetic hyperthermia. Developing polymeric composite magnetic materials is
the crucial, innovative, first step that must be examined.

In this work, a 3D printed polymer-bonded magnets' fabrication protocol (Fig. 1), by
using the Fused Deposition Modeling (FDM) method, is established. Composites with
permanent-magnet powder embedded in a polymer binder matrix can be defined as Polymer-
bonded magnets. A low-cost and ecological friendly mixing extruder (Fig. 1c) was used to mix
commercial magnetite magnetic nanoparticles with PLA (PolyLactic Acid) powder (Fig. 1b),
a typical thermoplastic material used as 3D printing filament. The powder mixture is
compounded and extruded to fabricate the 3D printing filament (Fig. 1d) of different
nanoparticle amounts (10 and 20 wt %) which is subsequently characterized structurally (Fig.
1e) and magnetically (Fig. 1f) before the printing process.

Finally, magnetic scaffolds are successfully printed and evaluated in magnetic
hyperthermia. The promising heating results that this work presents, can be also compared
with other studies [1], [2], where MNPs are mixed with types of PLA material to produce
MBSs to use them as candidates for magnetic hyperthermia application.
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Figure 1. Main process for the filament extraction: a) After cutting PLA filament to pieces, a grinder
is used to make PLA granules. The b) mixed material is used for feed stock of c) the single screw
extruder to produce d) the resulted magnetic filament. (e) X-ray diffraction patterns of fabricated
magnetic filaments. PLA and PP (ProtoPasta) filaments are also shown as reference. (f) 300 K
hysteresis measurements of the fabricated magnetic filaments.

PP hysteresis loops is also given as reference.

[1] M. Baiiobre-Lopez et al., IEEE Transactions on Magnetics 50.11 (2014).
[2] A. Farzin et al., Materials Science and Engineering: C 70 (2017).
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Magnetically driven therapies: Toxicity, Risks and Side-effects

Makis Angelakeris

School of Physics, Faculty of Sciences, Aristotle University, 54124 Thessaloniki, Greece
MagnaCharta, Center for Interdisciplinary Research and Innovation (CIRI-AUTH), 57001
Thessaloniki, Greece
agelaker@auth.gr

Magnetically driven therapies have a long and substantial history including diverse and
combinatory aspects of diagnosis and therapy. Initially, magnetic field driven treatments
involved, magnetic field application to deliver an energy form to tissues, resulting in a
physiological change or stimulation, which can in turn be used to generate specific effects.
Subsequently, magnetic materials came into play of magnetically driven therapies with to
promote the therapy’s efficiency. In modern theranostics, magnetic nanoparticles may act as
multifunctional carriers delivering specific “cargo” under the guidance of an external magnetic
field. For example, magnetic nanoparticles may play a contrast agent role in Magnetic
Resonance Imaging while at the same time deliver either a heat load (hyperthermia agents)
and/or mechanical stress at specific malignant sites. Thus, by adequate combination of
magnetic particle features and magnetic field parameters, optimized performance may be
achieved, while side-effects should also be considered and circumvented.

Although, magnetic fields are generally regarded as least invasive schemes when
discussing side effects and potential risks, a field of controversy in scientific community is the
role of Eddy currents. Eddy currents are a direct consequence of the link between magnetism
and electricity and are in practice loops of electrical current induced by a time varying
magnetic field according to Faraday's law of induction. Their magnitude is proportional to the
strength of the magnetic field, the area of the loop, and the rate of change of flux, and inversely
proportional to the resistivity of the material. Eddy currents are a cause of energy loss since
their flow dissipates heat in their surroundings. Accordingly, typical parameters relating to
magnetically driven treatments are a) the strength of the applied magnetic field needed to
achieve the therapeutic benefit or adequate resolution, issues not yet fully resolved, hence
making clinical decision remarkably problematic b) the treatment duration, ranging from a few
minutes to some months providing very different energy 'doses' to the patient, certainly not
comparable - even if the same energy is delivered. Eventually, the energy delivery must occur
in such a way as to drop in the optimal window by fine tuning field strength (amplitude,
intensity), pulsing (frequency) and treatment time, while attenuating potential field application
side effects. The optimal bio and clinical effects may be achieved with this combined optimal
dose combination with respect to the features of magnetic nanoparticles implemented, keeping
in mind that the further one moves away from this optimal position, the less effective the
intervention. | will examine case studies of Magnetic resonance imaging, Magnetic Particle
Hyperthermia. | will unravel the parameters affecting treatment efficiency and what is
hindering their performance. | will see alternative magnetic field application schemes and
specific nanoparticle agents features that will ensure therapeutic efficiency together with
mitigation of side effects and risk factors and toxicity.

This work was supported by European Union’s Horizon 2020 research and innovation programme under
grant agreement No 857502 (MaNaCa).
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Development of FesOs-decorated Sn-hydroxide
nanocomposites for advanced Cr(VI)
capture in drinking water

Kyriaki Kalaitzidou, Christos Pantos, Theopoula Asimakidou, Nikolaos Maniotis, Fani
Pinakidou, Konstantinos Simeonidis
Department of Chemical Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki,

Greece
kalaitzidou@cheng.auth.gr

The objective of this work was to develop a novel class of water treatment adsorbents
based on magnetically responding iron oxide (FesOs) nanoparticles and bivalent tin oxy-
hydroxides (abhurite) known for their potential to capture hexavalent forms of pollutants by a
reducing/precipitation mechanism [1]. Such system was engineered in the nanoscale but
realized in kilogram-scale production rates by the translation of nanoscale synthesis methods
for nanoparticles into sequential continuous-flow reaction processes. Particularly, 30 nm
magnetite nanoparticles synthesized by the oxidative precipitation process were combined
with spherical layered formations of abhurite to obtain a homogeneous nanocomposite (Figure
1), featured with improved properties toward Cr(VI) uptake at concentrations complying with
drinking water demands as well as with sufficient magnetization which enable the separation
of the solid at the end of the purification procedure. The continuous flow production setup was
optimized to allow the complete neutralization of the two phases before their mixture with a
high-energy homogenizer.

Materials characterization and evaluation of nanocomposite’s efficiency indicated a
high reducing potential which established a good performance to capture aqueous Cr(VI)
forms through their transformation into insoluble Cr(III) species deposited on the adsorbent’s
surface. Multiphysics analysis of the magnetic separation procedure supported by
micromagnetic simulations of the nanocomposite assisted the design, construction and
operation of a rotary separator with optimum placement of permanent magnets.

Figure 1. SEM images of Fe;O4-decorated Sn-hydroxide nanocomposites with magnetic
nanoparticles placed in the layered structure of abhurite.
The research project was supported by the Hellenic Foundation for Research and Innovation (H.F.R.1.) under
the “2nd Call for H.F.R.I. Research Projects to support Post-Doctoral Researchers” (Project Number: 00046
MagnoSorb).

[1] G. Papadopoulos et al., Water 11, 2477 (2019).
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Hybrid Stents based on magnetic hydrogels
for biomedical applications
Eirini Myrovali
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Magnetic Nanostructure Characterization: Technology and Applications, CIRI-AUTH,
57001 Thessaloniki, Greece

Hydrogels are crosslinked hydrophilic polymers with high-water content. Such
formulation has received significant attention due to their mechanical and physical properties.
Recently, magnetic hydrogels, i.e., hydrogels incorporating magnetic nanoparticles, have been
proposed in biomedical applications due to facile and tunable response to externally applied
magnetic fields. In this study, a prototype hybrid stent of magnetic hydrogel was fabricated,
characterized, and evaluated for magnetic hyperthermia treatment. Firstly, magnetic hydrogel
was produced by a solution of alginate with magnetic nanoparticles in a bath of calcium
chloride (5 - 15 mg/mL) in order to achieve the external gelation and optimize the heating rate
(Figure 1a). After that, magnetic hybrid stents were developed in a simple way using a plastic
tube (Figure 1b-c) and were evaluated both in an agarose phantom model (Figure 1d) and in
an ex-vivo tissue sample (Figure 1e) at 30 mT, 765 kHz magnetic hyperthermia conditions to
examine the heating efficiency (Figure 1f). In both cases, hyperthermia results indicate
excellent heat generation from the hybrid stent and facile temperature control via tuning
magnetic nanoparticle concentration (2 — 8 mg/mL). Almost zero leakage of iron oxide
nanoparticles was detected after hyperthermia treatment (0, 5 and 15 days) confirming the
sustainability for biomedical applications. Thus, this study can be a promising method that
promotes spatially thermal distribution in cancer treatment or restenosis treatment of hollow
organs.

(@) ‘

Magnetic
hydrogel

e

Hyperthermia

CaCl, bath field ON

Figure 1: (a) Schematic illustration of the magnetic hydrogel using a syringe in a bath of calcium chloride.
(b) Development of magnetic hybrid stent using a plastic tube. (¢) Magnetic hybrid stent. (d) Agarose
phantom model and (e) ex-vivo model using the hybrid magnetic stent. (f) Thermal distribution of the

magnetic hybrid stent during the hyperthermia measurement. [1]

[1] E. Myrovali, ACS Appl. Bio Mater, (2022) DOI: 10.1021/acsabm.2c00088.
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Magnetic heating properties of Fe-FezC nanoparticles
prepared by method of ferrocene pyrolysis

Narek Sisakyan'*, Milan Tsompanoglou?, Gayane Chilingaryan?, Harutyun Gyulasaryan?,
Elisavet Papadopoulou®, Nicolaos Tetos®, Vardges Avagyan', Marina Spasova®, Michael
Farle®, Makis Angelakeris?, Aram Manukyan!

!Institute for Physical Research of National Academy of Sciences, Armenia

sisakyan@gmail.com

2Physics Department, Aristotle University of Thessaloniki, Greece
3Faculty of Physics and Center of Nanointegration (CENIDE), University of Duisburg-Essen, Germany

Magnetic nanomaterials have a great potential in the field of biomedicine due to their
unique magnetic properties, which makes them a suitable candidate for diagnosis and
therapeutic applications. Iron based magnetic nanoparticles with a core-shell architecture
offers controllable and tunable magnetic properties and due to their low toxicity are efficient
candidates in magnetic fluid hyperthermia of cancer cells. For advanced biomedical
applications, it is important that the nanoparticles are also be coated with biocompatible
functional ligands.

In this work, carbon coated Fe-FesC magnetic nanoparticles were synthesized by a
solid-phase pyrolysis of ferrocene (FeCioH10). The pyrolysis process was performed in a closed
quartz tube at 5 min with temperatures 700-1000 °C. Obviously, by changing the pyrolysis
temperature, it is possible to control the Fe:FesC concentration ratio in metal nanoparticles and
improve the magnetic and magnetic heating properties of the nanocomposites.

To study the dependence of the heating efficiency on the pyrolysis temperature of the
synthesized samples, aqueous solutions were prepared with a 6.5 mg/ml concentration and
subjected to an alternating magnetic field with parameters of 375 kHz/60 mT. The maximum
SLP (Specific Loss Power) of 260 W / g was obtained in a sample prepared at 800 °C (Fig. 1).
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Figure 1. The values of SLP of synthesized (Fe-Fe3C)/C nanocomposites dependence of
pyrolysis temperature.

This work was supported by European Union’s Horizon 2020 research and innovation programme under
grant agreement No 857502 (MaNaCa).
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Multiorbital perspective on correlated electrons in
superconducting nickelates

Frank Lechermann
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Frank.Lechemann@rub.de

The discovery of superconductivity in Sr-doped thin films of infinite-layer NdNiO2 in
summer 2019 [1] triggered an overwhelmingresearch interest in these materials. Recently,
similar superconductivity has also been detected in multi-layer systems of low-valence
nickelates [2].

Because of their similarity to high-Tc cuprates concerning structure and formal 3d~9
oxidation state, the long sought-after stable ‘cuprate-akin' pairing in nickelates had apparently
been found.

However, several striking differences to cuprate physics are revealed and already basic
electronic structure features of superconducting nickelates are still a matter of intense debate.

In this talk | will show that latest developments in the first-principles approach to
correlated materials are necessary to face the challenges of these fascinating systems. The case
for manifest multiorbital Ni-eg physics to explain the various normal-state electronic regimes
with doping will be made [3]. Additionally, the tight competition between different
superconducting instabilities will be discussed [4].

[1] D. Li, et al., Nature 572, 624 (2019).

[2] G. A. Pan et al., Nat. Mater. 21, 160 (2022).
[3] F. Lechermann, PRX 10, 041002 (2020).
[4] A. Kreisel et al., arXiv:2202.11135 (2022).
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Role of the film geometry in the electronic reconstruction
of infinite-layer nickelates on SrTiO3(001)

Benjamin Geisler and Rossitza Pentcheva

Department of Physics and Center for Nanointegration (CENIDE), University of Duisburg-Essen,
Lotharstrafle 1, 47057 Duisburg, Germany
benjamin.geisler@uni-due.de

The recent discovery of superconductivity in infinite-layer NdNiO; films on
SrTiO3(001) has sparked significant interest [1]. However, details of the physical mechanism
behind this observation remained so far elusive, since in contrast to the thin films [2] bulk
NdNiO; shows neither superconductivity nor the antiferromagnetic interactions characteristic
of high-T¢ cuprates.

First-principles simulations unravel the key role of the interface: Polarity mismatch
drives a surprising electronic reconstruction that results in the emergence of a correlated two-
dimensional electron gas (2DEG) in the SrTiO3(001) substrate. The concomitant depletion of
the self-doping Nd 5d states renders infinite-layer nickelates close to cuprate
superconductors [3,4]. Recent work identifies an unexpected interface composition that
completely quenches the 2DEG, but preserves the electronic reconstruction in the nickelate
film [5]. This supports the notion of nickelate superconductivity as novel quantum phase,
induced in film geometry by electronic reconstruction.

Surface NdNiO, Interface SrTiO, Substrate
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This work was supported by the DFG within the SFB/TRR 80 (Projektnummer 107745057), Project No. G3.
Computing time was granted by the Center for Computational Sciences and Simulation of the University of Duisburg-
Essen (DFG Grants No. INST 20876/209-1 FUGG and No. INST20876/243-1 FUGG).

[1] D. Li et al., Nature 572, 624 (2019)

[2] H. Lu et al., Science 373, 213 (2021)

[3] B. Geisler and R. Pentcheva, Phys. Rev. B 102, 020502(R) (2020)
[4] B. Geisler and R. Pentcheva, Phys. Rev. Research 3, 013261 (2021)

[5] B. H. Goodge, B. Geisler, K. Lee, M. Osada, B. Y. Wang, D. Li, H. Y. Hwang, R. Pentcheva, and L. F.
Kourkoutis, arXiv:2201.03613 [cond-mat.supr-con]
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Oxygen and Rare Earth Doping Effects on
RE3BasCusO19-5 (RE=Y, Sm) Superconductors
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IMagnet Research Laboratory (MRL), Sharif University of Technology, Tehran, Iran
2Iran Academy of Sciences, Iran
m.akhavanl@gmail.com

There are two challenging issues with the physical properties of the recently reported
cuprate Y3BasCugOigs (Y358) [1]: The value of its transition temperature (T¢), and its
unknown crystal structure [2]. While some reports argue that T of Y358 and its crystal
structure are completely different from those of the YBa,CuzO7.» (Y123) compound, some
other reports indicate the similarity of both transition temperatures and XRD patterns (or
crystal structure) of these materials. It has been suggested that these similarities are due to the
oxygen deficiency (8) of Y3;BasCusO19.5 Or the decomposition of Y358 to Y123

Our results indicate that the oxygen deficiency (6<0.5 or 2.6%) cannot explain the
existence of the ~10K difference in the reported T¢'s for the Y358 compound (prepared by the
standard solid-state reaction or the sol-gel methods) in the literature. To investigate the
similarities of the XRD patterns of Y358 and Y123 compounds, we have studied the analogous
Sm3zBasCugO19-5 (SM358) compound. Since the difference in crystal radius of Ba and Sm are
less than that of Ba and Y, it is possible to prepare Smi.+xBa,.xCuzO7+s solid solutions which
also includes the Sm358 compound. Therefore, the similarities of XRD patterns for Sm358
and Sm123 compounds can be understood on the basis of the Smi.xBa,xCuzO7+s formula.
Since the obtained transition temperatures for the Sm358 and Sm123 compounds are similar
(~ 93K), we have investigated the effects of doping on the transition temperature of the Sm358
compound by preparing the Sms.xBasxCugO19.5 and Sms.x.,PryCayBasCugO19.5 COMpounds.
The Sm substitution for Ba, or Pr and Ca substitution for Sm, indirectly changes the oxygen
content and T, of the Sm358 compound. The changes of T, have been discussed based on the
Abrikosov-Gorkov pair-braking theory, hole-filling due to the extra valence of Pr ions, and the
creation of holes by Ca ions. It seems that the behavior of T upon Pr and Ca doping is due to
some collective mechanisms. Also, applying the Abrikosov-Gorkov pair-braking and
hole-filling theories, results a Tc(x,y) equation for the Smsx.yPr«CayBasCugO19.5 System for
x>0.3, which predicates the highest transition temperature of Sms..yPryCayBasCugOag.5
compound to be ~ 95 K.

[1] A. Aliabadi, Y. Akhavan Farshchi, M. Akhavan, Phys. C Supercond. 469 (2009) 2012-2014.
[2] H. Khosroabadi, M. Rasti, M. Akhavan, Phys. C Supercond. Its Appl. 497 (2014) 84-88.
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Chiral interlayer coupling in magnetic multilayers

Can Onur Avci

Institute of Materials Science of Barcelona (ICMAB-CSIC), Spain
cavci@icmab.es

The ability to engineer the coupling between magnetic layers is central to revealing
emergent magnetic and electronic interactions at interfaces as well as to improving the
functionality of magnetic sensors, nonvolatile memories, and logic gates. Recently, increasing
attention has been devoted to the exchange coupling mediated by the Dzyaloshinskii-Moriya
interaction (DMI) that favors the orthogonal alignment of neighboring spins in materials with
spatial inversion asymmetry. The DMI was originally investigated in bulk systems such as a-
Fe203 and the B20 compounds. However, recent works have shown that a strong DMI
emerges at ferromagnet/nonmagnet (FM/NM) interfaces with broken inversion symmetry and
strong spin-orbit coupling stabilizing chiral spin textures such as Néel domain walls and
skyrmions. More recently, Monte Carlo calculations and experiments have shown that the
DMI can also couple two FM layers through a spacer layer where the DMI promotes nontrivial
three-dimensional spin textures with both intralayer and interlayer chirality. The interlayer
coupling mediated by the DMI thus offers novel opportunities to tune the magnetic texture and
functionality of magnetic multilayers.

In this work, we report on the occurrence of strong interlayer DMI between an in-plane
magnetized Co layer and a perpendicularly magnetized TbFe layer through a Pt spacer. The
DMI causes a chiral coupling that favors one-handed orthogonal magnetic configurations of
Co and ThFe, which we reveal through Hall effect and magnetoresistance measurements. The
DMI coupling mediated by Pt causes effective magnetic fields on either layer of up to 10—
15 mT, which decrease monotonically with increasing Pt thickness. Ru, Ta, and Ti spacers
mediate a significantly smaller coupling compared to Pt, highlighting the essential role of Pt
in inducing the interlayer DMI. These results are relevant to understand and maximize the
interlayer coupling induced by the DMI as well as to design spintronic devices with chiral spin
textures.

[1] Yang et al., Nat. Rev. Phys. 3, 328-343 (2021)

[2] Vedmedenko et al., Phys. Rev. Lett. 122, 257202 (2019)
[3] Fernandez-Pacheco et al., Nat. Mater. 18, 679 (2019)
[4] Han et al., Nat. Mater. 18, 703 (2019)

[5] Avci et al., Phys. Rev. Lett. 127, 167202 (2021).
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Laser pump induced hysteresis loop inversion
on EuO/Co bilayers

David Ménkebiischer!, Paul Rosenberger®?, Umut Parlak?, Roman Adam?®, Claus M.
Schneider®, Martina Miiller?, Mirko Cinchetti®
!Department of Physics, TU Dortmund University, Otto-Hahn StraBe 4, 44227 Dortmund, Germany
umut.parlak@tu-dortmund.de
2Department of Physics, University of Konstanz, 78457 Konstanz, Germany
3Peter Griinberg Institut, Research Centre Jiilich, 42425 Jiilich, Germany

Europium monoxide (EuO) is one of the rarely-found ferromagnetic oxides with
dielectric properties. Due to the unpaired 4f electrons, it exhibits a saturation magnetic moment
of 7 ug. Owing to these interesting magnetic properties, EuO is considered to be an excellent
spin-filter for many spintronic heterostructures. However, its relatively low Curie temperature
(Tc = 69 K) limits the usage in applications at non-cryogenic temperatures. The coupling
between EuO and Co layers was proposed as a factor that could increase T¢ by a proximity
effect. Our experimental results indicate the existence of more complicated phenomena
emerging at the EuO/Co interface.

We synthesized EuO/Co heterostructures in a well-established all in situ procedure
using a state-of-the-art oxide-MBE system [1, 2]. EuO films were grown on yttria-stabilized
zirconia (YSZ) substrates in the so-called adsorption limited growth mode. Following the
confirmation of the quality of the EuO films by RHEED, LEED and XPS, the Co overlayer
was deposited using e-beam evaporation. Subsequently, the samples were capped with a
protective MgO layer against oxidation for ex situ handling.

We measured the hysteresis curves as a function of temperature using magneto optical
Kerr effect (MOKE) magnetometry. Static hysteresis curves revealed the dominant magnetic
component at each temperature, and indicated the antiferromagnetic-like coupling between
EuO and Co. We obtained time-resolved hysteresis curves using a pump-probe technique. A
series of femtosecond laser pulses (Apump = 800 Nm) pumped the sample at 1 kHz repetition
rate, and another synchronized series of pulses (Aprobe = 400 nm) probed sample magnetization
after a certain time delay.
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Figure 1. Magnetic hysteresis curves obtained using the longitudinal MOKE geometry at 5 K. The
ground and final states (pump blocked) and pump induced magnetic states (At = 6 ps) are plotted from
the bottom to the top.

The inverted hysteresis curves of EuO had already been reported in the literature about
a decade ago [3]. In our experimental work, we studied the laser pump-induced hysteresis
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curves below the Curie temperature of EuO. We report reversible and reproducible inversion
of the hysteresis curves as a function of the laser pump power, which is attributed to the
different demagnetization processes of Co and EuO layers.

The financial funding from TRR 160 project is gratefully acknowledged.

[1] P. Rosenberger et al., Appl. Phys. Lett. 118, 192401 (2021).
[2] P. Rosenberger and M. Miiller, Phys. Rev. Materials 6, 044404 (2022).
[3] P. Liu et al., J. Phys.: Condens. Matter 25, 125802 (2013).
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Magnetic Spinel Ferrite Nanocomposites Engineered with
MXene/Reduced Graphene Oxide for Electromagnetic
Interference Shielding Application

Raghvendra Singh Yadav

Centre of Polymer Systems, University Institute, Tomas Bata University in Zlin, Trida Tomase Bati
5678, 760
yadav@utb.cz

A growth in electromagnetic radiation from the prompt developments of commercial
electronic appliances has generated electromagnetic pollution [1]. The electromagnetic
radiations emitted from numerous electronic appliances such as mobile phones, tablet PCs,
wireless local area networks, scientific electronics, military, and defense equipment, home
appliances, medical diagnostic equipment, etc. are responsible for malfunctions in electronic
appliances and also raised human health concerns [2]. Electromagnetic interference (EMI)
shielding is an important and proficient method to limit disruptive electromagnetic radiations
[3]. Consequently, to overcome or diminish the impact of electromagnetic interference, good
EMI shielding or microwave absorption materials are essential which have an effective ability
to block the electromagnetic waves, as reported by me also in my authored book “Advanced
Spinel Ferrite Nanocomposites for Electromagnetic Interference Shielding Applications”,
published in Elsevier publishing [1]. The traditional electromagnetic shielding materials
associated with single dielectric loss or magnetic loss features have delivered an insufficient
electromagnetic shielding performance owing to the question of impedance mismatching [4].
One of the active methods to advance the performance of shielding material is to utilize spinel
ferrite magnetic nanoparticles with reduced graphene oxide/MXene as impedance matching
can be structured with the synergistic influence of magnetic and dielectric loss [5]. An ideal
EMI shielding material should hold strong absorption features, low density, lightweight,
design flexibility, thermal stability, etc. Thus, the development of nanocomposite consisting
of polymer-magnetic and dielectric inorganic material with high magnetic and dielectric losses
could be a better choice [6-8].

To attain this, the spinel ferrite magnetic nanoparticles were prepared by the
sonochemical synthesis method /sol-gel auto-combustion method [9-15]. Further, these
prepared magnetic spinel ferrite nanoparticles and reduced graphene oxide (rGO)/MXene were
embedded in a polymer matrix by the melt-mixing method [2-8]. The coexistence of electric
and magnetic dipoles in the prepared shielding nanocomposite can respond highly to
electromagnetic waves and consequently, high electromagnetic loss. The highly efficient EMI
shielding performance is attributed to the optimized impedance matching and attenuation
constant, conductive, dielectric, and magnetic loss. The demonstrated nanocomposites
accomplish significant key performance parameters including lightweight, flexibility,
corrosion resistance, ease of processing, efficient utilization of energy, and low cost, which
are requested in several important fields such as aerospace, aircraft, electronics, radars, flexible
portable, and wearable electronic devices, military applications or stealth technology, and

automotive, and so forth.
We thank the financial support of the Ministry of Education, Youth, and Sports of the Czech Republic -
DKRVO (RP/CPS/2022/007).

[1] R. S. Yadav, |. Kuritka, and J. Vilcakova, Advanced Spinel Ferrite Nanocomposites for
Electromagnetic Interference Shielding Applications, Elsevier, Cambridge, MA, USA, 2020; ISBN
978-0-12-821291-2.

[2]  Anju, R. S. Yadav, P. Potschke, et.al., ACS Omega, 6 (42) (2021) 28098-28118.

[3] Anju, R. S. Yadav, P. Pétschke, et.al., Int. J. Mol. Sci. 23 (2022) 2610.
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S. Yadav, Anju, T. Jamatia, et.al., Nanomaterials, 11 (2021) 1112.
S. Yadav, Anju, T. Jamatia, et.al., Nanomaterials 10 (2020) 2481.
S. Yadav, 1. Kufitka, J. Vilcakova, et.al., ACS Omega, 4 (26) (2019) 22069-22081.
S. Yadav, 1. Kufitka, J. Vilcakova, et.al., Composites Part B 166 (2019) 95-111.
S. Yadav, L. Kuritka, J. Vilcdkova, et.al., Nanomaterials 9 (2019) 621.

S. Yadav, 1. Kufitka, J. Vilcakova, et.al., Ultrasonics - Sonochemistry 61 (2020) 104839.

S. Yadav, 1. Kufitka, J. Vilcakova, et.al., Ultrasonics - Sonochemistry 40 (2018) 773-783.

S. Yadav, 1. Kufitka, J. Vilcakova, et.al., Journal of Magnetism and Magnetic Materials 447 (2018)
48-57.
R. S. Yadav, J. Havlica, J. Masilko, et.al., Journal of Magnetism and Magnetic Materials 399 (2016)
109-117.
R. S. Yadav, J. Havlica, J. Masilko, et.al., Journal of Magnetism and Magnetic Materials 394 (2015)
439-447.
R. S. Yadav, J. Havlica, M. Hnatko, et.al., Journal of Magnetism and Magnetic Materials 378 (2015)
190-199.
R. S. Yadav, L. Kufitka, J. Vilcakova, et.al., Journal of Physics and Chemistry of Solids 107 (2017)
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Magneto-optical Kerr effect (MOKE) measurements on
magnetic nanofiber mats

Andrea Ehrmann?, Tomasz Blachowicz??

IFaculty of Engineering and Mathematics, Bielefeld University of Applied Sciences, Bielefeld,
Germany
andrea.ehrmann@fh-bielefeld.de

2 Institute of Physics, Silesian University of Technology, Gliwice, Poland

The magneto-optical Kerr effect (MOKE) can be used to measure the magnetic
hysteresis loop of a specimen optically. MOKE measurements are usually performed on highly
even samples, such as thin-film samples, or regular nanostructure arrays. Only few approaches
were reported yet to measure MOKE also on uneven surfaces [1].

Recently, we showed for the first time
that MOKE measurements are also possible
on electrospun nanofiber mats (Fig. 1) which
were coated with a Co thin film [2]. A single
MOKE measurement on a Co-coated
nanofiber mat is depicted in Fig. 2.

Averaging over 10 or more hysteresis
loop, it is possible to distinguish between
different shapes of hysteresis loops on
different spots of the sample [2]. These shapes
can be interpreted as diffractive MOKE (D-
MOKE) signals [3].

Here we give an overview of different
MOKE signals, measured on magnetically

Figure 1. Atomic force mlcroscopy (AFM)
images of electrospun nanofiber mat.

coated nanofiber mats, in comparison with perfectly flat thin-film samples and slightly uneven
magnetically coated polymer films. We present interpretations of the measured signals in
correlation with simulated D-MOKE signals and show which conclusions can be drawn from

the measured hysteresis loops on the sample topography.
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Figure 2. Single MOKE measurement on magnetic nanofiber mat.

This research was partly funded by the German Federal Ministry for Economic Affairs and Energy (grant no.

KK5129710KT1).

[1] T. Blachowicz et al., AIP Adv. 7, 045306 (2017).
[2] O. Brocks et al., Appl. Phys. Lett., submitted (2022).
[3] T. Blachowicz and A. Ehrmann, Spintronics — Theory, Modelling, Devices, De Gruyter 2019
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Switchable Wettability of Micro-structured
Magnetoactive Elastomers

Raphael Kriegl'*, Gaia Kravanja?, Luka Hribar?, Lucija Coga®, Mitjan Kalin?, Irena
Drevensek-Olenik?, Matija JezerSek?, Mikhail Shamonin®

!East Bavarian Centre for Intelligent Materials (EBACIM), Ostbayerische Technische Hochschule
Regensburg
2L aboratory for Laser Techniques, Faculty of Mechanical Engineering, University of Ljubljana
3Laboratory of Tribology and Interface Nanotechnology, Faculty of Mechanical Engineering,
University of Ljubljana
“Faculty of Mathematics and Physics, University of Ljubljana, and J. Stefan Institute, Ljubljana
raphael kriegl@oth-regenshurg.de

The control of wettability of magnetoactive elastomer (MAE) surfaces by magnetic
fields is investigated. Newly developed fabrication methods allow one to fabricate two types
of MAE surfaces: i) MAE films are cast on substrates with different roughness, which is
transferred to the resulting surface. When a maximum magnetic field of ~0.4 T is applied
perpendicular to the MAE surface, an increase in the static contact angle (SCA) by ~40° is
observed. Switching of wettability is probably caused by the transition from the Wenzel to the
Cassie-Baxter regime. Higher initial roughness does not result in a significant increase in the
SCA in the absence of magnetic field. In the highest field, differences between smooth and
rough surfaces are observed. ii) Micro-lamellar and micro-pillared structures are fabricated on
MAE surfaces by laser micromachining (Fig. 1).
a)

-19.0 0 pm -17.0

Figure 1. 3D optical profilometry of the cast (a) and structured (b) MAE surfaces in the absence (left
image) and in the presence (right image, groove depth =~ 15 um, width = 50 um, separation distance =
50 um) of magnetic field (B = 0.23 T).

Above the critical magnetic field of = 0.1 T, the SCA is significantly increased (Fig.
2). The field dependence of the SCA is dependent on the dimensions of structures and material
stiffness.

The effects of magnetic field are investigated in detail using classical goniometry, 3D
optical profilometry and rheological measurements. In general, the magnetic field causes

significant changes in surface topography (Fig. 1), which are observable for both cast and
laser-structured MAE surfaces.
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Figure 2. Measurements of SCA for laser-structured MAE surfaces with varying depth in in the
absence and in the presence of a magnetic field. A single structuring passage results into ~15 pm of
depth.

The financial funding from DFG (project no. 437391117) and ARRS (project no. J1-3006)
is gratefully acknowledged.
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Anomalous Hall Effect and Magnetoresistance in
Ferromagnetic Topological Crystalline
Insulator (111) SnixMnxTe Epilayers
A. Kazakov?, V.V. Volobuev!, M. Zigba?, B. Turowski', W. Zaleszczyk'?,

T. Wojciechowski®?, K. Gas?, M. Sawicki?, T. Story??, T. Dietl*, T. Wojtowicz?

YInternational Research Centre MagTop, Institute of Physics, Polish Academy of Sciences, al.
Lotnikow 32/46, 02-668 Warsaw, Poland
kazakov@magtop.ifpan.edu.pl
2Institute of Physics, Polish Academy of Sciences, al. Lotnikow 32/46, 02-668 Warsaw, Poland

The combination of long-range ferromagnetic (FM) ordering and topological insulator
can lead to the dissipationless surface transport, i.e., quantum anomalous Hall effect. It has
been previously shown that ferromagnetism can be induced in the prototypical topological
crystalline insulator (TCI) SnTe by the hole-mediated RKKY interaction between Mn ions
introduced into the lattice. An additional contribution to the Hall effect and magnetoresistance,
the so-called anomalous Hall effect (AHE) and negative magnetoresistance (NMR)
respectively, are commonly observed in many classes of magnetic materials. Both AHE and
NMR are unique experimental tools in that they allow magnetic properties of a material to be
characterized by transport technique. In the present work, a systematic study of the anomalous
magnetic properties of SnixMnyTe TCI epilayers as a function of Mn content x was performed
using electronic transport method.

7.5
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. A 50%
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Figure 1. Anomalous Hall resistance R%, in SnosMno.iTe as a function of the magnetic field B
depicted with variable temperature (yellow lines are paramagnet magnetization fits). Inset depicts

determination of the Curie temperature from plots of the inverse susceptibility (x) multiplied by
anomalous Hall constant (Ra).

High-quality Sni.xMnyTe epilayers of 1 um thickness, with x varying from 0 to 0.1,
were grown on (111)-oriented BaF; substrates by molecular beam epitaxy. It is shown that an
increase in Mn content causes an increase in both the longitudinal resistance R and in residual
scattering, resulting in a weaker temperature dependence. This is confirmed by the
determination of the residual resistivity ratio for the measured films, which decreases for films
with higher Mn content. The ferromagnetic phase transition is well defined by the
magnetotransport behavior at low temperatures (see Figure 1). Magnetotransport
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characteristics systematically evolve with increasing Mn content, e.g., the negative
magnetoresistance becomes more pronounced for higher Mn concentrations. Possible
scenarios leading to such behavior will be discussed. An anomalous Hall effect was observed
in all the Mn-containing layers studied. The high temperature Hall curves in the paramagnetic
region were used to determine the Curie temperature (Tc) from plots of the inverse
susceptibility (y) multiplied by the anomalous Hall constant (Ra). Both Tc and AHE
contribution to Hall resistance increase with increasing Mn content. It is also shown that Tc
determined from magnetotransport measurements agrees well with the results of SQUID
measurements. The obtained results can be further used for experimental verification of the
magnetically induced time-reversal breaking in TCls.

This research was partially supported by the Foundation for Polish Science through the IRA Programme co-
financed by EU within SG OP (Grant No. MAB/2017/1) and by the NCN Grant: UMO 2017/27/B/ST3/02470
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Feedback of non-local dxy nematicity
on the magnetic anisotropy in FeSe
Steffen Botzel?, Ilya M. Eremint

Unstitut fiir theoretische Physik III, Ruhr-Universitit Bochum, Bochum, Germany
Steffen.Boetzel @ruhr-uni-bochum.de

Details of the nematic state in FeSe and its connection to superconductivity are still a
matter of debate. There is a general believe about the existence of a xz/yz splitting in the
nematic state, that can be represented by an order parameter ®*?/¥% = (d,tzdxz —d;zdyz),
which is positive near the I" point and negative around the M point of the 1-Fe Brillouin Zone.
The resulting electronic bandstructure is expected to display a large electron pocket with mixed
xz and xy character additional to a small peanut shaped pocket with yz and xy character.
However, only the latter is seen in the recent ARPES measurements, which has been tried to
explain by including orbital-selective quasiparticle weights. Recently, an alternative scenario
with additional non-local xy nematicity has been considered [1]. The inclusion of an order
parameter ®*Y = (dff;dffy —d§;d§y) can shift the unwanted band away from the Fermi
surface.

In our contribution we discuss the consequences of the non-local xy nematic scenario
for the magnetic susceptibility considering spin and orbital contributions. In particular, the
temperature dependence for the bulk susceptibility is calculated and compared to experiment
[2], which is shown in Fig. 1. We find that within this scenario the spin susceptibility displays
a drop below the nematic transition temperature Ts = 90 K and flattens towards a plateau
below 60 K before decreasing again below the superconducting transition at about 7, = 8 K.
The orbital susceptibility yields the correct in-plane anisotropy. [3]
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Figure 2. Calculated temperature dependence of the in-plane components of
magnetic susceptibility y(q — 0). The experimental data extracted from [2] are shown
for comparison in the inset.

[1] L.C. Rhodes et al., npj Quantum Materials 6,45 (2021).
[2] M. He et al., Phys. Rev. B 97,104107 (2018).
[3]1 S. Bétzel, LM. Eremin, arXiv:2205.07718v1 (2022).
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Weak-Links on the MOD-prepared YBa>CusO7 Thin Films

Mohammad Sandoghchi, Mahdi Torkashvand, Mohammad Reza Mohammadizadeh

Superconductivity Research Laboratory (SRL), Department of Physics, University of Tehran, North
Kargar Ave., P O Box 14395-547, Tehran, Iran
Msandoghchi64@gmail.com

Thin films of superconductors can be used in electronic devices such as microwave-
filters, the Josephson Junctions (JJ), or superconducting quantum interference devices
(SQUID). For these applications, the quality of the films is of great importance. High-quality
epitaxial YBa2Cu3O7 (YBCO) thin film can be prepared by the metal-organic chemical
solution deposition (MOCSD or MOD) process [1]. In particular, the requisite high
superconducting critical current density for weak links or Josephson junction is achievable in
the MOD-prepared YBCO thin film. In the current study, we deposited the YBCO thin films
on the SrTiOs; (STO) substrate using the MOD process. Typically, the superconducting
transition temperatures (T.) of these films were higher than 90 K whereas their transition
widths were less than 3 K (Fig. 1). Figure 2 presents a typical AFM image of these films. The
average roughness and root mean square roughness of these films were about 40 nm and 50
nm, respectively.

Overall, these results indicated that the MOD-
prepared films had good quality for the fabrication of
weak links [2]. To fabricate a bridge-like weak link
from these films, we exploit the standard wet :.
photolithography processes. By optimizing these *
processes, several micro-constrictions of YBCO were :
fabricated. Although, the electrical resistances of j
these constrictions were higher than the pristine T
YBCO films, their transition temperatures changed
slightly. Finally, the br_idge-like weak links of YBCO Figure 1. Typical Resistance vs.
were made by AFM lithography. It has been shown Temperature of the MOD-prepared
that when the width of these bridges become less than YBa,CusOy thin film.

1 um, the current-voltage characteristic of them
behave like a Josephson Junction.
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Figure 2. Typical AFM image of the MOD-prepared YBa2CuzOr thin film.
[1] M. Rasti, M.R. Mohammadizadeh, IEEE Trans. Appl. Supercond. 30, 1 (2020).

[2] F. Tafuri, ed., Fundamentals and Frontiers of the Josephson Effect, Springer International Publishing,
Cham, 2019.
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