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J. Leliaert, Ghent University, Belgium

D. Makarov, Helmholtz-Zentrum Dresden-Rossendorf e.V., Dresden, Germany
A. Manzin, INRIM Torino, Italy

J. Mentink, Radboud University, Nijmegen, The Netherlands
A. Musolino, University of Pisa, Italy

D. Ortega Ponce, Universidad de Càdiz, Spain
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2 PREFACE

2 Preface

This volume contains the abstracts summarizing the presentations scheduled at the 4th IEEE International
Conference on Advances in Magnetics (IEEE AIM 2023), organized by Cinzia Beatrice and Antonino Laudani
with the support of Roma Tre University, INRIM, AIMAGN, IEEE Italy Section, IEEE Italy IA/PEL
Chapter, IEEE Italy IM Chapter and IEEE Italy Magnetic Chapter. The Conference is held in Moena
(Trento), Italy, from January 15th to January 18th, 2023, in front of a stunning Alps scenery, during the
winter season. Previous AIM conferences took place in Bormio (2016), La Thuile (2018) and online (2021),
because of the Covid-19 pandemic restrictions. Moena was the candidate city for hosting the 2021 edition.

IEEE AIM 2023 is a forum for presentation and discussion of the most recent advancements in all the
fields of Magnetics, involving theory, numerical modeling, experiments and applications. The event is open to
experts and scientists with different backgrounds (engineers, physicists, mathematicians, material scientists,
chemists, biologists, etc) to present, discuss, exchange ideas, methods and results. The main topics of AIM
are: Fundamental properties, Modeling and numerical computation, Electrical machines and power devices,
Electromagnetic compatibility, Magnetic levitation and propulsion, Sensors, Measurements techniques and
instrumentation, Materials, Non-invasive and non-destructive evaluation, Magnetic recording, Micro- and
nano-structures, Spin electronics, Magnonics, Biomagnetism, Artificial Intelligence-based techniques and
Other applications. IEEE AIM 2023 has scheduled 28 oral sessions (for more than 120 oral presentations), two
poster sessions and hosts two prestigious plenary talks entitled “Advanced magnetic materials for efficient
energy, transport and cooling applications” by Prof. Oliver Gutfleisch and “Electrostatic charging and
magneto-ionics: a new paradigm for low power memory application and neuromorphic systems” by Prof.
Jordi Sort and a tutorial entitled “Curvilinear micromagnetism: from fundamentals to applications” by Prof.
D. Makarov. Over 220 abstracts from Europe, America, Asia and Africa have been submitted and more
than 170 were selected by the Editorial Board and now are included in this book of abstract. Finally, we
are sincerely grateful to the International Steering Committee and Advisory Board for their support and
guidance; moreover, we would like to give a special thank to all the Reviewers and to all Session Chairs for
their valuable assistance. We wish you an enjoyable Conference and a most pleasant stay in Moena.
On behalf of the Organizing Committee

Cinzia Beatrice and Antonino Laudani (IEEE AIM 2023 Chairs)
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3 VENUE

3 Venue

Moena is the first village you meet when entering the beautiful Val di Fassa, an ideal destination for a
mountain holiday, able to satisfy the needs of sportsmen and tireless walkers, but also of those who prefer to
relax and enjoy the peace and tranquility of a country that offers not only amazing nature but also exclusive
services.

Moena rises up from a wonderful alluvial bowl surrounded by some of the most attractive Dolomite ranges
such as the Latemar Group, the Valaccia and the green foothills of the Costalunga Pass. Moena is known
both in Italy and abroad as the ”Fairytale of the Dolomites”, it completely encompasses the fascination and
ancient attractiveness that recall tales that have gradually been lost over time. The town distinguishes itself
through its captivating elegance and refined boutiques, which visitors can make the most of to satisfy their
desires for high-class shopping. In winter, Moena turns into a fairytale town where the snow, lights and
magical atmosphere of the streets and main squares make the town even more beautiful and lovely than
it already is, if you believe it possible! The Ski Area Tre Valli, which encompasses the ski lifts of Moena-
Lusia, San Pellegrino and Falcade, offers our guests breathtaking and snow-filled descents, all connected by a
functional network of modern and efficient ski lifts. For cross-country ski lovers, the Alochet cross-country ski
center is a paradise boasting a good 15 km of slopes of all levels, immersed in white forests and surrounded
by the beautiful mountains of the San Pellegrino Pass.

The IEEE AIM 2023 Conference will be held in the Theatre sited in strada don Giovanni Iori, 21, Moena
(Google Maps). Since Moena is a very small village, the theatre is at walking distance from Hotels. The
Social dinner will take place in the Chalet Valbona (1820 m asl), reached via an 8-seater cablecar starting
from the parking area.
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4 PLENARY INVITED SPEAKERS

4 Plenary Invited Speakers

We are honoured for the participation of the two Plenary Speakers:

Oliver Gutfleisch is a full Professor for Functional Materials at TU Darmstadt, a scientific consultant
at Fraunhofer IWKS Hanau Materials Recycling and Resource Strategies and is running the external Max-
Planck Research Group De Magnete at MPI for Iron Research Düsseldorf, also a co-founder of two companies
in magnetic materials. His scientific interests include permanent magnets for power applications, solid state
energy efficient caloric cooling at room temperature and for hydrogen liquefaction, ferromagnetic shape mem-
ory alloys, additive manufacturing, functional high entropy alloys, magnetic nanoparticles for biomedicine,
with emphasis on tailoring structural and chemical properties on the nanoscale. He has published more
than 480 papers, was awarded an EU ERC Advanced Grant (Cool Innov) in 2017, received, the Prize of the
German Materials Society (DGM Prize 2018), is an IEEE Fellow (2020), Chair of DGM Expert Committee
Functional Materials, and is the speaker of the DFG Cooperate Research Center 270 Hysteresis Design of
Magnetic Materials for Efficient Energy Conversion. He serves as an Associate Editor for Acta Materialia
and Scripta Materialia.

Jordi Sort leads the ‘Group of Smart Nanoengineered Materials, Nanomechanics and Nanomagnetism’
(with ca. 20 researchers) as an ICREA Research Professor at UAB. After finishing his PhD in 2002 in the
field of “magnetic interfacial effects” (Extraordinary Award), Prof. Sort performed two postdoctoral stays,
at SPINTEC (Grenoble) and at Argonne National Laboratory. His research is focused on a wide variety of
materials (thin films, lithographed structures, porous materials and nanocomposites) with emphasis on their
magnetic, magnetoelectric and mechanical performance. He received awards from the Catalan and Spanish
Physical Societies as well as the Federation of European Materials Societies. So far, Prof. Sort has supervised
17 PhD Theses, has published 352 articles (11275 citations in WoS, h = 53), has issued 6 patents and has
managed 38 research projects, being Coordinator of 2 European Training Networks (ITN), and PI of a CoG,
a PoC and an AdG from the ERC.
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5 CONFERENCE PROGRAM

5 Conference Program

15th January 2023

Registration from 15:00
Tutorial 16:00 - 17:15
Session I A & B 17:15 - 18:20
Welcome Reception 18:30

16th January 2023

Registration from 08:00
Opening 08:45 – 09:00
Session II A & B 09:00 – 10:20
Coffee break 10:20 – 10:40
Plenary Session I Prof. Oliver Gutfleisch 10:40 – 11:40
Session III A & B & C 11:40 – 13:00
Lunch & Poster Session I 13:00 – 14:00
Session IV A & B & C 14:00 – 16:00
Coffee break 16:00 – 16:20
Session V A & B 16:20 – 18:30

17th January 2023

Registration from 08:00
Session VI A & B 08:30 – 10:20
Coffee break 10:20 – 10:40
Plenary Session II Prof. Jordi Sort 10:40 – 11:40
Session VII A & B 11:40 – 13:00
Lunch & Poster Session II 13:00 – 14:00
Session VIII A & B 14:00 – 15:40
Coffee break 15:40 – 16:00
Session IX A & B 16:00 – 17:20
Session X A & B 17:20 – 18:20
Social Dinner from 19:00

18th January 2023

Registration from 08:00
Session XI A & B 08:40 – 9:40
Session XII A & B 09:40 – 10:40
Coffee break 10:40 – 11:10
Session XIII A & B 11:10 – 12:30
Conference Closing 12:30
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5.1 Sessions 5 CONFERENCE PROGRAM

5.1 Sessions

Tutorial 15th Jan 16:00 – 17:15
Chairs: G. Varvaro and F. Casoli
Curvilinear micromagnetism: from fundamentals to applications by Denys Makarov

Session I A (oral) 15th Jan 17:15 – 18:20
Magnetism in geometrically curved and mechanically flexible surfaces 1
Chair: G. Varvaro

� IEEEAIM-1099 Resolving magnetism in geometrically curved surfaces by X-ray photoemis-
sion electron microscopy (invited) presented by F. Kronast

� IEEEAIM-1109 Magnetic phase diagrams and helicity control of reversal modes in ferro-
magnetic nanotubes presented by O. Iglesias

� IEEEAIM-1117 Curvature-induced Tilt and pinning in CrOx/Co/Pt corrugated strips pre-
sented by J. Fernandez-Roldan

Session I B (oral) 15th Jan 17:15 – 18:20
Additive Manufacturing of Magnetic Materials 1
Chairs: P. Tiberto and A. Bollero

� IEEEAIM-1018 Fabrication of SrFe12O19 based filaments with polyphenylene sulphide (PPS)
for additive manufacturing of hard magnetic materials (invited) presented by B. Podmiljsak

� IEEEAIM-1167 Development of MnAlC / hydrogel inks for fabricating alternative perma-
nent magnets by bonding and 3D-printing technologies presented by E. Palmero

Session II A (oral) 16th Jan 09:00 – 10:20
Additive Manufacturing of Magnetic Materials 2
Chairs: P. Tiberto and A. Bollero

� IEEEAIM-1190Additive Manufacturing of rare earth permanent magnets (invited) presented
by L. Sorana

� IEEEAIM-1194Additive manufacturing of a massive amorphous soft magnetic rotor bearing
an intricate 3D-geometry (invited) presented by I. Gallino

� IEEEAIM-1119 Selective laser melting of large soft-magnetic amorphous components pre-
sented by L. Thorsson

� IEEEAIM-1185 Magnetocaloric parts prepared by additive manufacturing: synthesis, mi-
crostructure and functionality presented by V. Franco

Session II B (oral) 16th Jan 09:00 – 10:20
Magnetic Levitation and Bearings and Electrical Machine Modeling 1
Chairs: A. Musolino and L. Sani

� IEEEAIM-1208 Magnetic Levitation in Fractional-Horsepower Drives (invited) presented by
W. Gruber
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5.1 Sessions 5 CONFERENCE PROGRAM

� IEEEAIM-1058 Comparison of lightweight permanent magnet arrays and high-temperature
superconductive coils as excitation systems for air-cored long-stator linear synchronous
motors presented by T. Hofmann

� IEEEAIM-1204 Use of MagnetoRheological Fluids for Electromagnetic Applications pre-
sented by A. Musolino

Plenary Session 16th Jan 10:40 – 11:40
Chairs: F. Albertini and S. Fabbrici
Prof. Oliver Gutfleisch presents Advanced magnetic materials for efficient energy, transport
and cooling applications

Session III A (oral) 16th Jan 11:40 – 13:00
Antiferromagnetic Spintronics 1
Chairs: V. Puliafito and A. Kimel

� IEEEAIM-1017 Theory of antiferromagnetic terahertz-frequency signal-processing devices
(invited) presented by A. Slavin

� IEEEAIM-1060 Coherent sub-terahertz spin pumping from an insulating antiferromagnet
(invited) presented by E. Del Barco

� IEEEAIM-1211 Electrical manipulation and readout of magnetic order in metallic antiferro-
magnets: Perspectives for memory and computing devices(invited) presented by K. Pedram

� IEEEAIM-1126 Spin-current-driven Bloch line in an antiferromagnet as an analog of a fluxon
in a long Josephson junction presented by R. Khymyn

Session III B (oral) 16th Jan 11:40 – 13:00
Spintronics-based computing
Chair: D. Rodriguez

� IEEEAIM-1102 Unconventional computing using topological spin structures (invited) pre-
sented by M. Klaeui

� IEEEAIM-1188 Non-volatile and volatile resistive switching in complex oxide interfaces for
neuromorphic functionalities (invited) presented by T.Banerjee

� IEEEAIM-1213 Design and application of CMOS-compatible and high performance spin-
tronic diodes in both ferro and antiferromagnets (Invited) presented by G. Finocchio

� IEEEAIM-1066 Ferroelectric control of the spin-charge conversion for ultralow power spin-
tronics presented by J.-P. Attane

Session III C (oral) 16th Jan 11:40 – 13:00
Artificial Intelligence, machine learning and Soft-Computing
Chair: F. Riganti Fulginei

� IEEEAIM-1193 Machine learning methods in computational micromagnetism (invited) pre-
sented by L. Exl

10
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� IEEEAIM-1019 Machine learning based identification of magnetization states in large-scale
nano-ellipses arrays presented by H. Brueckl

� IEEEAIM-1034 Machine learning approaches for magnetic nanoparticles applications in
biomedicine presented by M. Coisson

Session IV A (oral) 16th Jan 14:00 – 16:00
Magnetic Measurements 1
Chair: B. Tellini

� IEEEAIM-1016 Hysteresis branch crossings, negative Barkhausen jumps, and inverted hys-
terons presented by S. Mathews

� IEEEAIM-1074Time-resolved X-ray magnetic laminography for the investigation of magneto-
dynamical processes in three-dimensions presented by S.Finizio

� IEEEAIM-1078 Low-cost electronics for miniaturized NMR spectrometers presented by
G.Baumgarten

� IEEEAIM-1106All-optical spin injection in silicon revealed by element specific time-resolved
Kerr effect presented by S. Laterza

� IEEEAIM-1111 Comparison of measurement systems for thermal noise magnetometry of
magnetic nanoparticles presented by K. Everaert

� IEEEAIM-1120Requirements on a metrology infrastructure for characterization of magnetic
nanomaterials presented by P. Kyri

� IEEEAIM-1162 Assessment of the State of Charge of a Li-ion battery cell via magnetic field
measurement presented by B. Tellini

Session IV B (oral) 16th Jan 14:00 – 16:00
Magnetism in geometrically curved and mechanically flexible surfaces 2
Chair: F. Kronast

� IEEEAIM-1085 Towards the geometrical control of domain wall dynamics in 3D curved
nanostructures (invited) presented by S. Gomez

� IEEEAIM-1127 Creating arbitrary magnetization landscapes in corrugated magnetic films
and waveguides (invited) presented by M. Urbanek

� IEEEAIM-1096Magneto-optical investigation of 3D-curved toroidal ferromagnetic thin films
presented by C. Janzen

� IEEEAIM-1097 Tailoring the magnetization processes of chemically modulated cylindrical
nanowires presented by L. Perez

� IEEEAIM-1048 Magnetic hysteresis of individual Janus particles with hemispherical ex-
change biased caps presented by M. Claus

� IEEEAIM-1057 Proof-of-Concept of Magnetic Mobile Robot for Curved Surfaces presented
by Y. W. Park

11
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Session IV C (oral) 16th Jan 14:00 – 16:00
Converters, marerials, devices and algorithms for Wireless Power Transfer in mobility appli-
cations
Chairs: A. Trivino Cabrera and F. Corti

� IEEEAIM-1150 Vehicle-driven control scheme for a misalignment-tolerant bidirectional in-
ductive power transfer system presented by F. Lopez

� IEEEAIM-1159 Effective electrical model of a can of soda as foreign object in EV wireless
charger presented by A. Trivino Cabrera

� IEEEAIM-1180 Selective Wireless Power Transfer System with Multiple Loads based on
loads Resonant Frequencies presented by V. Bertolini

� IEEEAIM-1181 An Active Variable Reactance for Wireless Power Transfer presented by F.
Corti

Session V A (oral) 16th Jan 16:20 – 18:30
Spin Waves and Magnonics 1
Chairs: S. Tacchi and P. Pirro

� IEEEAIM-1206 Magnonic devices as hardware accelerators for neuromorphic computing
(invited) presented by G. Csaba

� IEEEAIM-1035 Three-dimensional nanoscale imaging of propagating spin waves via time-
resolved X-ray Laminography presented by D. Girardi

� IEEEAIM-1037Magnetic nanopatterning of YIG films via direct laser writing for magnonics
presented by V. Levati

� IEEEAIM-1055 All-optical generation and time-resolved polarimetry of magneto-acoustic
resonances via Transient Grating spectroscopy presented by P. Carrara

� IEEEAIM-1114 Thermal laser patterning of YIG structures for magnonics presented by A.
Del Giacco

� IEEEAIM-1135 Spin waves emission caused by critical domain wall dynamics in almost
compensated ferrimagnets presented by R. Khymyn

� IEEEAIM-1146 Topological spin-wave edge modes in a moiré magnonic cryst presented by M.
Madami

Session V B (oral) 16th Jan 16:20 – 18:30
Magnetic Materials for Energy Applications 1
Chairs: F. Albertini and N. Dempsey

� IEEEAIM-1215 The use of hydrogen to recycle rare earth magnets (invited) presented by
A.Walton

� IEEEAIM-1025 Evidence of robust half-metallicity in strained LCMO films presented by G.
M. Vinai

� IEEEAIM-1036 Detection of hydrogen in thin films through resonant neutron reflectometry
via a magnetic layer presented by S. Puetter

12
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� IEEEAIM-1047 Electric field control of magnetization reversal in FeGa/PMN-PT presented
by G. Pradhan

� IEEEAIM-1059 Optimising the performance of materials found in a high-throughputsearch
for rare-earth-free permanent magnets presented by A. Vishina

� IEEEAIM-1101 The Magnetocaloric effect in Fe-based Laves phase (Hf,Ti)Fe2 presented by
Q.Shen

� IEEEAIM-1103 Magnetic shape memory Heuslers for low-grade heat harvesting presented
by L. Gallo

Session VI A (oral) 17th Jan 08:30 – 10:20
Magnetism in geometrically curved and mechanically flexible surfaces 3
Chair: M. Urbanek

� IEEEAIM-1075 Bistable molecular systems in electrospun polymer fibers presented by A.
Pacanowska

� IEEEAIM-1007 Magneto-mechanical properties of thin films on flexible substrate measured
by in situ MOKE presented by H. Benmahmoud

� IEEEAIM-1011 Thin film heterostructures based on Co/Ni synthetic antiferromagnets on
polymer tapes: towards a sustainable flexible spintronics presented by M. Hassan

� IEEEAIM-1084 Geometry-driven effects in curvilinear spin chains with antiferromagnetic
exchange presented by O. Pylypovskyi

� IEEEAIM-1108 Tunable magnetic equilibrium configurations in dipolar helices presented by
O. Iglesias

� IEEEAIM-1006 Strain and shape effect on magnetization dynamics in nanostructures pre-
sented by S. Chiroli

Session VI B (oral) 17th Jan 08:30 – 10:20
Sensing and Harvesting devices employing multi-functional materials
Chairs: C. Visone and D. Davino

� IEEEAIM-1030 Sub-nT detectivity in anisotropic magnetoresistances based on La2/3Sr1/3MnO3

thin films (invited) presented by L. Mechin

� IEEEAIM-1128 A proof-of-concept thermomagnetic generator for the harvesting of low-
grade waste heat (invited) presented by F. Cugini

� IEEEAIM-1021 Visible light effects on photostrictive/magnetostrictive PMN-PT/Ni het-
erostructure presented by D. Dagur

� IEEEAIM-1137 Room-temperature magneto-ionic control of ON-OFF ferromagnetism in
bimetallic FeCo nitrides presented by Zheng Ma

� IEEEAIM-1089 Non-linear modeling of a multi-layer cantilever energy harvester in periodic
steady state working conditions presented by D. Davino

� IEEEAIM-1134 Magnetic shape memory Heusler compounds: a class of multifunctional
materials for harvesting and sensing applications presented by S. Fabbrici

13
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Plenary Session 17th Jan 10:40 – 11:40
Chairs: V. Puliafito and E. Darwin
Prof. Jordi Sort presents Electrostatic charging and magneto-ionics: a new paradigm for low
power memory application and neuromorphic systems

Session VII A (oral) 17th Jan 11:40 – 13:00
Biomagnetism and Biomedical Applications
Chairs: D. Ortega Ponce and A. Manzin

� IEEEAIM-1209 Magnetorelaxometry Imaging: a promising tool for the monitoring of nano-
particle-based cancer therapies in humans (invited) presented by D. Baumgarten

� IEEEAIM-1104 Engineering and in-phantom testing of an RF applicator for electromagnetic
hyperthermia presented by R. Ferrero

� IEEEAIM-1170 Estimating the heating and its spatial distribution of complex nanoparticle
aggregates for magnetic hyperthermia presented by D. Ortega Ponce

� IEEEAIM-1179 Skin-conformal magnetoreceptors human-machine interaction presented by P.
Makushko

Session VII B (oral) 17th Jan 11:40 – 13:00
Spin-orbit Torque
Chair: M. Coisson

� IEEEAIM-1210 Spin-orbit torque in epitaxial metals and oxides for field-free magnetization
switching (invited) presented by S. Karube

� IEEEAIM-1092 Spin-charge interconversion in Tellurium-based chalcogenides presented by S.
Teresi

� IEEEAIM-1133 Non volatile electric control of Spin-Orbit Torques in Metal/SrTiO3-based
Two-Dimensional Electron Gases presented by P. Sgarro

� IEEEAIM-1077 A spin transfer torque magnetic tunnel junction implemented as a magnetic
sensor presented by H. Nicolas

Session VIII A (oral) 17th Jan 14:00 – 15:40
Antiferromagnetic Spintronics 2
Chairs: V. Puliafito and A. Kimel

� IEEEAIM-1063 Coherent spin-wave transport in an antiferromagnet (invited) presented by
D. Afanasiev

� IEEEAIM-1012 Ultrafast manipulation of magnetization in antiferromagnets (invited) pre-
sented by U. Staub

� IEEEAIM-1027 Electrical manipulation of antiferromagnetic domains in Mn2Au and CuM-
nAs thin film devices (invited) presented by S. Reimers

� IEEEAIM-1039 Molecules on magnetic surfaces: hardening effects presented by I. Bergenti

14
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� IEEEAIM-1042 Propagation of nearly single cycle terahertz pulse in antiferromagnetic CoF2
presented by T. Metzger

Session VIII B (oral) 17th Jan 14:00 – 15:40
Spin Waves and Magnonics 2
Chairs: S. Tacchi and P. Pirro

� IEEEAIM-1200 Pattern recognition with magnons (invited) presented by K. Schultheiss

� IEEEAIM-1153 Low-loss nanoscopic spin-wave guiding in continuous YIG films presented by
L. Flajsman

� IEEEAIM-1160 Surface acoustic waves and ferromagnetic resonance in iron thin films: im-
pact of spin waves dispersion presented by L. Christienne

� IEEEAIM-1177 Coupling between magnetism and lattice in Quasi-2D vanadium trihalides
presented by K. Carva

� IEEEAIM-1028 Ferromagnetic resonance in single and multi-layered crescent-shaped ferro-
magnetic nanorods presented by H. Reshetniak

Session IX A (oral) 17th Jan 16:00 – 17:20
Skyrmions 1
Chairs: R. Tomasello and E. Darwin

� IEEEAIM-1002 Tuning the coexistence regime of incomplete and tubular skyrmions in
ferro/ferri/ferromagnetic trilayers (invited) presented by A. Mandru

� IEEEAIM-1003Non-equilibrium heating path for the laser-induced nucleation of metastable
skyrmions (invited) presented by C-F. Oksana

� IEEEAIM-1046 Phase coexistence and transitions between anti- and ferromagnetic states
in a synthetic antiferromagnet presented by C. Barker

� IEEEAIM-1043Breathing modes of skyrmion strings in a synthetic antiferromagnet presented
by C. Barker

Session IX B (oral) 17th Jan 16:00 – 17:20
Numerical Modeling and Micromagnetics 1
Chair: A. Manzin

� IEEEAIM-1100 Recent activities on the applications of machine learning in micromagnetics
(invited) presented by A. Kovacs

� IEEEAIM-1186 flatspin: A Large-Scale Artificial Spin Ice Simulator (invited) presented by
J. Jensen

� IEEEAIM-1086 Finite-element micromagnetic modeling of spin-wave propagation with the
open-source package TetraX presented by A. Kakay

� IEEEAIM-1105 Modelling of magnetic nanoparticle clusters and effects on hyperthermia
properties presented by R. Ferrero
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Session X A (oral) 17th Jan 17:20 – 18:20
Magnetic Materials for Energy Applications 2
Chairs: F. Albertini and N. Dempsey

� IEEEAIM-1144 Searching for competitive magnetocaloric high-entropy alloys? Get off the
beaten path! (invited) presented by J.Y.Law

� IEEEAIM-1121 A high throughput study of the effect of element substitution in hard mag-
netic CeCo5-based thin films presented by Y. Hong

� IEEEAIM-1125 A new approach in the implementation of insulating layers in Soft Magnetic
Composite materials presented by E. Poskovic

Session X B (oral) 17th Jan 17:20 – 18:20
Magnetic Levitation and Bearings and Electrical Machine Modeling 2
Chairs: A. Musolino and C. Simonelli

� IEEEAIM-1083 Bearingless Axial-Force/Torque Motor with Reduced Number of Power
Switches presented by W. Gruber

� IEEEAIM-1132 Energy-based high frequency oscillation control of linear drives presented by
L. Lahninger

� IEEEAIM-1203 Design of a Multidisk Axial Flux Motor for Lightweight Unmanned Aerial
Vehicles presented by A. Musolino

Session XI A (oral) 18th Jan 08:40 – 09:40
Numerical Modeling and Micromagnetics 2
Chair: A. Manzin

� IEEEAIM-1107 Normal modes description of nonlinear magnetization dynamics in micro-
magnetic systems (invited) presented by S. Perna

� IEEEAIM-1069 Analytic approach to the Stoner-Wohlfarth model presented by C. Appino

� IEEEAIM-1214 Many-Particle Quantum Hydrodynamics Method in the Tasks of Theoreti-
cal Description of the Magnetoelectric Effect in the Multiferroics Type II presented by M.
Trukhanova

Session XI B (oral) 18th Jan 08:40 – 09:40
Skyrmions 2
Chairs: R. Tomasello and E. Darwin

� IEEEAIM-1196 Non-collinear three-dimensional textures in magnetic multilayers: Hatching
of skyrmionic cocoons (invited) presented by N. Reyren

� IEEEAIM-1004 Over 1 km/s Current Induced Skyrmion Motion in Synthetic Antiferromag-
nets without Skyrmion Hall Effect presented by O. Boulle

� IEEEAIM-1056 Skyrmion dynamics in ring-shaped synthetic antiferromagnetic racetracks
presented by D. Kehrakos
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Session XII A (oral) 18th Jan 09:40 – 10:40
Magnetism in geometrically curved and mechanically flexible surfaces 4
Chair: D. Makarov

� IEEEAIM-1076 Magnetism and structure of convex and concave FePd systems produced by
unconventional lithography methods presented by A. Zarzycki

� IEEEAIM-1166 Non-local chirality breaking in curvilinear nanoarchitectures presented by O.
Volkov

� IEEEAIM-1090 Micromagnetic modelling of magnetic nanodisks and nanorings for hyper-
thermia applications presented by A. Manzin

Session XII B (oral) 18th Jan 09:40 – 10:40
Antiferromagnetic Spintronics & Spintronic-based Computing
Chairs: V. Puliafito and D. Rodriguez

� IEEEAIM-1195 Spin Hall nano-oscillator based Ising machines for combinatorial optimiza-
tion (invited) presented by J. Akerman

� IEEEAIM-1008 Anatomy of spin and charge pumping in THz spintronics unravelled by
quantum-classical approach: Example of ultrafast-light-driven Weyl antiferromagnet Mn3Sn
presented by B. Nikolic

� IEEEAIM-1009Ultrafast Amplification and Nonlinear Magnetoelastic Coupling of Coherent
Magnon Modes in an Antiferromagnet presented by S. Bonetti

Session XIII A (oral) 18th Jan 11:10 – 12:30
Magnetic Materials for Energy Applications 3
Chairs: F. Albertini and N. Dempsey

� IEEEAIM-1136 Controlling the martensitic microstructure, magnetic and magnetothermal
properties of Ni-Mn-Ga thin films presented by F. Casoli

� IEEEAIM-1112 Mechanically resistant ferrite-based magnets for a greener future presented
by P. Jenus

� IEEEAIM-1161 Flexible, Free-Standing Gadolinium Thick Film For Energy Conversion Ap-
plications presented by M. Lo Bue

� IEEEAIM-1022 Integration of hard magnetic layer in MEMS process presented by F. Maspero

Session XIII B (oral) 18th Jan 11:10 – 12:30
Magnetic Measurements 2
Chair: B. Tellini

� IEEEAIM-1131 Integrated Low Cost Eddy Current Sensor for Oscillatory Actuators pre-
dented by F. Poltschak

� IEEEAIM-1164 Temperature and angular peculiarities of the EPR spectra of the PbTe (Mn,
Cu) in the X and Q-band presented by A. Shestakov
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� IEEEAIM-1175 Assessment of the anisotropy of magnetomechanical symptoms caused by
the direction of steel rolling for the purpose of material stress evaluation presented by S.
Gontarz

POSTER SESSION 1
Chairs: F. Casoli and E. Darwin

� IEEEAIM-1033 Application of active thermography for the study of losses in components
produced by Laser Powder Bed Fusion presented by M. Quercio

� IEEEAIM-1038 Investigation of nanostructures based on Cr2O3 for the application in organic
antiferromagnetic spintronics presented by A.Brambilla

� IEEEAIM-1064 presented by A. Shestakov Composition and thickness dependent magnetic
properties of Co/Co-Tb bilayers

� IEEEAIM-1067 Magnetic patterning of Co/Ni systems by plasma oxidation presented by P.
Kuswik

� IEEEAIM-1080 Magnetic properties of FeGa/Kapton for flexible electronics presented by F.
Celegato

� IEEEAIM-1081 Exploration in new room temperature magnetocaloric materials: structure
and magnetocaloric properties in Mn5(Si,P)B2 compounds presented by H.Hamutu

� IEEEAIM-1098 Antiferromagnetic spin chains: ground states and phase transitions in static
magnetic field of arbitrary direction presented by O. V. Pylypovskyi

� IEEEAIM-1115 Magnonic band structures of CoFeB and CoFeB/Ta/NiFe meander-shaped
films presented by G.Gubbiotti

� IEEEAIM-1124 Spin-wave propagation along curved magnets presented by G.Pradhan

� IEEEAIM-1157 Study on room temperature multiferroicity of BaFe2O4 presented byM.Casappa

� IEEEAIM-1163 Skyrmion hosting multilayers based on synthetic antiferromagnets

� IEEEAIM-1169 Magnetic and structural properties of Co-rich soft magnetic heterostruc-
tures presented by E.Pinzon

� IEEEAIM-1173 Pt/Py nanowires on thin YIG as spin-transfer-torque spin-wave emitters
presented by F. Kohl

� IEEEAIM-1187 Spin-to-charge conversion in perpendicular magnetic anisotropy multilayers
presented by M.Yaqoob

� IEEEAIM-1191 Time-dependent magnetometry for temperature measurement in magne-
tocaloric materials

� IEEEAIM-1197 Reconstruction of the net magnetisation of a paleomagnetic sample from
partial measurements of its magnetic field presented by D.Ponomarev

� IEEEAIM-1199 Zero-field routing of spin waves in a multiferroic heterostructure presented
by W. Zhu

� IEEEAIM-1217 Traceability routes for magnetic measurements presented by M. Coisson

� IEEEAIM-1218Hybrid magnonic and magnetic MEMS devices for reconfigurable magnonics
presented by M. Cocconcelli
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� IEEEAIM-1219 Direct synthesis of the L10-FeNi alloy from cyano/nitrosyl-metal complexes
presented by G. Varvaro

� IEEEAIM-1202 Study of spin-reorientation and spin-phonon coupling in modified SmFeO3

� IEEEAIM-1216 Effect of powder particles surface smoothing on differential, reversible and
irreversible permeability and quasi-static energy losses in compacted iron powder alloy
presented by M. Tkac

POSTER SESSION 2
Chairs: M. Quercio and L. Stoleriu

� IEEEAIM-1010 Unbiased Control of Unsymmetric Radial Active Magnetic Bearings pere-
sented by M. Noh

� IEEEAIM-1015 Controlling magnetic anisotropy in nickel films on LiNbO3 presented by S.
Mathews

� IEEEAIM-1032 Correlation between lattice distortion around Pd atom and magnetic prop-
erties for Pd-doped FeRh alloys presented by Takafumi Miyanaga

� IEEEAIM-1051 Micromagnetic simulations as a tool for bottom-up explainability of FORC
diagrams presented by L.Breth

� IEEEAIM-1068 Integrated Transverse Flux Magnetic Gear Motor presented by J.Dl.Alzingre

� IEEEAIM-1072Magnetoresponsive devices with programmable behavior using a customized
commercial stereolithographic 3D printer presented by G.Barrera

� IEEEAIM-1087 Curvilinear spin-wave dynamics beyond the thin-shell approximation pre-
sented by L Körber

� IEEEAIM-1088 An early equivalent circuit of a magnetoelectric composites device presented
by D.Davino

� IEEEAIM-1091 In silico modelling of pre-clinical tests of magnetic hyperthermia presented
by M. Vicentini

� IEEEAIM-1095 FORC analysis of 2D-perpendicular arrays of mixtures of soft and hard
magnetic wires presented by A.A.Domocos

� IEEEAIM-1110 Taming the influence of dipolar interactions in nanoparticle assemblies for
magnetic hyperthermia presented by O.Iglesias

� IEEEAIM-1122 Effect of Ni addition on magnetic properties, glass forming ability, and
thermally assessments of Fe-Si-B-Cr-C metallic glasses presented by A.Ghavimi

� IEEEAIM-1123 Glass forming ability, thermal and magnetic properties of developed Fe-Si-B
metallic glasses with the addition of Nb, Cr, C, and Cu presented by A.Ghavimi

� IEEEAIM-1145 Topological boundary constraint in artificial magnetic colloidal ice presented
by P.Tierno

� IEEEAIM-1152 Modelling magnetic hysteresis through complex valued neural networks
presented by G.M.Lozito

� IEEEAIM-1154 Nonlinear magnetorelaxometry of magnetic nanoparticles with optically
pumped magnetometers presented by A. Jaufenthaler
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� IEEEAIM-1156 The effect of aging on the temperature dependence in nanocrystalline ma-
terials presented by R. Saoudi

� IEEEAIM-1168 Non-linear equivalent circuit model of magnetic devices under different
frequencies excitation presented by G.M.Lozito

� IEEEAIM-1158 SS and LCC compensation system for SWPDT: comparative analysis pre-
sented by A. Trivino Cabrera

� IEEEAIM-1178 Compensation Topologies for Capacitive Power Transfer for EV presented by
A. Trivino Cabrera

� IEEEAIM-1176 Characterization and processing of aged Nd-Fe-B powders from recycling
routes presented by C. Dejulian

� IEEEAIM-1138 Mimicking synaptic functionalities in magneto-ionic synapse for neuromor-
phic computing presented by Monalisha Peda

� IEEEAIM-1113 Magnetic properties of a Cobalt surface on a Zirconia sphere presented by M.
Coisson
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Fabrication of SrFe12O19 based filaments with polyphenylene 

sulphide (PPS) for additive manufacturing of hard magnetic 

materials 

Benjamin Podmiljšaka, Spomenka Kobea, Tomaž Tomšea, Marko Bekb, Tomaž Kotnikc, 
Lidija Slemenik Peršeb, Ema Žagarc, Boris Sajed, Kristina Žužeka, Sašo Šturma 

 

 a Department for nanostructured materials, Jožef Stefan Institute, Ljubljana, Slovenia 
b University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana, Slovenia 

c Department of Polymer Chemistry and Technology, National Institute of Chemistry, Ljubljana, 
Slovenia 

d Kolektor Group d.o.o., Idrija, Slovenia 
 

In the past additive manufacturing received a lot of attention in the development of 
structural materials, as it can produce complex, net-shape engineering components with 
minimum waste. Also, functional materials, like magnets, show great potentials for taking 
advantage of this technique of production. Fused filament fabrication (FFF) or fused 
deposition modelling (FDM) is a well-known and widely used additive manufacturing (3D 
printing) process that uses a thermoplastic wire-shaped filament to build a workpiece layer-
by-layer.1 By mixing the polymer with a magnetic powder it can be used to produce hard 
magnetic materials. Research up to know focused on mixing Nd-Fe-B powder with 
polyamide (6, 11 and 12), because it is easy to fabricate elastic filaments at low 
temperatures that can be easily handled by conventional 3D printers.2 

Here we describe the fabrication of SrFe12O19 based filaments with polyphenylene 
sulphide (PPS) as the binder for the magnetic particles and the subsequent printing of this 
filament with a 3D printer. PPS is an ideal polymer for applications in harsh environments, 
thus applicable to automotive industry and it is widely used with injection moulding, 
however 3D printing this polymer produces a major challenge. Because PPS is more 
difficult to extrude than polyamide, the filling factor in this study was set to 70 wt. %, 
which is lower than when used in injection moulding (close to 90 wt. %). The filament with 
a diameter of 2.75 mm was printed into a disk shape magnet with a diameter of 10 mm and 
a height of 4 mm with a HAGE 3D printer which uses a belt system for filament extrusion. 
The magnets were printed onto a glass surface and onto a bulk NdFeB permanent magnet 
exerting an external magnetic field, parallel to the printer Z-axis. Printing in the presence of 
a magnetic field was found to increase the magnet remanent magnetization by 61% 
compared to an isotropic print. Without an external magnetic field, we achieve a remanence 
of 23.9 emu/g for the 70 wt.% filling fraction. While printing in a magnetic field, the value 
for the remanence improves significantly to 39.7 emu/g, due to improved magnetic texture. 

 
 

[1] N. Guo and M. C. Leu, (2013) Front. Mech. Eng. 8, 215. 
[2] C. Huber, C. Abert, F. Bruckner, M. Groenefeld, O. Muthsam, S. Schuschnigg, K. Sirak, R. Thanhoffer, I. 
Teliban, C. Vogler, R. Windl, D. Suess, (2016), Appl. Phys. Lett. 109, 162401.  
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Development of MnAlC / hydrogel inks for fabricating alternative 

permanent magnets by bonding and 3D-printing technologies 

Zaida Curbelo, Ester M. Palmero, Cristina M. Montero, Alberto Bollero 

Group of Permanent Magnets and Applications, IMDEA Nanociencia, 28049 Madrid, Spain  

 

3D-printing technologies are attracting much interest in high-tech sectors as they 

allow for the fabrication of complex and high-performance objects with tailored properties 

and a minimal waste generation [1]. The manufacturing of permanent magnets (PMs) by 3D-

printing requires high filling factors and no deterioration of the PM properties along 

processing. On the other hand, significant research and technological efforts are dedicated on 

finding alternative rare earth-free PMs. MnAl-based alloys are promising candidates due to 

the high availability of constituent elements and diminished environmental impact [2]. The 

potential of MnAlC for developing alternative PMs by 3D-printing using Fused Filament 

Fabrication (FFF) has been demonstrated recently [3]. 

This work is focused on developing magnetic composite inks, using a hydrogel as matrix 

material and gas-atomized τ-MnAlC particles (mean particle size of 50 µm) as filler. The 

hydrogel matrix was synthesized using alginate and methylcellulose as thickener additive, 

allowing for a suitable viscosity of the inks to be loaded in syringes (Fig. 1a) for 3D-printing 

by direct ink writing technology. Figures 1b and 1c show Scanning Electron Microscopy 

(SEM) images of the resulting cured composites with a smooth surface and the MnAlC 

particles homogeneously dispersed along the matrix. The hysteresis loops (Fig. 1d) of the 

composites with different MnAlC load were measured by Vibrating Sample Magnetometry 

(VSM), showing that there is no deterioration of the magnetic properties of the particles 

along the synthesis of the inks, with the magnetization scaling proportionally to the particle 

content. The composites show suitable and promising properties for their application in 

developing a new generation of alternative PMs by bonding and 3D-printing. 

 

 
 

 

Figure 1: (a) Syringes loaded with hydrogel and inks with different MnAlC particles content; 

SEM images of composites with (b) 35 wt% and (c) 50 wt% MnAlC particles; (d) hysteresis 

loops for MnAlC/hydrogel composites compared to the measured for the MnAlC powders. 
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[1] L.E. Murr, J. Mater. Sci. Technol., 32 (2016), 987. 

[2] J. Rial et al., Acta Mater., 157 (2018) 42; C. Muñoz-Rodríguez et al., J. Alloys 

Compd., 847 (2020) 156361. 

[3] E.M. Palmero et al., Sci. Technol. Adv. Mater., 19 (2018) 465; Addit. Manuf., 33 

(2020) 101179. 
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Additive Manufacturing of Rare Earth Permanent Magnets 

S. Lucaa, O. Tosonia, C. Radoa, G. Delettea 

a Univ. Grenoble Alpes, CEA LITEN, DTNM F-38000 Grenoble 

Permanent magnets have found applications in many industries like computer, 

automotive, consumer electronics, appliances, factory automation equipment, energy 

generation and medical instruments [1]. Of particular interest are electrical machines such as 

electric motors, which with the new trend of transport electrification are expected to demand 

permanent magnets of various shapes, sizes and magnetic specifications. Therefore, different 

manufacturing process will be needed to meet all the requirements.  

Discovered in the early 1980s, NdFeB permanent magnets (PM) attain the highest 

performances with an energy product larger than 300 kJ/m3 making them the strongest 

permanent magnets commercially available. Constant progress in the conventional sintering 

process, promoting grain boundaries wetting by Nd-rich phases, has led to coercivity values 

for NdFeB PM close to 2 T. 

However, the standard manufacturing route does not allow shaping complex parts, due to 

the brittleness of these materials upon machining and the loss of large amount of critical 

material. A shift towards an advanced manufacturing process allowing dense and complex 

shapes to be obtained could be advantageous if the resulting microstructure would fulfil two 

conditions: (i) a maximum content of Nd2Fe14B phase for maintaining high energy product 

and (ii), a limitation of the defects involved in the nucleation of the demagnetization 

combined with efficient microstructural “barriers” to propagation for coercivity enhancement.  

The advent of a new direct manufacturing process has been recently considered for 

electrical machines since it could offer substantial benefits combining better system 

performances and material savings [2]. Additive manufacturing (AM), and more particularly 

laser 3D printing, brings a large freedom of building design, without losing material by 

machining and allows introducing geometrical details at the magnet scale that could improve 

electrical machines performances [3], [4], [5]. Up to now, the most advanced techniques to 

build dense and net-shape NdFeB magnets are the Laser Powder Bed Fusion (LPBF) 

technique and, alternatively, the Powder Injection Molding (PIM) process.  

The PIM process is a newly developed technology that derives from the traditional shape-

making capability of plastic injection molding and the material's flexibility of powder 

metallurgy. Therefore, PIM can be used as a more economical manufacturing technique to 

process many rare earth permanent magnets with complex geometries and multiple or radial 

anisotropy with good magnetic properties [6,7]. 

The potential of netshape process to produce dense permanent magnets with complex 

shapes and performances expected for emerging applications: green energy production and 

transportation will be emphasized, with examples of magnets with magnetic performances 

comparable with the sintered counterparts. Recent progress have been achieved in this area 

and the performances of LPBF and PIM will be discussed and compared. 

 

[1] Brown, D et al., Z. J.M.M.M. 2002, 248, 432–440.  

[2] D. Goll et al., Addit. Manuf., 2019, vol. 27, p. 428‑439. 

[3] N. Urban et al., in 2018 8th International Electric Drives Production Conference 

(EDPC), 2018, p. 1‑5. 

[4] N. Urban et al., in 2018 International Symposium on Power Electronics, Electrical 

Drives, Automation and Motion (SPEEDAM), 2018, p. 1327‑1331. 

[5] J.-M. Lamarre et F. Bernier, J. Therm. Spray Technol., 2019, vol. 28, no 7, p. 

1709‑1717. 

[6] S.H. Lee et al., Powder Met 41, 1998, 185–188. 

[7] L.U. Lopes et al. MSF 2012, 727-728, 124–129. 
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Additive manufacturing of a massive amorphous soft magnetic rotor 

bearing an intricate 3D-geometry 

Isabella Gallinoa, Lena Thorssonb, Gabriele Barrerac, Enzo Ferrarac, María Teresa 

Pérez-Pradod, Mattias Unossonb, c, Xueze Jind, Amirhossein Ghavimia, Bastian 

Adama, Nico Neubera, Ralf Buscha 

a Chair of Metallic Materials, Saarland University, Campus C6.3, 66123 Saarbrücken, 

Germany 
b Exmet AB, c/o Swerim, PO Box 7047, S-164 07 Kista, Sweden 

 
c INRIM, strada delle Cacce 91, 10135 Torino, Italy 

 
d IMDEA Materials Institute, Calle Eric Kandel 2, 28906 Getafe, Madrid, Spain 

 

We are reporting on the additive manufacturing (AM) and characterization of a massive 

amorphous soft-magnetic rotor with diameter of 60 mm and height of 46 mm [1]. The 

component was built via selective laser melting using a commercial Fe-Si-Cr-B-C amorphous 

powder and an industrial AM device. AM not only allows to overcome the technical 

limitations characteristic of casting processes for metallic glasses, but also allows to print 

complex 3D geometries to greatly facilitate the channelling of the electric flux, which is a 

very important feature of any soft-magnetic motor components that are used in electric 

engines. The as-built part was characterized using a wide range of complementary 

techniques, including quasi-static vibrating sample magnetometry, synchrotron x-ray 

diffraction, calorimetry, and scanning and transmission electron microscopy. The rotor has 

extraordinarily high values of hardness (877 HV) and remarkable high magnetic 

susceptibility (9.17). This latter feature leads to a better magnetic response in the presence of 

an external magnetic field evidenced by a faster approach to saturation. The coercivity is 

relatively small (0.51 kA/m) and the magnetic saturation relatively high (1.29 T). In addition, 

a large anisotropic effect on the magnetization response in connection with partial 

crystallization in the melt pool areas is assessed experimentally. Such a component has the 

potential to operate with extremely low electric power losses in high frequency electrical 

applications thanks to the intrinsic excellent soft-magnetic properties of amorphous 

ferromagnetic alloys, and the possibility to design and manufacture intricate 3D-geometries 

intended to channel the electric flux. 

Keywords: Metallic glasses; Selective laser melting; Soft-magnetic properties; 

Calorimetry; High intensity x-ray diffraction, transmission electron microscopy. 

[1] L. Thorsson, M. Unosson, M.T. Pérez-Prado, X. Jin, P. Tiberto, G. Barrera, B. Adam, 

N. Neuber, A. Ghavimi, M. Frey, R. Busch, I. Gallino, “Selective laser melting of a Fe-Si-Cr-

BC-based complex-shaped amorphous soft-magnetic electric motor rotor with record 

dimensions”, Materials & Design 215 (2022) 110483 
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Selective laser melting of large soft-magnetic amorphous components 

Lena Thorssona, Eugen Milkea 

a Heraeus AMLOY Technologies GmbH, Karlstein am Main, Germany 

Conditioned by chemical composition and microstructure, some iron-based amorphous 
alloys are known to combine soft-magnetic and electrical properties that can be technically 
and commercially attractive for applications such as electrical motors and inductors [1]. 

Manufacturing of useful components of these functional materials has however been 
limited by geometrical restrictions in size and thickness imposed by many manufacturing 
techniques. For example, melt-spinning can be used to produce amorphous metal material in 
industrially interesting quantities, but only in shape of long and narrow ribbons. 

A newer approach to manufacturing larger and more complex amorphous components is 
to use additive manufacturing (AM) methods such as selective laser melting (SLM) [2]. SLM 
is a powder bed fusion-based process where solid metal components are built layer by layer. 
The potential of this process to produce large and complex parts with fully amorphous 
microstructure is based on rapid solidification and cooling that is inherent, even unavoidable, 
to the process. 

In this work, we will give an overview about our findings and recent achievements in 
dealing with the challenges of AM processing of commercially available iron-based 
amorphous alloys. 

 

[1] C. Suryanarayana, Int. Mater. Rev., 58 (3) (2013), 131-166. 

[2] https://www.heraeus.com/en/landingspages/hat/company_hat/amorphous_projects/ 
am2softmag/am2softmag_home.html. Accessed July 14, 2022. 
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Magnetocaloric parts prepared by additive manufacturing: synthesis, 

microstructure and functionality  

Victorino Franco a, Álvaro Díaz-García a, J. Revuelta a, Luis M. Moreno-Ramírez a, 
Jia Yan Law a 

a Dept. Condensed Matter Physics, ICMS-CSIC, University of Seville, P.O. Box 1065. 
41080-Seville, Spain 

Magnetocaloric heat exchangers in magnetic refrigerators would benefit from intricate 
shapes and fine details that are difficult to achieve by conventional manufacturing. Although 
metal additive manufacturing would be a possible choice to fabricate these parts, these 
techniques present the serious limitation that the melting of a magnetocaloric material can 
cause its transformation and the loss of functionality. As an alternative, we resort to fused 
deposition modeling using polymer-based composite filaments as a promising alternative, in 
which processing temperatures are low enough to preserve the magnetocaloric material.  

In this talk we present both the synthesis and functional characterization of the 
magnetocaloric parts. To fabricate the filament, an original procedure based on the 
encapsulation of magnetocaloric powders embedded in polymer capsules prior to extrusion 
has proven its efficiency [1]. Uniformity of the fillers is guaranteed by X-ray tomography 
experiments. The rheological characterization of the filaments allows us to determine optimal 
printing conditions of the custom designed filaments [3]. Printed parts have been 
characterized for their magnetocaloric response via indirect magnetic characterization 
(isothermal entropy change) as well as by direct lock-in thermography (adiabatic temperature 
change), proving that the magnetocaloric material functionality is not altered along the whole 
process. Printing resolution is comparable to that of raw PLA filaments. Examples for 
Heusler alloys as well as La(Fe,Si)13-H will be shown [3]. This constitutes a demonstration of 
the usability of this procedure for the obtention of magnetocaloric parts with simple and 
broadly available infrastructure. 

Work supported by Grant PID2019-105720RB-I00 funded by MCIN/AEI/ 
10.13039/501100011033. Additional support Consejería de Economía, Conocimiento, 
Empresas y Universidad de la Junta de Andalucía (grant P18-RT-746) and US Air Force 
Office of Scientific Research (FA8655-21-1-7044).  

 
 

[1] Á. Díaz-García, J.Y. Law, A. Cota, A. Bellido-Correa, J. Ramírez-Rico, R. Schäfer, V. 

Franco, Mater. Today Commun. 24 (2020) 101049.  

[2] Á. Díaz-García, J.Y. Law, M. Felix, A. Guerrero, V. Franco, Mater. Des. 219 (2022) 

110806. 

[3]  Á. Díaz-García, J. Revuelta, L.M. Moreno-Ramírez, J.Y. Law, C. Mayer, V. Franco, 

Compos. Commun. (under review). 
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Magnetoresponsive devices with programmable behavior using a 

customized commercial stereolithographic 3D printer 

Simone Lanteana, Ignazio Roppolob, Marco Sangermanob, Marc Hayounc,  

Hichem Dammakc, Gabriele Barrerad, Paola Tibertod, Candido Fabrizio Pirrib,  

Laurence Bodelote, and Giancarlo Rizzac  

 

a Soft Bio Robotics Perception, Istituto Italiano di Tecnologia (IIT), Genova, Italy 
b Department of Applied Science and Technology Politecnico di Torino, Torino, Italy. 

c Laboratoire des Solides Irradiés (LSI), Institut Polytechnique de Paris, Palaiseau, France. 
d Advanced Materials for Metrology and Life Sciences Division, INRiM, Torino, Italy. 

e Laboratoire de Mécanique des Solides (LMS), CNRS, Palaiseau, France. 

Smart polymeric materials able to respond to external stimuli such as the magnetic field 

are successfully exploited in soft robotics for healthcare and biomedical applications [1].  

In this context, a modified commercial digital light processing (DLP) 3D printer has 

proved to be a suitable technique for obtaining magnetoresponsive polymeric materials with 

tunable mechanical and magnetic properties [2]. The fabrication process is based on printing 

a photocurable resin containing in situ Fe3O4 nanoparticles (NPs). Furthermore, the ability to 

self-assemble magnetic Fe3O4 nanoparticles into magnetic chains and to control their 

orientation during the printing process has led to the fabrication of complex macroscopic 

devices that can be remotely actuated by a magnetic field.  

The magnetic properties of the 3D printed samples containing the self-assembled Fe3O4 

nanoparticles self-assembled into a chain-like structure reveal a uniaxial anisotropic magnetic 

response, as evidenced by the two-lobe profile of the polar plot of the magnetization (red 

curve of Figure 1a). Conversely, a perfect isotropic magnetic response results only in the 

sample containing randomly distributed NPs (blue curve of Figure 1a). 

Moreover, magnetic hysteresis loops measured along three different directions of 

symmetry with respect to the major axis of the chains reveal that the optimal concentration of 

the fillers in polymer to maximize the anisotropic behavior is in the range of 4–6 wt%.  

The actuation of the magnetoresponsive devices is provided by magnetic torque exerted 

by the external applied magnetic field on the extended magnetic dipole along the major axis 

of the chains. As a consequence, the chains are forced to rotate in order to align their axis 

along the field direction inducing the rotation and bending movements of the polymeric 

printed objects. 

Finally, as a proof-of-concept, different magnetoresponsive devices have been fabricated 

and remotely actuated: hammer-like actuators (see Figure 1b-c) with different stiffnesses, as 

well as magnetoresponsive gears. Additionally, complex assemblies such as gear-trains, 

linear actuators, and grippers have been realized by combining magnetoresponsive 

components with nonmagnetic elements [3]. 

 

 
Figure 1: a) Polar plots for the perpendicular component of the magnetization, b) printed 

magnetoresponsive soft hammer and c) its actuation by external magnetic field 

 

[1] H. Ceylan, J. Giltinan, K. Kozielski, M. Sitti, Lab Chip 17, (2017), 1705 

[2] S. Lantean, et al. Adv. Mater. Technol. 4, (2019), 1900505 

[3] S. Lantean, et al. Adv. Mater. Technol. (2022), 2200288 
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Effect of Ni addition on magnetic properties, glass forming ability, 

and thermally assessments of Fe-Si-B-Cr-C metallic glasses 

Amirhossein Ghavimia, Bastian Adama, Maryam Rahimi Chegenia, Gabriele Barrerab, 

Enzo Ferrarab, Paola Tibertob, Isabella Gallinoa, Ralf Buscha 

a Chair of Metallic Materials, Saarland University, Campus C6.3, 66123 Saarbrücken, 

Germany 
b INRIM, strada delle Cacce 91, 10135 Torino, Italy 

 

The purpose of this study is the assessment of soft magnetic properties, glass-forming 

ability (GFA), and thermal properties of a Fe-Si-B-Cr-C-Ni amorphous alloy system by 

substitution of iron with nickel, for applications in additive manufacturing of electrical 

motors parts. Thus, the different content of nickel was added to the basic alloy composition 

according to two chemical formulas: Fe100-xSiBCrCNiX (x= 0, 2, 5, 7.5, 10, 12.5, 15) and 

(FeSiBCrC)100-xNiX (x= 2.5, 5, 7.5, 10, 12.5, 15).  

The amorphous samples were produced in the form of ribbons and plates in thicknesses 

of 35, 250, and 500 micrometers by conventional casting methods: melt spinning and suction 

casting machines. The following experimental techniques were used for structural 

characterization: X-ray diffraction (XRD) and differential scanning calorimetry (DSC). 

Magnetic properties have been measured in quasi-static conditions by vibrating sample 

magnetometer (VSM) and as a function of frequency (up to 1 kHz) by digital wattmeter.  

The metallic glasses were magnetically measured in three types of as-cast, stress-released, 

and annealed states at saturation magnetization J in the range 1.01-1.25 T, showing coercivity 

Hc of 1-1.5 A/m, and magnetic susceptibility  of 40-55. It was observed that saturation 

magnetization J decreased, susceptibility  stayed steady, and coercivity Hc increased with 

increasing Ni. These are preliminary characterizations for powders to be further exploited in 

3d printing. The calorimetry studies show unreal glass transition temperature Tg on the DSC 

plots, which could be the result of the added Ni, so the reported wide supercooled region in 

the literature because of the Ni addition could be discussed.  

 

Keywords: Amorphous materials; Metallic glasses; Soft Magnetic properties; Glass 

forming ability; Calorimetry. 
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Glass forming ability, thermal and magnetic properties of developed 

Fe-Si-B metallic glasses with the addition of Nb, Cr, C, and Cu 

Amirhossein Ghavimia, Bastian Adama, Maryam Rahimi Chegenia, Lucas M. 

Ruschela, Gabriele Barrerab, Enzo Ferrarab, Paola Tibertob, Isabella Gallinoa, Ralf 

Buscha 

a Chair of Metallic Materials, Saarland University, Campus C6.3, 66123 Saarbrücken, 

Germany 
b INRIM, strada delle Cacce 91, 10135 Torino, Italy 

 

This work aims to optimize a glass-forming alloy in the ternary Fe-Si-B system for use in 

the electrical industry by additive manufacturing of motor parts. Thus, the soft magnetic 

properties, calorimetry features, and glass forming ability (GFA) were investigated by the 

addition of refractory, metal, and nonmetal elements. The alloys were produced by suction 

casting and melt spinning techniques in the form of rods, plates, and ribbons, respectively. 

Subsequently, analytical methods such as X-ray diffraction (XRD), differential scanning 

calorimetry (DSC), and differential thermal analysis (DTA) were applied for characterizing 

physical chemical features of the samples, as required for powders to be used in 3D printing. 

Magnetic properties have been measured in quasi-static conditions by vibrating sample 

magnetometer (VSM) and as a function of frequency (up to 1 kHz) by a digital wattmeter. 

The eutectic zone of the Fe-Si-B system was experimentally determined as corresponding to 

the Fe77Si11B12 composition. Then, Nb, Cr, Cu, and C were added to improve both GFA and 

magnetic properties. GFA was studied by producing ribbons with widths of 1.2 to 4 mm and 

thicknesses of 30 to 40 μm, as well as plates with thicknesses of 250 and 500 μm. The 

magnetic properties were evaluated by assessing for each sample three main parameters as 

saturation magnetization Js, susceptibility , and coercivity Hc, through the study of 

hysteresis loops aiming at high frequencies applications. 

Keywords: Amorphous materials; Metallic glasses; Soft Magnetic properties; Glass 

forming ability; Calorimetry; Eutectic point. 
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Theory of antiferromagnetic terahertz-frequency signal-processing 
devices  

Andrei Slavin and Vasyl Tyberkevych 

 Department of Physics, Oakland University, Rochester Michigan 48309, USA 
 
 

      Antiferromagnetic (AFM) materials have natural resonance frequencies in the 
sub-THz or THz frequency range. Thus, it is tempting to use antiferromagnets (AFM) 
as active elements in THz-frequency signal-processing devices.  
     In the absence of an external bias magnetic field, and as long as the ambient 
temperature is below the magnetic ordering (or Néel) temperature, antiferromagnetic 
(AFM) materials have magnetic order with zero net magnetization. Since these 
materials do not have stray dipolar magnetic fields commonly found in ferromagnets 
(FM), AFM elements can be spaced much closer together (at nanometer-scale 
distances from each other), while still operating independently and without crosstalk. 
     Unlike ferromagnets (FM), whose dynamics depends on the bias, dipolar, and 
anisotropy fields (typically limited to the values corresponding to GHz frequencies), 
in AFMs the combination of relatively weak anisotropy fields with the extremely 
strong internal exchange field results in magnetic dynamics in the THz frequency 
range, at least two orders of magnitude larger than with the FM materials. This 
“exchange amplification” of anisotropy fields and spin-torque effects  allows for the 
control of AFM magnetization dynamics by applying relatively small external spin 
currents, making AFMs a natural choice for the transmission [1], generation [2] and 
detection [3] of coherent THz signals, and, also, a medium for the development of 
ultra-fast artificial neurons [4] suitable for the THz-frequency neuromorphic data 
processing.  
     Thus, AFM crystals are excellent candidates to realize a novel paradigm in THz-
frequency magnonics, where generation, transmission and processing of THz-
frequency signals would be fully performed in a bias-free AFM media. In the 
framework of this new paradigm the all-magnonic control of AFM magnetic devices 
will be performed without the participation of itinerant electrons, leading to an 
exciting opportunity to open a THz-frequency band for applications in 
communications technology, spectroscopy, non-destructive testing, medicine, biology 
and neuromorphic computing.  
      In this work we present theoretical models of AFM conduits for high frequency 
spin waves, current-driven generators of THz-frequency signals, tunable AFM-based 
THz-frequency receivers and AFM-based ultra-fast artificial neurons useful in 
neuromorphic signal processing.  
 

[1]   R. Khymyn et al., Phys. Rev. B 93, 224421 (2016). 
[2]   R. Khymyn et al., Sci. Rep. 7, 43705 (2017). 
[3]   P. Yu. Artemchuk et al., J. Appl. Phys. 127, 063905 (2020).                                                                                                                                      
[4]   R. Khymyn et al., Sci. Rep. 8, 15727 (2018).                                                                                    
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Coherent sub-terahertz spin pumping from an insulating 

antiferromagnet 

Enrique del Barco,1 Priyanka Vaidya,1 Sophie A. Morley,2 Johan van Tol,3 Yan Liu,4 

Ran Cheng,5 Arne Brataas,6 and David Lederman,2  

1Department of Physics, University of Central Florida, Orlando, FL 32765, USA. 2Department of 

Physics, University of California Santa Cruz, Santa Cruz, CA 95064, USA. 
3National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32310, USA. 

4Northeastern University, Shenyang, Liaoning, China 
5Department of Electrical and Computer Engineering, and Department of Physics and Astronomy, 

University of California, Riverside, CA 92521, USA. 
6Department of Physics, Center for Quantum Spintronics, Norwegian University of Science and 

Technology, NO-7491 Trondheim, Norway 

Emerging phenomena, such as the spin-Hall effect (SHE), spin pumping, and spin-

transfer torque (STT), allow for interconversion between charge and spin currents and the 

generation of magnetization dynamics that could potentially lead to faster, denser, and more 

energy efficient, non-volatile memory and logic devices. Present STT-based devices rely on 

ferromagnetic (FM) materials as their active constituents. However, the flexibility offered by 

the intrinsic net magnetization and anisotropy for detecting and manipulating the magnetic 

state of ferromagnets also translates into limitations in terms of density (neighboring elements 

can couple through stray fields), speed (frequencies are limited to the GHz range), and 

frequency tunability (external magnetic fields needed). A new direction in the field of 

spintronics is to employ antiferromagnetic (AF) materials. In contrast to ferromagnets, where 

magnetic anisotropy dominates spin dynamics, in antiferromagnets spin dynamics are 

governed by the interatomic exchange interaction energies, which are orders of magnitude 

larger than the magnetic anisotropy energy, leading to the potential for ultrafast information 

processing and communication in the THz frequency range, with broadband frequency 

tunability without the need of external magnetic fields.  

I will present the first evidence of sub-terahertz coherent spin pumping at the 

interface of a uniaxial insulating antiferromagnet MnF2 and platinum thin films, measured by 

the ISHE voltage signal arising from spin-charge conversion in the platinum layer. The ISHE 

signal depends on the chirality of the dynamical modes of the antiferromagnet, which is 

selectively excited and modulated by the handedness of the circularly polarized sub-THz 

irradiation (see figure). Contrary to the case of ferromagnets, antiferromagnetic spin pumping 

exhibits a sign dependence on the chirality of dynamical modes, allowing for the 

unambiguous distinction between coherent spin pumping and the thermally-driven, chirality-

independent spin Seebeck effect. Our results open the door to the controlled generation of 

coherent pure spin currents with antiferromagnets at unprecedented high frequencies. 

This work has been primarily supported by the Air Force Office of Scientific Research 

under Grant FA9550-19-1-0307.  

 

[1] Priyanka Vaidya, Sophie A. Morley, Johan van Tol, Yan Liu, Ran Cheng, Arne Brataas, 

David Lederman, and Enrique del Barco, “Subterahertz spin pumping from an insulating 

antiferromagnet” Science 368, 160-165 (2020) / Work highlighted in the Journal by a perspective 

article: Spin pumping gathers speed, by Axel Hoffman, Science 368, 135-136 (2020) 
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Electrical manipulation and readout of magnetic order in metallic 

antiferromagnets: Perspectives for memory and computing devices 

Pedram Khalili Amiria,b 

a Dept. of Electrical and Computer Engineering, Northwestern University, Evanston, IL, USA 
b Applied Physics Program, Northwestern University, Evanston, IL, USA 

Spin-orbit torque (SOT) control of magnetic order in antiferromagnetic (AFM) and 

ferrimagnetic (FIM) materials is of great current interest, motivated by their exchange-

dominated high-frequency dynamics and small (or absent) macroscopic magnetization, 

making them excellent candidates for high-speed and robust memory devices. 

 

Here we present recent results in SOT control of AFM and FIM order. First, we discuss 

SOT control of AFM order in two metallic antiferromagnets (PtMn and non-collinear IrMn3) 

[1, 2]. We show that pillars of both AFMs, grown on a heavy metal (HM) layer, can be 

reversibly switched between different magnetic states by electric currents. We also present an 

experimental protocol to distinguish current-induced magnetic and nonmagnetic switching 

signals in AFM/HM structures. A six-terminal double-cross device is developed, with an 

IrMn3 pillar placed on one cross. The differential voltage is measured between the two 

crosses after each switching attempt. For a wide range of current densities, reversible 

switching is observed only when write currents pass through the cross with the IrMn3 pillar. 

This eliminates the possibility of non-magnetic switching artifacts, which complicated the 

interpretation of most previous AFM/HM switching experiments.  

 

Next, we present a strategy for deterministic field-free switching of perpendicular 

ferrimagnetic films by using chiral symmetry-breaking to eliminate the need for an external 

magnetic field [3]. Bias-field-free SOT switching is demonstrated in a perpendicular CoTb 

film with an engineered vertical composition gradient. The vertical structural inversion 

asymmetry induces strong intrinsic SOTs and a gradient-driven Dzyaloshinskii–Moriya 

interaction (g-DMI), which dynamically breaks the in-plane symmetry during the switching 

process. This approach is scalable to large wafer size. 

 

Finally, we discuss the perspectives and remaining challenges of developing practical 

memory and computing devices based on metallic AFM and FIM materials. 

 

 

[1] J. Shi et al., Nature Electronics 3, 92, (2020). 

[2] S. Arpaci et al., Nature Communications 12, 3828, (2021). 

[3] Z. Zeng et al., Nature Communications 12, 4555, (2021). 
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Spin-current-driven Bloch line in an antiferromagnet as  

an analog of a fluxon in a long Josephson junction 

Roman Ovcharova, Roman Khymyna, Boris Ivanovb,c, Johan Åkermana 

a Physics Department, University of Gothenburg, Gothenburg, Sweden 
b Institute of Magnetism NASU and MESU, Kyiv, Ukraine 

c Radboud University, Institute for Molecules and Materials, Nijmegen, Netherlands 

Antiferromagnets (AFMs) are promising for future high-frequency field-free spintronic 

applications [1-3]. Self-localized spin structures can substantially enrich this scope and 

endow new functionalities to AFM-based devices [4]. A domain wall (DW) is a topological 

soliton that bridges a connection between two ground states, similar to a link in a Josephson 

junction (JJ) between two superconductors. 

We demonstrate that a DW in a bi-axial AFM with the easy-axis type of primary 

anisotropy and driven by a spin current is a close analog of a long Josephson junction and the 

Bloch line is a close analog to the Josephson vortex, also known as a fluxon state. Thus, the 

dynamics of the Néel vector inside the DW (Josephson phase Φ) is described by a sine-

Gordon type of equation, where applied spin-transfer torque represents a bias current through 

the junction, anisotropy in a basal plane defines a plasma frequency, and characteristic speed 

of magnons, defined by nonhomogeneous exchange energy, corresponds to the Swihart 

velocity. 

 

[1] Jungwirth, T., et al. (2016), Nature Nanotechnology, 11(3), 231-241. 

[2] Khymyn, R., et al. (2017), Scientific reports, 7(1), 1-10. 

[3] Sulymenko, O., et al. (2017), Physical Review Applied, 8(6), 064007. 

[4] Gomonay, O., et al. (2018), Nature Physics, 14(3), 213-216. 

 

Figure 1: Schematic diagram illustrating a transmission line on a DW with a BL as an 

information carrier. The creation of the BL is achieved by applying a short current 

impulse to the STT-Init source, after which the STT-Propulsion source supports the 

movement of the BL. The readout gate captures the response from the passage of the BL 

via the spin pumping mechanism. 
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Coherent spin-wave transport in an antiferromagnet 

Dmytro Afanasieva, J.R. Hortensiusb, M. Matthiessenb, R. Leendersc, R. Citrod, A. V. 

Kimela, R.V. Mikhaylovskiyc, B. A. Ivanove, A. D. Cavigliab,  

a Radboud University, Nijmegen, The Netherlands 
b Technical University Deflt, Delft, The Netherlands 

c Lancaster University, Lancaster, UK 
d Università di Salerno, Fisciano, Italy 

Magnonics is a research field complementary to spintronics, in which quanta of spin 

waves (magnons) replace electrons as information carriers, promising lower dissipation [1]. 

The development of ultrafast nanoscale magnonic logic circuits calls for new tools and 

materials to generate coherent spin waves with frequencies as high, and wavelengths as short, 

as possible [2]. Antiferromagnets can host spin waves at terahertz (THz) frequencies and are 

therefore seen as a future platform for the fastest and the least dissipative transfer of 

information [3]. However, the generation of short-wavelength coherent propagating magnons 

in antiferromagnets has so far remained elusive. We report the efficient emission and 

detection of a nanometer-scale wavepacket of coherent propagating magnons in 

antiferromagnetic DyFeO3 using ultrashort pulses of light [4]. The subwavelength 

confinement of the laser field due to large absorption creates a strongly non-uniform spin 

excitation profile, enabling the propagation of a broadband continuum of coherent THz spin 

waves (see Fig. 1). The wavepacket features magnons with detected wavelengths down to 

125 nm that propagate with supersonic velocities V0 of more than 13 km/s into the material. 

This long-sought source of coherent short-wavelength spin carriers opens up new prospects 

for THz antiferromagnetic magnonics and nanoscale coherence-mediated logic devices at 

THz frequencies.  

 

[1] V.V. Kruglyak et al., J. Phys. D 43, 264001 (2010)  

[2] A.V. Chumak et al. Nat. Phys. 11, 453  (2015)  

[3] T. Jungwirth et al. Nat. Nano. 11, 231 (2016) 

  

[4] J.R. Hortensius et al. Nat. Phys. 17, 1001 (2021) 

 

 
Figure 1: Schematic of the generation of propagating AFM spin waves after above 

bandgap soft-UV photoexcitation. The optical penetration depth δ defines the excited 

region Inset: absorption coefficient α (left axis) and corresponding penetration depth δ 

(right axis) for the AFM DyFeO3 as a function of photon energy.  
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Ultrafast manipulation of magnetization in antiferromagnets 

Urs Stauba 

a Swiss Light Source, Paul Scherrer Institute, CH5232 Villigen PSI, Switzerland 

 

Manipulating the magnetization of antiferromagnets (AFs) is of great importance for 

spintronic applications. To do that, one either requires special materials or special concepts as 

the magnetic field is not a driving parameter in most antiferromagnets. Here we address 

opportunities driving the spins on ultrafast timescales and look into the options of exciting 

magnons as well as into the timescale of demagnetization of the AF sublattices. We will 

compare it with demagnetization processes used for ferromagnets, e.g. the ultrafast Einstein-

de-Haas effect [1].  

Discussed experiments are using ultrashort X-ray pulses as a probe for the sublattice 

magnetization created by either a fs-slicing technique or by an X-ray free-electron-laser. At 

first, examples on multiferroics are presented and where we look into the optical excitation of 

a low energy electromagnon. [2] This will be compared with a direct excitation of the 

electromagnon using the E-field of the THz excitation and how such a direct driving of the 

mode affects the crystal lattice. If time allows, I will then address the properties of a direct 

driving using the magnetic field of the THz on an orbital excitation of the 4f system in a 

frustrated titanite that is in a spin-liquid state. The response of the excitation can be described 

as quantum interference of a two-level system. Alternatively, I will address the effect of 

exchange scaling in metallic 4f antiferromagnets when excited by optical pulses. [3] 

 

[1] Christian Dornes et al., Nature 565, (2019) 209 

[2] Hiroki Ueda et al., Phys. Rev. Research 4, (2022) 023007 

[3]  Yoav William Windsor et al., Nature Materials 21, (2022) 514-517h 
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Electrical manipulation of antiferromagnetic domains in Mn2Au and 

CuMnAs thin film devices  

Sonka Reimersa 

a Institut für Physik, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany 

Antiferromagnetic (AF) materials have recently excited significant interest, since they 
combine several highly attractive properties for spintronics applications, if the difficulties of 
manipulating the AF order parameter (Néel vector) can be overcome. For AF materials with 
specific symmetries, it was predicted that an unpolarised electrical current can exert an 
efficient staggered torque, which matches the AF order, so-called Néel spin-orbit torque 
(NSOT), on the Néel vector [1]. Suitable compounds are semimetallic CuMnAs and metallic 
Mn2Au. Within a few years after the theoretical prediction, experimental evidence of 
electrical switching was obtained for both materials, electrically detected as changes of the 
anisotropic magnetoresistance and later by direct imaging (see e.g. [2,3]).  

However, in the following experiments have cast doubt on the early findings and painted 
a highly complicated picture. For example, it has been shown that non-magnetic, destructive 
effects can yield a similar electrical read-out signal [3]. Moreover, the relative contributions 
of NSOT, heating, strain, domain and domain wall pinning are currently highly debated. 
Additionally, in CuMnAs a second “high-resistive” switching regime has been discovered 
and associated with the creation of many ultra-sharp magnetic domain walls [4]. 
In this talk, I will summarise the advances made in both materials, covering some of the 
earliest measurements and recent experimental result. I will compare their behaviour and 
relate it to the material properties (see e.g. Fig. 1 and [5]). Finally, I will show that indeed an 
efficient AF memory device as originally proposed can be realised.   

 

[1] J. Železný et al., Phys. Rev. Lett. 113 (2014,) 157201. 

[2] P. Wadley, S. Reimers et al., Nat. Nano. 13 (2018), 362-365. 

[3] S. Yu. Bodnar et al., Phys. Rev. B 99 (2019), 140409. 

[4] T. Matalla-Wagner et al., Phys. Rev. Research 2 (2020), 033077. 

[5] F. Krizek, S. Reimers et al., Science Advances 8 (2022), 13. 

[6] Y. Lytvynenko, S. Reimers et al., unpublished (2022). 

[7] S.Reimers, (2022), PhD thesis, The University of Nottingham, Nottingham. 

Figure 1: Top: X-PEEM imaging 
of NSOT-switching in Mn2Au. a) 
initial AF domain configuration, 
b),c) after current pulses. [6] 
Bottom: Switching in CuMnAs: d) 
Electrical read-out signal after 
orthogonal current pulses. Straight 
lines mark the time of the current 
pulses.  e) X-PEEM image of AF 
domains in a CuMnAs device. f) 
Remnant domain changes after 
current pulses. [7] 
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Molecules on magnetic surfaces: hardening effects 

Ilaria Bergentia, Luca Gnolia, Mattia Beninia, Alberto Riminuccia, Rajib Kumara 

Manju Singa, Ko-Wei Lin b, Rachel Nickelc, Johan van Lierop c, Andrew Pratt d, 

Gaspare Varvaro e Valentin Dediua  

a Institute of Nanostructured Materials ISMN-CNR, Bologna, Italy 
b NCHU Department of Materials Science and Engineering, Taichung City 402, Taiwan 

c Department of Physics & Astronomy, University of Manitoba, Winnipeg, Canada 
d Department of Physics, University of York, York, UK 

e Nanostructured Magnetic Materials Laboratory (nM2-Lab) ISM- CNR, Roma, Italy 

 

 

The chemisorption of molecules onto magnetic surfaces can be characterized by spin 

dependent broadening of initially discrete molecular levels, by spin dependent injection 

barrier and by hybridized states with strong spin selection rules, all being key factors that 

influence the spin and charge injection across the interface[1]. The variation of local 

electronic structure is also responsible for changes in the magnetic states of the inorganic 

layer such as magnetic hardening or even magnetic suppression[2].  

In this paper we present the effects of hybridization of two protypical molecules: C60 

(Buckminster fullerene) and Gaq3 (Tris(8-hydroxyquinoline)Gallium) when chemisorbed on 

metallic and oxide magnetic layers.  

In case of polycrystalline Cobalt layer, a drastic, molecule-dependent enhancement of the 

in plane coercive fields is observed, associated to a change of the magnetic anisotropy 

energy. Increases in Coercive field is also found for Co/CoO exchange biased bilayer and in 

this case CoO AF grain are driven over their magnetocrystalline anisotropy energy barrier via 

coupling with the molecular layer. 

These features cannot be quantitatively explained by the current models developed for 

perfectly crystalline case and based of the hybridization of the d-electrons at the interface[3], 

indicating that hybridization effects alone do not account for the complex physics induced by 

these hybrid magnetic interfaces. A tentative model based on the correlated magnetic 

disorder, established at the metal-molecular interface, will be presented. 

 

[1] I. Bergenti and V. Dediu, V, Nanomaterials science, 1 (2019), 149  

[2] M. Cinchetti, V. Dediu, L.E. Hueso, Nat. Mater., 16 (2017), 507 

[3] K. Bairagi et al., Phys. Rev. Lett., 114 (2015) 247203 
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Propagation of nearly single cycle terahertz pulse in 

antiferromagnetic CoF2 

Thomas WJ. Metzgera, Kirill Grishunina, Roman Dubrovinc, Evgeni Mashkovichb, 

Dmytro Afanasieva, Roman Pisarevc, Alexey Kimela  

aInstitute of Molecules and Materials, Radboud University, Nijmegen, The Netherlands 
b Institute of Physics II, University of Cologne, Cologne, Germany 

c Ioffe Institute, St. Petersburg, Russia 

Antiferromagnets (AFM) have attracted tremendous attention in spintronics and 

magnonics because of their spin-wave resonances lying in the high-frequency terahertz (THz) 

range and unique functionalities when compared to conventionally used ferromagnets [1]. 

Excitation of such resonances requires THz sources of coherent radiation and thus can hardly 

be realized using traditional means, such as microstrip lines.  Although much is known on 

how a THz pulse influences spin order, surprisingly little is known about the opposite. In fact, 

how interaction with the spins influences the THz pulse itself upon propagation inside of 

thick antiferromagnetically ordered media. 

You Here we study the archetypal low-temperature antiferromagnet CoF2 (TN = 39 K). In 

this easy-axis AFM, it has been recently shown that linearly polarized THz pulses can be 

used to coherently control both spin and lattice on the ultrafast timescale [2-3]. Using 

polarization-sensitive THz time-domain transmission spectroscopy, we explored how single-

cycle linearly polarized THz pulse (Fig. 1 (a)) changes upon propagation through CoF2. The 

changes are found to depend strongly on the sample temperature (Figure 1 (b)) and can be 

explained in terms of magnetic linear birefringence and dichroism. The ellipticity is showing 

a pronounced growth upon cooling below TN and is accompanied by a giant rotation of the 

polarization plane. Although the magneto-optical effects in the THz spectral range are often 

considered to be relatively small, our experiments reveal that the polarization of the THz 

pulse substantially changes along with the pulse duration as shown in figures 1 (a, c). The 

pulse shape is further complicated by the emergence of pronounced beatings, indicative of the 

formation of magnon-polaritons highlighting a regime of strong coupling 

 

Our findings demonstrate the importance of accounting for propagation effect in THz 

control of AFMs in spintronics and magnonics and thus help to develop methods for the 

fastest possible and the most energy-efficient logic operations based on AFMs. 

 

[1] T. Jungwirth, Nature Nanotech. 11, 231 (2016). 

[2] A. S. Disa, Nat. Phys. 16, 937–941 (2020). 

[3] E. A. Mashkovich, Science 374, 1608–1611 (2021). 

Figure 1: Linear polarized THz pulse before (a) and after (c) propagation through AFM 

CoF2 (b) Extracted rotation and ellipticity as a function of temperature and CoF2 unit cell. 
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Anatomy of spin and charge pumping in THz spintronics unravelled 
by quantum-classical approach: Example of ultrafast-light-driven 

Weyl antiferromagnet Mn3Sn 

Branislav K. Nikolića 

a Department of Physics & Astronomy, University of Delaware, Newark, DE 19716, U.S.A. 

The interaction of fs light pulses with ferro- and antiferromagnetic materials has been 
intensely studied [1] to understand ultrafast demagnetization in single magnetic layer or 
closely related THz emission from its bilayers with spin-orbit (SO) coupled materials. 
However, in contrast to spin and charge pumping in spintronic systems driven by microwaves 
where the ensuing spin and charge pumping by precessing magnetization is well-understood, 
such processes in light-driven magnets remain unexplored. We have recently developed [2] a 
multiscale quantum-classical formalism—where conduction electrons are described by 
quantum master equation of the Lindblad type; classical dynamics of local magnetization is 
described by the  Landau-Lifshitz-Gilbert (LLG) equation; and incoming light is described by 
classical vector potential while outgoing electromagnetic radiation is computed using 
Jefimenko equations for retarded electric and magnetic fields—and apply it bilayers of 
antiferromagnetic Weyl semimetal Mn3Sn in contact with SO-coupled material like Pt as an 
example studied in recent experiments [3]. This makes it possible to understand how fs light 
pulse ignites pumping of spin currents, which then exert torque on local magnetization, 
whose dynamics in turn pumps additional spin and charge currents. By turning on and off 
LLG dynamics in Mn3Sn layer and SO coupling in the second layer, we unravel which 
pumped currents and from which location contribute the most to outgoing THz radiation, 
thereby opening pathways to optimize relevant microscopic mechanisms for its generation.   

[1]   T. S. Seifert, L. Cheng, Z. Wei, T. Kampfrath, and J. Qi, Appl. Phys. Lett. 120, 

180401 (2022). 

   [2] U. Bajpai and B. K. Nikolić, Phys. Rev. Lett. 125, 187202 (2020); A. Suresh and B. 

K. Nikolić, in preparation. 

[3]     X. Zhou et al., Appl. Phys. Lett. 115, 182402 (2019). 

 

Figure 1: Top row: FFT power spectrum of emitted THz radiation; and Bottom row: 

high harmonics from Mn3Sn/Pt bilayer driven out of equilibrium by fs light pulse of 

central wavelength of 800 nm, where LLG dynamics of local magnetization in Mn3Sn 

Weyl antiferromagnet or SO coupling in Pt are selectively turned on or off.  
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Ultrafast Amplification and Nonlinear Magnetoelastic Coupling of 

Coherent Magnon Modes in an Antiferromagnet  

D. Bossinia, M. Pancaldib, L. Soumahb, M. Basinib, F. Mertensc, M. Cinchettic, T. Satohd, 

O. Gomonaye, and S. Bonettib,f 

 
a Dept. of Physics & Center for Applied Photonics, Univ. of Konstanz, Konstanz, Germany 

b Department of Physics, Stockholm University, Stockholm, Sweden 
c Experimentelle Physik VI, Technische Universität Dortmund, Dortmund, Germany 

d Department of Physics, Tokyo Institute of Technology, Tokyo, Japan 
e Institut für Physik, Johannes Gutenberg Universität Mainz, D-55099 Mainz, Germany 

f Dept. of Molecular Sciences and Nanosystems, Ca’ Foscari Univ. of Venice, Venezia, Italy 

In this talk, I will present our investigation on the role of domain walls in the ultrafast 

magnon dynamics of an antiferromagnetic NiO single crystal, in a pump-probe experiment 

with variable pump photon energy. Analyzing the amplitude of the energy-dependent 

photoinduced ultrafast spin dynamics, we detect a yet unreported coupling between the 

material’s characteristic terahertz- and gigahertz-magnon modes. We explain this unexpected 

coupling between two orthogonal eigenstates of the corresponding Hamiltonian by modeling 

the magnetoelastic interaction between spins in different domains. We find that such 

interaction, in the nonlinear regime, couples the two different magnon modes via the domain 

walls and it can be optically exploited via the exciton-magnon resonance. 

 

 
Figure 1. Amplification and nonlinear coupling of the two magnon modes. The 

amplitudes are normalized on their maximum values. 

 

SB gratefully acknowledges the Petaspin association (www.petaspin.com) for the support in 

the dissemination activities related to this research. 
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Investigation of nanostructures based on Cr2O3 for the application in 
organic antiferromagnetic spintronics 

A. Brambilla a, A. Picone a, M. Capra a, A. Giampietri a, S. Fiori b, G. Vinai b, G. 
Panaccione b, and F. Ciccacci a 

a Dipartimento di Fisica, Politecnico di Milano, Italy 
b Istituto Officina dei Materiali (IOM)-CNR, Laboratorio TASC, Trieste, Italy 

 
Oxide nanostructures interfaced with metallic substrates are thoroughly investigated 

systems in modern nanoscience, featuring several intriguing electronic, magnetic and 
chemical properties [1,2]. Interfaces play a prominent role in spintronics, typically involving 
the coupling of ferromagnets (FM) with different type of materials, ranging from non-
magnetic substances to antiferromagnets (AF), of which several are oxides. In this respect, a 
deep knowledge of the interface physical/chemical properties is needed in order to understand 
the magnetic phenomena and, eventually, succeed in tailoring them. 

A fine control of an oxide/metal interface can be obtained by exploiting an appropriate 
buffer layer, which is expected to both protect the substrate’s surface and to act as a template 
for a good quality epitaxial growth. We have been able to show that graphene (Gr) can act as 
an ideal buffer layer for the growth of Cr2O3 ultrathin films on a Ni(111) surface, resulting in 
a very high-quality two-dimensional oxide layer, avoiding oxidation/reduction reactions at 
the interface, despite the high compressive strain (~15 %) experienced by the ultrathin oxide 
on Gr [3]. Similarly, FeO was grown on Gr/Ni(111), resulting in this case in the development 
of three-dimensional nanostructures [4]. In view of the exploitation of AF oxides in the 
rapidly developing field of Antiferromagnetic Spintronics and supported by a recently 
granted EU project that aims to develop applications based on interfaces between molecular 
layers and AF materials [5], we have been extending our investigations to Cr2O3 on 
Gr/Pt(111) and on different Cu substrates (thus non-magnetic ones), of which successful 
preliminary results are available (Fig. 1).  

Magnetic measurements and theoretical calculations on the 
different Cr2O3 nanostructures are currently ongoing. 
Concerning the molecular overlayer, we have been focusing on 
the effect that the adsorption of the molecules has on the 
magnetic properties of the AF oxide surface and on the 
effective role played by the interface states for the filtering of 
spins, which can be potentially exploited in organic spintronics 
applications. We will present, in particular, promising results 
concerning the magnetic ordering of Iron phthalocyanine 
(FePc) as self-assembled monolayers on Cr2O3. 

 
 

[1] F. P. Netzer, A. Fortunelli (eds.), Oxide Materials at the Two-Dimensional Limit; 

Springer (2016) 

[2] A. Picone, M. Riva, A. Brambilla, et al., Surf. Sci. Rep. 71, 32–76, (2016) 

[3] A. Lodesani, A. Picone, A. Brambilla, et al., ACS Nano 13, 4361-4367 (2019) 

[4]  A. Lodesani, A. Picone, A. Brambilla, et al., J. Chem. Phys. 152, 054706 (2020) 

[5] SINFONIA FET project, grant n. 964396 - www.sinfonia-fet.eu 

 

 
Figure 1: STM image of 0.5 nm 
Cr2O3 on Cu(110). Inset: line 

     

6.2 Session - Antiferromagnetic Spintronics 6 ABSTRACTS

44



Composition and thickness dependent magnetic properties of 

Co/Co-Tb bilayers 

F. Stobieckia, Ł. Frąckowiaka, M. Matczakb, D. Kipharta, M. Schmidta, 

G.D. Chaves O’Flynna, P. Kuświka 

a Institute of Physics, Polish Academy of Sciences, Poznań, Poland 
b Laboratory of Magnetism, Faculty of Physics, University of Białystok, Białystok, Poland 

Ferrimagnetic alloy films combine the advantages of antiferromagnets and ferromagnets; 

therefore, they are attractive for different applications and importantly, in spintronic devices 
[1]. A very important advantage of ferrimagnetic TM-RE films (TM - transition metal, e.g., 

Co, RE-rare earth, e.g., Tb) is the possibility to tune their magnetic properties such as: 

magnetization, anisotropy, coercive field, compensation and Curie temperatures, and 

domination of a particular sublattice controlled by film composition. These parameters can 
also be modified by appropriate choice of deposition conditions or by post-deposition 

treatments (e.g. ion bombardment [2]).  

 
In this contribution, we show that magnetic properties of Co-Tb alloy films can be altered 

by the Co-underlayer. Several Co-tCo/Co1-xTbx-tTbCo bilayers [tCo = 0.5, 1, 4 nm and 0 ≤ tTbCo ≤ 

10 nm (wedge shaped layer), 0.2 ≤ x ≤0.5] were prepared by sputtering as described in our 

previous paper [3] (tCo and tTbCo are thicknesses of Co and Tb-Co alloy layer, respectively). 
The magnetic characterization of samples with orthogonal x and tCoTb gradients were 

performed using a magneto-optical histeresograph in the polar configuration.  

 
The measurements allowed: (i) to determine the range of parameters (tCo, tCoTb, x) for 

which this system has perpendicular magnetic anisotropy and the magnetization reversal of 

Co and Co-Tb layers takes place simultaneously; (ii) to demonstrate that tCo changes allow to 
control the bilayers’ switching fields; (iii) to show that, for constant values of tCo and tCoTb, the 

increase of x can trigger the transition from Co sublattice domination to Tb domination; 

however, for large x  0.4, there is a new transition where the domination changes from Tb to 

Co. It is worth noting that in the vicinity of the second transition, the shape of the hysteresis 

loop indicates a non-collinear magnetic structure for magnetic fields H ≥ 5kOe (similar to 
spin-flop transition in artificial ferrimagnets [4]). This effect can be explained as decreasing 

coupling between Co and Tb sublattice with increasing x. 

 

The work was supported by National Science Centre Poland under OPUS funding Grant No. 

2020/39/B/ST5/01915 

 

[1] S.K. Kim et al. Nature Materials 21 (2022), 24-34. 

[2] Ł. Frąckowiak et al. Phys. Rev. Lett. 124 (2020), 047203. 

[3] Ł. Frąckowiak et al. J. Magn. Magn. Mater. 544 (2022), 168682. 

[4] N.O. Antropov et al. Phys. Rev. B 104 (2021), 054414. 
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Skyrmion hosting multilayers based on synthetic antiferromagnets 

E Darwina, PM Shepleya, JE Cunninghama and BJ Hickeya 

a University of Leeds, Leeds, UK 

 

Heavy metal (HM)/ferromagnet (FM)/HM multilayers became of interest as they can host 

room temperature skyrmions - chiral, topologically non-trivial spin textures which have a 

unique set of topological properties leading them to be highly stable [1,2,3]. Recently, 

attention has been devoted to synthetic antiferromagnets (SAF) multilayers where skyrmions 

have been observed and driven by current; they are being increasingly investigated due to 

their ability to eradicate the problems associated with the skyrmion hall effect [4,5,6,7,8]. 

However, the current-driven dynamics are far from the theoretical predictions because 

affected by pinning.  

Here, we report on the properties of Pt/CoB/Ir multilayers in a SAF state promoted by the 

Ir spacer. CoB recently became a candidate for skyrmion hosting multilayers as, due to its 

amorphous structure, the pinning is reduced [8]. Ir and Pt are used due to their strong 

interfacial Dzyaloshinskii–Moriya interaction (DMI). The combined effort of these features 

in the investigated multilayer stacks leads to a favourable environment for skyrmions with the 

perspective of skyrmion electrical transport devices. 

We performed x-ray reflectivity and magnetometry to extract the saturation magnetisation 

for the FM, the nature of the FM/HM interfaces, including proximity effects. We explored the 

behaviour of the Ir-induced antiferromagnetic coupling in [CoB(7Å)/Ir(4Å)/Pt(6Å)]xn stacks 

by performing hysteresis loops measurements as a function of the number of repeats and 

temperature. In particular, for the case of two ferromagnetically coupled Pt/CoB/Ir stacks 

separated by a 4Å Ir layer, we observed two switches in the hysteresis loop (Fig. 1a), which is 

a clear feature of a SAF structure. We also performed magnetic force microscopy (MFM) 

measurements, and we observed the existence of circular domains, which we identified as 

skyrmions, with a diameter less than 500 nm (Fig. 1b). 

 

[1] Moreau-Luchaire, C, et al. Nature nanotechnology 11.5 (2016): 444. 

[2]  Soumyanarayanan, A, et al. Nature materials 16.9 (2017): 898-904. 

[3] Zeissler, K, et al. Scientific reports 7.1 (2017): 1-9. 

[4] Zhou, Sai, et al. Journal of Magnetism and Magnetic Materials 493 (2020): 165740. 

[5] Legrand, William, et al. Nature materials 19.1 (2020): 34-42. 

[6] Dohi, Takaaki, et al. Nature communications 10.1 (2019): 1-6. 

[7] Juge, Roméo, et al. arXiv preprint arXiv:2111.11878 (2021). 

[8] Zeissler, Katharina, et al. Nature communications 11.1 (2020): 1-11. 

 

(a) (b)         

 

Figure 1: (a) shows the hysteresis loop of the system 

[CoB(7Å)/Ir(6Å)/Pt(6Å)]x4/CoB(7Å)/ Ir(4Å)/Pt(6Å)/[CoB(7Å)/Ir(6Å)/Pt(6Å)]x5 which is 

on a base of Ta(30Å)/Pt(30Å) and is capped with Pt(20Å). The data was taken by SQUID-

VSM and the loop shows two separate wasp-like switches. (b) is an MFM image of this 

system displaying a skyrmion of d ≈ 450 nm.  
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Machine learning methods in computational micromagnetism

Lukas Exla,b, Sebastian Schaffera,b, Thomas Schreflc, Dieter Suessd,a, Norbert J. Mausera,b

a Research Platform MMM c/o University of Vienna, Vienna, Austria
b Wolfgang Pauli Institute, Vienna, Austria

c University for Continuing Education Krems, Krems, Austria
d Faculty of Physics c/o University of Vienna, Vienna, Austria

Machine learning (ML) entered the field of computational micromagnetics very recently [1-
5].  The  main  objective  of  these  new  approaches  is  the  automatization  of  solutions  of
parameter-dependent  problems in  micromagnetism such  as  fast  respond curve  estimation
modeled by the LLG equation or the usually very time-consuming stray field computation.
Parameter-dependent  partial  differential  equations  (PDE)  yield  high  dimensional  model
parameter spaces in conventional discretization techiques, such as mesh based finite elements
or finite difference methods, typically scaling exponentially with the (parameter) dimension.
This circumstance prohibits the economical treatment of a whole class of problems at once.
ML methods can break this “curse of dimensionality” and hence, e.g., a single neural network
can represent the approximate solutions of a large class of PDEs [5], see Fig.1. ML in this
case is by no means a straight-forward trivial task, it needs algorithmic and mathematical
innovation that can e.g. lead to eased training processes. Our work introduces theoretical and
computational  conceptions  of  certain  kernel-based  dimensionality  reduction  and  physics-
informed neural network (PINN) and kernel approaches for efficient machine learning of the

solution  trajectories
of  LLG  via  the
notion  of  low-
dimensional  feature
space  integration,  as
well  as  the  whole
space  3d-Poisson
problem for the stray
field  via  boundary
integral
formulations. 
We  will  mainly
concentrate  on
computational

aspects,  specifically,  kernel-based  methods  and  PINNs  will  be  studied  with  focus  on
numerically stable and efficient implementation of kernel ridge regression, kernel principal
component  analysis  via  low-rank  treatment  of  certain  dense  operations  and  (quadratic)
optimization formulations for PINN training. 

[1] A. Kovacs, J. Fischbacher, H. Oezelt, M. Gusenbauer, L. Exl, F. Bruckner, D. Suess, T. Schrefl. Learning 
magnetization dynamics, Journal of Magnetism and Magnetic Materials 491 (2019): 165548. 

[2] L. Exl, N.J. Mauser, T. Schrefl, D. Suess. Learning time-stepping by nonlinear dimensionality reduction to 
predict magnetization dynamics, Communications in Nonlinear Science and Numerical Simulation 84 (2020): 
105205. 

[3] L. Exl, J. Fischbacher, A. Kovacs, H. Oezelt, M. Gusenbauer, K. Yokota, T. Shoji, G. Hrkac, and T. Schrefl, 
Magnetic microstructure machine learning analysis, Journal of Physics: Materials, 2 (2019): 014001. 

[4] L. Exl, N.J. Mauser, S. Schaffer, T. Schrefl, D. Suess. Prediction of magnetization dynamics in a reduced 
dimensional feature space setting utilizing a low-rank kernel method. Journal of Computational Physics 444 
(2021): 110586.  

[5] A. Kovacs, L. Exl, A. Kornell, J. Fischbacher, M. Hovorka, M. Gusenbauer, ... & T. Schrefl. (2022). 
Magnetostatics and micromagnetics with physics informed neural networks. Journal of Magnetism and Magnetic
Materials, 548, 168951. 

Figure 1:   Left: A single  PINN represents a whole family of solutions of a
PDE. Right:  Problem dimension in case of PINNs stays below exponential

growth.
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Machine learning based identification of magnetization states in 

large-scale nano-ellipses arrays 

Hubert Brückla, Astrit Shoshia, Thomas Schrefl a, Michael J. Haslingerb, Tina 

Mitteramskoglerb, Stefan Schrittwieserc, Jörg Schotterc 

a Dept. for Integrated Sensor Systems, Danube University Krems, Wiener Neustadt, Austria 
b PROFACTOR GmbH, Steyr-Gleink, Austria 

c AIT Austrian Institute of Technology, Vienna, Austria 

Magnetic nanoparticles operating in the magnetic vortex configuration are of interest in 

magnetic field sensors [1] and as magnetic nanoprobes for immunoassay diagnostics [2]. In 

both applications, vortex states are found to be more advantageous compared to single-

domain and multi-domain magnetization states.  

We use nanoimprint and thin film deposition to reliably produce and controllably 

stabilize magnetic spin-textures in large-area nanoparticle arrays. The periodically arranged 

nanoparticles are quasi-monodisperse elliptically shaped cylinders (400nm x 200nm with a 

periodicity of 600nm x 400nm) with highly uniform geometric and magnetic properties (fig. 

1). The size distribution is very narrow within 3% standard deviation. By increasing the 

thickness of Ni80Fe20 cylinders from 20 to 60 nm, the magnetization switches from quasi-

single domain to the vortex state. The system is anisotropic. 

The large-area arrays allow to measure first order reversal curves (FORC) in a vibrating 

sample magnetometer. The FORC diagrams partly show mixed magnetization states (fig. 1 

right). In order to automatically extract the share of vortex and single-domain states, machine 

learning (ML) models are trained by both experimental and simulated data. The latter are 

calculated from a kind of hysteron model. Results will be presented how well the different 

magnetization states can be identified and distinguished by the ML model. The quality of the 

hysteron model is demonstrated. 

 

 

 

[1] D. Suess, A. Bachleitner-Hofmann, A. Satz, H. Weitensfelder, C. Vogler, F. Bruckner, C. Abert, 

K. Prügl, J. Zimmer, C. Huber, S. Luber, W. Raberg, T. Schrefl, H. Brückl, Nature Electronics 1, 

362–370 (2018) 

[2] H. Brueckl, A. Shoshi, S. Schrittwieser, B. Schmid, P. Schneeweiss, T. Mitteramskogler, M.J. 

Haslinger, M. Muehlberger, J. Schotter, „Nanoimprinted multifunctional nanoprobes for a 

homogeneous immunoassay in a top‑down fabrication approach”, Sci. Rep. 11, 6039 (2021) 

   

Figure 1: Left: Scanning electron microscopy image of a nano-imprinted array of elliptical 

cylinders. The total number of ellipses is more than 108 on 1 cm2. Right: FORC diagram 

of a mixed magnetization state with 40 nm thick NiFe cylinders. 
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Machine learning approaches for magnetic nanoparticles 
applications in biomedicine 

Marco Coïssona, Gabriele Barreraa, Federica Celegatoa, Paolo Alliaa, Paola Tibertoa 

a INRIM, Advanced Materials and Life Sciences Division, Torino, Italy 

Machine learning (ML) is emerging as a valuable tool for building models of large 
datasets or of highly interdependent, highly non-linearly coupled data. Magnetic systems, 
because of their intrinsic non linearity and complex interplay among many different 
quantities, are particularly suitable for being analysed with such approaches, provided large 
and coherent datasets are available to feed the machine learning model. 

In this work, we develop ML models based on random forests, neural networks or other 
suitable algorithms to exploit datasets of magnetic nanoparticles (MNP) properties built 
through numerical simulations. The simulated MNPs and the environment in which they are 
supposed to operate can represent different scenarios of interest for biomedical applications, 
e.g. magnetic hyperthermia or magnetic nanoparticles imaging. For example, several 
parameters can be treated as input quantities, such as MNPs diameter, magnetic anisotropy, 
magnetic saturation, mutual interactions, space distribution, or operating conditions such as 
temperature, applied field maximum intensity (vertex value) and frequency. The MNPs 
response is then calculated by numerical simulation for different values of the above input 
quantities, and output values as coercivity, remanence, loop area, magnetic resonance 
properties are extracted and used to build the dataset. Finally, different ML models are trained 
on the dataset, their suitability and accuracy of the regressions are discussed, and then they 
are exploited to predict the behaviour of the MNPs in conditions or for values of their 
properties that were not originally present in the dataset, but that may turn out to be valuable 
in biomedical applications. 

As an example, Figure 1 shows the predictions of a random forest model for the loop area 
of a set of MNPs as a function of their diameter (panel a), of the vertex field (panel b), and of 
the MNPs mutual interactions (panel c) in conditions that were not numerically simulated and 
that are of interest for magnetic hyperthermia applications. The use of ML models offers the 
possibility of exploring many different values for the input quantities that are not accessible 
through numerical simulations, as ML models turn out to be much faster and more versatile. 

Figure 1: Predictions of a random forest ML model for the loop area as a function of: (a) 
nanoparticles diameter (the dashed line is a guide to the eye); (b) vertex field; (c) interactions 
parameter.
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Modelling magnetic hysteresis through complex valued neural 

networks 
Igor Aizenberg a, Marco Bindi b, Gabriele Maria Lozito b, Antonio Luchetta b  
a Manhattan College, Department of Computer Science, New York, USA  

b Università degli Studi di Firenze, Department of Information Engineering, Firenze, Italy 

Modelling magnetic hysteresis of ferromagnetic materials is an open problem in 

literature that is critical in all the applications where magnetic devices such as inductors and 

transformers are involved. The hysteresis of the magnetic material is related to macroscopic 

effects such as losses and waveform distortion on the power inductors found in transformers, 

inverters, and DC-DC converters. Several solutions can be found in literature both in terms of 

white box models with physical interpretation and black box models exploiting techniques 

often belonging to the family of machine learning. The problem can be extended by 

considering oriented materials (vector hysteresis) and excitations at higher frequencies 

(dynamic hysteresis). In general, however, both extended problems features solutions that are 

based on the modelling of the scalar, static hysteresis of the material.  

In this work, a neural network (NN) modelling approach for magnetic hysteresis is 

proposed. A recent and performing NN architecture is used to represent the material, the 

Complex Multi-Valued Neuron based Neural Network. It is an NN typology where all the 

internal weights are complex, inputs can be real or complex data, outputs can be digital or 

analogic (real or complex) values. The error is always corrected in the complex field, as 

represented in Fig. 1. 

The NN is trained and validated on synthetic data generated through the Preisach Model, 

previously identified on measurements performed on a real magnetic core. The training set is 

composed of a specific waveform featuring asymmetric minor loops, to enhance the network 

generalization capabilities towards distorted waveform. The training set and the output of the 

trained NN are shown overlayed in Fig. 2, also emphasized in a particular area. Results are 

satisfactory both in terms of training flexibility, computational costs, and generalization 

capabilities of the NN. The proposed methodology is a valid alternative to other NN 

architectures to represent the static scalar hysteresis problem, and due to their inherent 

geometrical nature, can be a prime candidate for a natural extension towards a vector 

hysteresis representation of oriented materials. 

 

 

 

 

 

 

  

 

 

 

[1] Quondam Antonio S, Fulginei FR, Lozito GM, Faba A, Salvini A, Bonaiuto V, Sargeni 

F. Computing Frequency-Dependent Hysteresis Loops and Dynamic Energy Losses in 

Soft Magnetic Alloys via Artificial Neural Networks. Mathematics. 2022; 10(13):2346.  

[2] Rimal, H. P., Ghanim, A. M., Antonio, S. Q., Lozito, G. M., Faba, A., & Cardelli, E. 

(2020). Modelling of dynamic losses in soft ferrite cores. Physica B: Condensed Matter, 

579, 411811. 

[3] Aizenberg, I., Luchetta, A., Manetti, S., “A modified learning algorithm for the 

multilayer neural network with multi-valued neurons based on the complex QR 

decomposition,” Soft Computing, vol. 16, Apr. 2012, pp. 563-575, doi: 10.1007/s00500-

011-0755-7. 

 

 

 

 

 

 

Fig. 2 The B-M curve simulated and 

reproduced by NN, with an enlarged area  

 

   
 

Fig. 1 Desired (D) and calculated (Y) 

output of a MVN neuron with activation P(z) 
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Non-linear equivalent circuit model of magnetic devices under 

different frequencies excitation 

Elisa Belloni a, Ermanno Cardelli a, Antonio Faba a, Antonio Laudani b, Gabriele 

Maria Lozito c, Hari Rimal a 

a University of Perugia, Department of Engineering 
b University of Roma Tre, Department of Industrial, Electronic and Mechanical Engineering 

c University of Florence, Department of Information Engineering 

 

Equivalent circuit modelling for magnetic devices featuring hysteretic behaviour is a topic 

of great interest for representing the electrical characteristics of inductors and transformers. 

The nonlinear frequency dependence of the electrical behaviour (and relative losses) must be 

modelled by considering lumped circuit elements with variable values [1]. Identification of 

such values is a numerical problem that must be approached with optimization methods robust 

against local minima entrapment. In this investigation, a set of experimental measurements of 

currents and voltages on a transformer core are used to identify the equivalent circuit model at 

different frequencies. The circuit model at the primary side is shown in Fig. 1 (a) where the 

inductors and resistors values are given by a nonlinear function of instantaneous currents, 

voltages, and excitation frequency. Identification yields consistent results at different 

frequencies, as can be seen in Fig. 1 (b), (c) and (d).  Along the analytical expression for the 

circuit parameters, a neural network based lumped element formulation is also investigated. To 

identify all models, a hybrid optimization strategy based on a cascade of a swarm intelligence 

algorithm initialization and a gradient-based local search is implemented to solve a non-linear 

least squares problem[2]. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1: Equivalent circuit model at primary side of transformer (a); experimental 

measurements and simulations at 200kHz (b), 400 kHz (c) and 600 kHz (d). 

 

 

[1] Corti, F., Reatti, A., Lozito, G. M., Cardelli, E., & Laudani, A. (2021). Influence of non-linearity in 

losses estimation of magnetic components for DC-DC converters. Energies, 14(20), 6498. 

[2] Lozito, G. M., & Salvini, A. (2020). Swarm intelligence based approach for efficient training of 

regressive neural networks. Neural Computing and Applications, 32(14), 10693-10704. 
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Magnetorelaxometry Imaging: a promising tool for the monitoring of 

nanoparticle-based cancer therapies in humans 

Daniel Baumgartena 

a Institute of Electrical and Biomedical Engineering, UMIT TIROL – Private University for 

Health Sciences and Health Technology, Hall i.T., Austria 

Magnetic nanoparticles (MNP) offer a large variety of promising applications in 

medicine, e.g., magnetic hyperthermia and magnetic drug targeting. In magnetic 

hyperthermia, MNP injected into a tumor are heated by an alternating magnetic field with the 

aim of locally ablating tumor tissue. In magnetic drug targeting, MNP are drug loaded and 

magnetic fields are used to enrich the MNP in a target region, leading to local application of 

the drug. Quantitative imaging of the MNP distributions is crucial for planning and 

monitoring of these treatments. A promising method therefor is magnetorelaxometry imaging 

(MRXI), where the magnetic moments of superparamagnetic MNP are aligned by applying 

magnetic excitation fields. After rapidly switching off the excitation fields, the relaxation of 

the MNP’s net magnetic moment is monitored by magnetometers. From the relaxation 

signals, the MNP can be quantified, and their binding state can be extracted. Additionally, 

quantitative spatial information about the MNP distribution is obtained by applying spatially 

different excitation fields and solving an ill-posed inverse problem. 

MRX imaging has been established employing superconducting magnetometers 

(SQUIDs) in small volumes. Recent developments in laser physics enabled novel optically 

pumped magnetometers (OPM) reaching similar sensitivities while offering flexible sensor 

positioning and the omission of cryogenic cooling, therewith potentially facilitating the 

translation of MRXI towards clinical applications.  

We successfully demonstrated the potential of OPMs for MRXI [1,2], including the 

investigation and optimization of different parameters like dead time, bandwidth, sensitivity 

and sensor crosstalk. By optimizing both sensor and excitation coil geometry, significant 

improvements in terms of spatial resolution could be achieved [3]. Recently, we have 

investigated advancing MRXI to the nonlinear magnetization regime, allowing for higher 

excitation fields and larger fields of view. Finally, we have developed a human head sized 

MRXI system, demonstrating the feasibility of detecting and quantifying MNP distributions, 

e.g. during hyperthermia therapy of glioblastoma. 

This talk will present the recent advancements and discuss the potential, challenges and 

limitations of the translation of MRXI towards human applications.   

 

[1] A. Jaufenthaler et al., Sensors 20:3 (2020). 

[2] A. Jaufenthaler et al, Sensors 21:4 (2021). 

[3] P. Schier et al., Phys. Med. Biol. 66:23 (2021). 

[4] P. Schier et al, Med. Phys. 49:5 (2022). 
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Engineering and in-phantom testing of an RF applicator for 

electromagnetic hyperthermia 

Riccardo Ferreroa, Ioannis Androulakisb, Luca Martinoa, Robin Nadarc,  

 Gerard C. Van Rhoonb, Alessandra Manzina 

a Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
b Dept. of Radiotherapy, Erasmus MC Cancer Institute, UMC, Rotterdam, The Netherlands 

c Dept. of Radiation Science and Technology, TU Delft, Delft, The Netherlands 

The study of the biological effects of therapeutic hyperthermia in oncology and the precise 

quantification of thermal dose, when heating is coupled with radiotherapy or chemotherapy, 

are active fields of research [1]. The reliable measurement of hyperthermia effects on cells and 

tissues requires a strong control of the delivered power and of the induced temperature rise [2].  

To this aim, we have developed a radiofrequency (RF) electromagnetic (EM) applicator 

based on a coaxial TEM design [3], consisting of an open-ended coaxial line with a hollow 

inner conductor operating at 434 MHz and specifically engineered for in vitro tests on 3D cell 

cultures [4]. The RF applicator has been designed with the aid of an extensive modelling 

analysis, which combines EM and thermal simulations. Subsequently, the heating performance 

of the built prototype has been validated by means of temperature measurements carried out on 

tissue-mimicking phantoms and aimed at monitoring spatial and temporal variations of 

temperature. Temperature was acquired with both an array of fiber-optic thermometers and IR 

thermal camera. As illustrated in Figure 1, the built RF applicator consists of an outer 

cylindrical conductor connected to the metallic shield of the feeding coaxial cable and a hollow 

inner cylindrical conductor, connected to the coaxial cable core. The inner conductor is 

engineered to irradiate the EM field in a specific target region, centered in the aperture. Thermal 

measurements on agar gel phantoms have proved that the RF applicator is able to guarantee a 

strong uniformity of the temperature in the target region and a stable maintenance of the desired 

temperature, achieved with a simple tuning of the supplied power [4]. 

 

[1] A.L. Oei et al. Adv. Drug Deliv. Rev. 2020, 163–164, 84–97. 

[2] C.M. van Leeuwen et al. Int. J. Hyperthermia 2017, 33, 160–169. 

[3] J.J.W. Lagendijk, J. Microw. Power 1983, 18, 367–375. 

[4] R. Ferrero, et al. Sensors 2022, 22(10), 3610. 

 

Figure 1: (a) Cross section of the RF applicator. (b) Built prototype. (c) Spatial distribution 

of temperature measured with an IR thermal camera on the central longitudinal plane of a 

split phantom after heating the phantom with a 5 W power for 5 min, compared to the 

calculated map. 
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Estimating the heating and its spatial distribution of complex
nanoparticle aggregates for magnetic hyperthermia

Jonathan Leliaerta, Javier Ortega Juliaa,b, Daniel Ortegac,d

a Ghent University, Ghent, Belgium
b IMDEA Nanoscience, Madrid, Spain

c INiBICA, Cadiz, Spain
d Univeristy of Cadiz, Cadiz, Spain

Understanding and predicting the heat released by magnetic nanoparticles is central to
magnetic  hyperthermia  treatment  planning.  These  nanoparticles  tend  to  form  aggregates
when injected in living tissues, which alters their response to the applied alternating magnetic
field and prevents predicting the released heat accurately.

In this talk we propose and validate an equation that can be used to resolve the individual
heat  dissipation  of  interacting  nanoparticles  at  nonzero  temperature.  After  assessing  this
equation for different model systems, we have found that the proportion of heat dissipated in
each  individual  particle  tends  to  become  more  uniformly  distributed  for  larger  applied
fields[1]. Harnessing the developed methodology, we next performed an in silico analysis to
investigate the heat released by nanoparticle aggregates featuring different size and fractal
geometry factors[2]. By digitally mirroring aggregates seen in biological tissues, we found
that  the  average  heat  released  per  particle  stabilizes  starting  from  moderately  small
aggregates, facilitating the estimates for their larger counterparts. Additionally, we studied
the heating performance of particle aggregates over a wide range of fractal parameters. We
compared this result with the heat released by non-interacting nanoparticles to quantify the
reduction of heating power after being instilled into tissues. 

Our  results  can  be  used  to  estimate  the  expected  heating  in  vivo  based  on  the
experimentally  determined  nanoparticle  properties  and  addressed  one  of  the  most
longstanding challenges  in hyperthermia,  which is  to achieve a  homogeneous therapeutic
temperature distribution in the target region during a treatment.

[1] J. Leliaert, et al, Nanoscale 13 (35) (2021), 14734-14744

[2] J. Ortega Julia, et al, arXiv preprint 2207.14551

Figure 1: Left: The heat dissipated by two interacting nanoparticles as function of applied
field strength, displaying more homogeneous heating for larger fields. The inset shows the
equation used to estimate the individual particle heating. Right: The heating per particle as
function of aggregate size for two aggregates with different fractal geometries.
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Skin-conformal magnetoreceptors human-machine interaction 

Pavlo Makushkoa,b, Eduardo Sergio Oliveros Mataa, Gilbert Santiago Cañón 

Bermúdeza, Mariam Hassanc,d, Sara Lauretic, Christian Rinaldie, Federico Fagianie, 

Gianni Baruccad, Yevhen Zabilaa,g, Jürgen Fassbendera, Igor Vladymyrskyib, Manfred 

Albrechtf, Gaspare Varvaroc, Rui Xua, Denys Makarova 

a Helmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Ion Beam Physics and Materials 

Research, Dresden, Germany 
b Paton Institute of material Science and Electric Welding, National Technical University of 

Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Prospect Peremogy 37, Kyiv 03056, 

Ukraine 
c Consiglio Nazionale delle Ricerche, Istituto di Struttura della Materia, nM2-Lab, Via 

Salaria km 29,300 Monterotondo Scalo (Roma), 00015, Italy 
d Università Politecnica delle Marche, Dipartimento SIMAU, Via Brecce Bianche, Ancona 

60131, Italy 
e Department of Physics, Politecnico di Milano, c/o via G. Colombo 81, 20133 Milano, Italy 

f Institute of Physics, University of Augsburg, Universitätsstraße 1 Nord, D-86159 Augsburg, 

Germany 
g The H. Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, 31–342, 

Krakow, Poland 

Artificial magnetoception, i.e., electronically expanding human perception to detect 

magnetic fields, is a new and yet unexplored route for interacting with our surroundings. This 

technology relies on thin, soft, and flexible magnetic field sensors, dubbed magnetosensitive 

electronic skins (e-skins) [1]. These devices enable reliable and obstacle insensitive 

proximity, orientation and motion tracking features [2, 3] as well as bimodal touchless-tactile 

interaction [4]. 

Although, basic interactive functionality has been demonstrated, the current on-skin 

magnetoreceptors are not yet employed as advanced spintronics-enabled switches and logic 

elements for skin compliant electronics. The major limitation remains primarily due to the 

use of in-plane magnetized layer stacks. The predominant in-plane sensitivity prevents these 

devices from becoming intuitive switches or logic elements for interactive flexible 

electronics, as the natural actuation axis of switches is out-of-plane. 

Here, we will introduce current technologies towards realization of skin-conformal 

magnetoelectronics for touchless and tactile interactivity in virtual and augmented reality. 

The focus will be put on the fabrication of on-skin spin valve switches with out-of-plane 

sensitivity to magnetic fields [5]. The device is realized on a flexible foil relying on Co/Pd 

multilayers with perpendicular magnetic anisotropy and synthetic antiferromagnet as a 

reference layer. Owing to the intrinsic tunability, these interactive elements can provide 

fundamental logic functionality represented by momentary and permanent (latching) switches 

and reliably discriminate the useful signals from the magnetic noise. The flexible device 

retain its performance upon bending down to 3.5 mm bending radii withstand more than 600 

bending cycles. 

We showcase the performance of our device as on-skin touchless human-machine 

interfaces, which allows interactivity with a virtual environment, based on external magnetic 

fields. We envision that this technology platform will pave the way towards 

magnetoreceptive human-machine interfaces or virtual- and augmented reality applications, 

which are intuitive to use, energy efficient, and insensitive to external magnetic disturbances. 

 

[1] G. S. C. Bermúdez, & D. Makarov, Advanced Functional Materials 31 (2021), 

2007788. 
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[2] M. Melzer, Nature Communications 6 (2015), 6080. 

[3] G. S. C. Bermúdez, Nature Electronics 1 (2018), 589. 

[4] J. Ge, Nature Communications 10 (2019), 4405. 

[5] P. Makushko, Advanced Functional Materials 31 (2021), 2101089. 
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In silico modelling of pre-clinical tests of magnetic hyperthermia 

Marta Vicentinia,b, Riccardo Ferreroa, Marta Vassalloa,b, Alessandra Manzina 

a Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
b Politecnico di Torino, Torino, Italy 

In magnetic hyperthermia, the temperature increase in diseased tissues is achieved after the 
administration and activation of magnetic nanoparticles (MNPs), which release heat when 
exposed to AC magnetic fields with frequency of 50-500 kHz. The evaluation of MNP efficacy 
involves preclinical studies, generally conducted on murine models [1]. During in vivo tests, 
several factors have to be considered to optimize heat deposition and reduce side-effects, like 
hot spots caused by eddy currents. These factors comprise the fulfilment of biophysical limits 
when selecting field parameters [2], the dependence of MNP specific heating power on 
experimental conditions, the field applicator geometry and positioning, and the spatial 
distribution of MNPs within the tumour, strongly influenced by administration route. This 
scenario requires the development of methodologies able to guide the experiments on animals 
and support the result interpretation, for a possible translation to humans. 

In this framework, we developed in silico models to support in vivo tests of magnetic 
hyperthermia. The simulations were performed on digital phantoms of murine models (mice 
and rats), with a high-resolution reproduction of tissues and organs. We focused on the 
evaluation of the possible eddy currents induced in the body during hyperthermia sessions [3] 
and the calculation of thermal effects, consequent to MNP excitation [4]. Different applicators 
were compared, studying the role of geometry and position on the magnetic field distribution 
within the target tissue. To avoid adverse eddy current effects, we considered the Herg-Dutz 
limit for selecting field frequency and amplitude. Several in silico experiments were performed 
to evaluate the heating effects produced by MNPs, versus MNP type, dose and spatial 
distribution.  

 

[1] H.F. Rodrigues et al., Int. J. Hyperthermia 37 (2021), 76-99. 

[2] R. Hergt and S. Dutz, J. Magn. Magn. Mater. 311 (2007), 187. 

[3]  M. Vicentini, M. Vassallo, R. Ferrero, I. Androulakis and A. Manzin, Computer 

Methods and Programs in Biomedicine 223 (2022), 106975 

[4]  A. Manzin, R. Ferrero and M. Vicentini, Adv. Theory. Simul. 4 (2021), 2100013. 

 

 

Figure 1: The figure shows the results obtained for a 500 g rat, when treating tumour with iron oxide 
NPs activated by a 150 kHz magnetic field, generated by a solenoid placed close to the target region. 
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Taming the influence of dipolar interactions in nanoparticle 

assemblies for magnetic hyperthermia 
 

Òscar Iglesiasa 
bDpt. Física de la Matèria Condensada and IN2UB, Universitat de Barcelona, Av. 

Diagonal 645, 08028 Barcelona (Spain) 
 
Magnetic hyperthermia is one of the most promising biomedical applications of 

magnetic nanoparticles (NP) and is intended to be alternative to cancer therapies based on 
drug delivery and radiotherapy. The range of suitable intrinsic parameters of the NP (such as 
saturation magnetization, anisotropy, shape and size) [1] and of applied magnetic ac fields 
that maximize the specific absorption rate (SAR) has been thoroughly studied [2] and mostly 
understood. However, there is still ongoing controversy on the role that aggregation state of 
the assemblies and dipolar interactions (DI) play on SAR. Here, we will study in regular 
lattices on SAR using Monte Carlo simulations of hysteresis loops in the macrospin 
approximation [3], showing that SAR can be increased or decreased with respect to the non-
interacting case depending on the spatial arrangement of the NP assembly, particle size and 
separation. Next, we will show that, although in random assemblies dipolar interactions 
usually decrease SAR, their pernicious effect can be diminished by controlling: 1) the 
thickness of the surfactant covering the NP forming the clusters (Fig. a), 2) the regions on 
which the NP are deposited [4] (inside and at the surface of liposomes/cells, clusters), and 3) 
the global shape of the disordered assemblies (Fig. b). Acknowledgments: Work supported by 
Spanish MINECO (PGC2018-097789-B-I00, PID2019-109514RJ-I00), Catalan DURSI 
(2017SGR0598) and EU FEDER funds (Una manera de hacer Europa) also CSUC for 
supercomputer facilities. 

Surfactant thickness (a) and concentration (b) dependence of the hysteresis loop area 
(SAR) for different kinds of NP random assemblies.  
 

[1] S.-H. Noh, et al. Nano Today 13, 61 (2017); R. Hergt et al. Nanotechnology 21, 015706 (2010). 
[2] B. Mehdaoui, et al.Phys. Rev. B 87, 174419 (2013); R. P. Tan et al.Phys. Rev. B 90, 214421 

(2014); P. Hasse and U. Nowak Phys. Rev. B 85, 045435 (2012); P. V. Melenev et al. Phys. Rev. 
B 86, 104423 (2012). 

[3] C. Martínez-Boubeta et al. Scientific Reports 3, 1652 (2013). 
[4] Brollo et al., Phys. Chem. Chem. Phys. 20, 17829 (2018); ACS Appl. Mater. Interf. 11, 340 

(2019); 12, 4295 (2020); D. Niculaes et al., ACS Nano 11, 12121 (2017); V. Zyuzin et al. ACS 
Appl. Mater. Inter. 11, 41957 (2019). 
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Nonlinear magnetorelaxometry of magnetic nanoparticles with
optically pumped magnetometers

Aaron Jaufenthalera, Peter Schiera, Daniel Baumgartena

a Institute of Electrical and Biomedical Engineering, UMIT – Private University for Health
Sciences, Medical Informatics and Technology, Hall  in Tirol, Austria

Magnetic  hyperthermia  is  a  promising  biomedical  application  of  magnetic
nanoparticles (MNP). The basic idea is to deliver MNP to a tumor region and to locally ablate
the  tissue.  The  tissue  is  heated  indirectly  by  applying  AC magnetic  fields  to  the  MNP
(hysteresis losses) [1]. A prerequisite for precise treatment control is the knowledge of the
quantitative  MNP  distribution  in  and  around  the  tumor [2].  It  is  possible  to  gain  such
quantiative information by magnetorelaxometry (MRX) imaging, where the MNP’s response
to pulsed DC magnetic excitation field is measured, and an ill-conditioned inverse problem is
solved [3]. Usually, only low millitesla magnetic fields are used for magnetizing the MNP in
MRX. There are several reasons for this. First, applying stronger fields is problematic for
commonly used superconducting quantum interference device (SQUID) magnetometers, due
to flux trapping. Second, the usual inverse imaging problem conveniently requires a linear
magnetization response of the MNP with respect to the applied magnetic field. For the future
goal of upscaling MRX imaging to human applications it  is inevitable to drive e.g. MNP
close to the surface into the nonlinear region when exciting MNP at deep regions. In a first
step it needs to be shown that high excitation fields can be applied to MNP and sensors.
Further, the relaxation properties at high excitation fields need to be investigated, which is
presented  here.  We  evade  SQUID  flux  trapping  by  investigating  novel  pulsed  optically
pumped magnetometers [4], which promised to be robust against pulsed magnetic fields in
our laboratory, and offer microsecond short recovery times. Here, we demonstrate MRX with
excitation  fields  up  to  21 mT.  The  relaxation  is  driven  significantly  into  the  nonlinear
magnetization range of the MNP. 

In fig. 1 the relaxation amplitude of MNP with respect to different excitation fields is
shown. The amplitude drop for higher fields was unexpected. We will present simulations
reflecting this behavior. The key is, that the MNP’s diameter distribution needs to be well-
considered,  since  each  single  MNP has  e.g.  a  different  (Néel) relaxation  time,  saturation
magnetization and anisotropy. 

[1] S. He et al., Small 14:29 (2018), 1800135.

[2] S. Healy et al., Wiley Int. Rev.: Nanomed. and Nanobiotech. (2022), e1779.

[3] M. Liebl et al., Phys. Med. Biol. 59 (2014), 6607-6620.

[4] A. Jaufenthaler et al., Sensors 21:4 (2021), 1212.

Figure 1: Measured relaxation amplitudes with respect to the applied pulsed DC excitation
field.
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Mimicking synaptic functionalities in magneto-ionic synapse for 

neuromorphic computing 

P. Monalishaa, Zheng Maa, Eva Pellicera, Enric Menéndeza, and Jordi Sorta,b 

a Departament de Física, Universitat Autònoma de Barcelona, E-08193 Cerdanyola del 

Vallès, Spain 
b Institució Catalana de Recerca i Estudis Avançats (ICREA), Pg. Lluís Companys 23, E-

08010 Barcelona, Spain 

 

Neuromorphic computing (NC), which emulates the biological neural network, is 

considered for the low-power implementation of artificial intelligence (AI). So far, most of 

the proposed neuromorphic devices are based on redox-based resistive memories or 

memristors, where the device resistance is tuned. However, the usage of electric current in 

such resistive devices consumes a lot of additional energy due to Joule heating. As an 

alternative, the use of electric fields instead of currents to manipulate magnetic properties, i.e. 

voltage control of magnetism (VCM) holds great potential for low-power implementation of 

NC. In this context, voltage-induced ion (O, H, Li, F or N) motion to modulate magnetism 

(magneto-ionics) has revolutionized VCM, as this allows for a voltage-driven modulation of 

magnetic properties to an extent never reached by any other magnetoelectric means.1   

In the present work, we have explored the magneto-ionic effects in transition metal 

nitrides (FeCoN) to emulate biological synapses. The magnetization of the FeCoN system has 

been modulated by applying voltage pulses for spin-based NC.2,3 We have realized non-

volatile multilevel states in the proposed magneto-ionic synapse for analog computing. 

Moreover, essential synaptic behaviors such as spike amplitude-dependent plasticity (SADP), 

spike duration-dependent plasticity (SDDP), long term potentiation/depression (LTP/LTD) of 

the human brain have been successfully mimicked in the FeCoN system. Furthermore, the 

device shows excellent cyclability and high endurance for hardware implementation of 

neuromorphic computing. This research provides insight into the great potential of magneto-

ionics for spin-based neuromorphic systems. 

 

1 M. Nichterwitz, S. Honnali, M. Kutuzau, S. Guo, J. Zehner, K. Nielsch, and K. Leistner, 

APL Mater. 9, (2021). 

2 S. Martins, J. De Rojas, Z. Tan, M. Cialone, A. Lopeandia, J. Herrero-Martin, J.L. Costa-

Kramer, E. Menendez, and J. Sort, Nanoscale 14, 842 (2022). 

3 R. Mishra, D. Kumar, and H. Yang, Phys. Rev. Appl. 11, 1 (2019). 
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Vehicle-driven control scheme for a misalignment-tolerant 

bidirectional inductive power transfer system 

Francisco J. López-Alcoleaa, Emilio J. Molina-Martínezb, Alfonso Parreño-Torresc, 

Javier Vázquezb, Pedro Roncero-Sánchezb 

a School of Industrial Engineering, UCLM, Ciudad Real, Spain 
b Institute of Energy Research and Industrial Applications, UCLM, Ciudad Real, Spain 

c School of Industrial Engineering, UCLM, Albacete, Spain 

This work proposes a control scheme for the bidirectional power transfer in an IPT 

system whose configuration corresponds to the one shown in fig. 1 [1]. The ground assembly 

(GA) is connected to a DC bus and is composed of an H-bridge inverter and the GA coil. 

Another H-bridge inverter feeds the vehicle assembly (VA) coil, and a DC-DC converter is 

placed between the inverter and the EV battery. Each coil in the IPT system is compensated 

by a capacitor placed in series, resulting in the widely used series-series (SS) compensation. 

The H-bridge inverter located in the GA operates in a square wave configuration, whereas 

the H-bridge inverter placed in the VA uses the phase-shift modulation. The switching of the 

transistors T1 and T2 in the DC-DC converter is controlled by a variable duty cycle. There are 

two control loops based on proportional-integral (PI) regulators. The first one uses the duty 

cycle of the DC-DC converter for controlling the voltage of the DC bus in the VA, VVA,dc, 

whereas the current in the battery, IBat, is controlled by the phase-shift angle applied to the H-

bridge inverter placed in the EV. In this manner, the bidirectional power transfer is controlled 

entirely by the EV, leading to an easier operation of the GA power electronics. 

In SS-compensated IPT systems, an increase (decrease) in the strength of the magnetic 

coupling caused by the approaching (misalignment) of the coils will lead to a decrease 

(increase) in the power transferred by the IPT system. The control scheme uses the reference 

voltage for the DC bus in the VA to adapt the operation of the IPT system when the coupling 

coefficient is modified. The variation of the DC bus voltage allows the control scheme to 

adjust the IPT system operation in order to keep the current in the battery (and the power 

transferred) within a pre-determined range when there are deviations in the coupling 

coefficient. The applicability of this control scheme is demonstrated through a Hardware-In-

the-Loop emulation of the proposed power system and the programming of the control loops 

in a dSPACE MicroLabBox control platform. 

 

 
 

[1] Molina-Martínez, E.J.; Roncero-Sánchez, P.; López-Alcolea, F.J.; Vázquez, J.; 

Torres, A.P. Control Scheme of a Bidirectional Inductive Power Transfer System for 

Electric Vehicles Integrated into the Grid. Electronics 2020, 9, 1724. 

https://doi.org/10.3390/electronics9101724 

 

Figure 1: Block diagram of the proposed inductive power transfer system [1]. 
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SS and LCC compensation system for SWPDT: 

comparative analysis 

Inmaculada Casaucaoa, Alicia Triviñoa  

a Escuela de Ingenierías Industriales, University of Málaga, Spain 

In the charging process of an electric vehicle (EV), information is exchanged between the 

EVSE (EV Supply Equiment) and the EV through the charging connector. Therefore, if 

wireless vehicle charging is desired, a wireless information transmission system must also be 

included. For wireless data transmission, commercial technologies can be used, such as 

Bluetooth, Bluetooth Low Energy (BLE), Zig-Bee, Radio Frequency (RF) and IEEE 802.11 

(Wi-Fi). However, these solutions have some drawbacks, such as pairing problems, 

connection losses, transmission delays and, most importantly, cybersecurity issues due to the 

numerous attacks that can be carried out on each of the technologies by an attacker. In this 

way, the aim is to replace the use of commercial technologies with the use of the power 

circuit itself to transmit the information. This circuit is named as SWPDT (Simultaneous 

Wireless Power and Data Transfer) systems. Power and data can be sent simultaneously with 

different frequencies. 

In SWPDT circuits, the main compensation systems are SS and LCC-LCC. Thus, we 

want to analyse the performance of the communication channels supported by these two 

systems. There are numerous comparatives of wireless power transfer systems in electric 

vehicles for these compensation systems, however, there is no a deep comparative to analyse 

their performance in terms of data transmission (bandwidth, data rate).  

We have carried out a theoretical study to define the equations that constitute the transfer 

function for each of these circuits. To check the correspondence of these theoretical equations 

with the experimental, we have designed and implemented a SS and LCC-LCC inductive 

resonant circuit, together with two toroidal core transformers for data transmission, resulting 

in the graphs shown in Figure 1. Thus, it can be seen that experimental results (black dots) 

and theoretical results (blue line), are highly coincident. 

 

                                    
        (a)   (b) 

Figure 1. Power and data transfer function for: (a) SS compensation system; (b) LCC 

compensation system  

 

In addition to verifying the validity of these equations, it has also been concluded that 

there are no significant bandwidth differences in the 1 MHz frequency range, however, in the 

case of LCC compensation, there is another range where the gain becomes significant, which 

corresponds to a frequency range between 80 kHz and 120 kHz. 

 

[1] Liu, X.; Clare, L.; Yuan, X.; Wang, C.; Liu, J. A Design Method for Making an LCC 

Compensation Two-Coil Wireless Power Transfer System More Energy Efficient Than 

an SS Counterpart. Energies 2017, 10, 1346. https://doi.org/10.3390/en10091346 
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Effective electrical model of a can of soda as foreign object in EV 

wireless charger 

Eliseo Villagrasa Guerreroa, Alicia Triviño Cabreraa 

a Escuela de Ingenierías Industriales, Universidad de Malaga, Malaga (Spain) 

Nowadays inductive charging is the most widespread technology used in Wireless Power 

Transfer (WPT) for Electric Vehicles (EV). It is based on a magnetic field that can suffer 

alterations due to foreign objects, hence Metal Object Detection (MOD) techniques are 

necessary to guarantee the proper functioning of the charger and avoid damaging the system. 

Nowadays the most used techniques for MOD are sensor-based, electrical detection and 

sensing pattern-based. In order to avoid external elements and to reduce costs, we analyse an 

electrical detection based technique, for which we measure current and voltage on the 

transmitter (Tx) and the receiver (Rx). To know the reliability that this method can provide, it 

is necessary the accurate modelling of typical objects. 

In this work, it has been implemented a theoretical model which can predict the presence 

of a soda can between the coils. A model of the can and its effects on the WPT have been 

designed using an equivalent conductor layer for Finite Element Method (FEM). The model 

has been incorporated into a complete equivalent circuit. The features of the equivalent 

circuit depends on the positions of the can. The simulation results have been compared with 

those measured experimentally with a SAE J2954- compliant WPT prototype for different 

positions. The results can be seen on the following image where green dots represent the 

simulated parameters and the blue ones the measured. A 5% error is also represented to 

illustrate the accuracy of the model developed. 

As a result, it has been reached to the conclusion that the model developed for the can is 

valid and it can be used for the object detection in WPT systems. 

 

[1] J. -W. Jeong, S. -H. Ryu, B. -K. Lee and H. -J. Kim, "Tech tree study on foreign 

object detection technology in wireless charging system for electric vehicles," 2015 IEEE 

International Telecommunications Energy Conference (INTELEC), 2015, pp. 1-4, doi: 

10.1109/INTLEC.2015.7572294. 

[2] A. Delgado, G. Salinas, J. A. Oliver, J. A. Cobos and J. Rodriguez-Moreno, 

"Equivalent Conductor Layer for Fast 3-D Finite Element Simulations of Inductive 

Power Transfer Coils," in IEEE Transactions on Power Electronics, vol. 35, no. 6, pp. 

6221-6230, June 2020, doi: 10.1109/TPEL.2019.2949438. 

 

 

 

a)                               b)                                 c)                                 d) 

Figure 1: a) Current of Tx; b) Phase of the current of Tx; c) Voltage of Tx; d) Phase of the 

voltage of Tx. 

6.5 Session - Converters, marerials, devices and algorithms for Wireless Power Transfer in mobility
applications 6 ABSTRACTS

66



Compensation Topologies for Capacitive Power Transfer for EV 

Van-Binh Vua, Alicia Trivinob, José González-Gonzálezb 

a School of Engineering, Newcastle University, UK 
b Department of Electrical Engineering, University of Malaga, Málaga, Spain 

Capacitive power transfer (CPT) systems are getting more and more attentions for 

the application of electric vehicles (EVs) charging. This method shows several 

advantages of lower cost implementation and less sensitivity to the metal surrounding 

the charging station, compared to the traditional inductive charging. For the purposes 

of improving efficiency, the compensation topologies are normally required in a CPT 

charging system for EVs. The compensation circuits are placed before and/or after the 

capacitive coupling plates, to compensate for low mutual capacitance between two 

sides. This paper aims to review different compensation topologies in terms of (1) the 

number of utilized external components, (2) design complexity, (3) efficiency and (4) 

other performances. Experimental results are provided to support the background 

theory. The CPT technique is widely applied for low power and small air-gap 

applications such as charging consumer electronics or LED lighting. In these 

applications, a compensation circuit is only a simple inductor connecting in series. 

This can be placed on one or both sides of the capacitive plates for compensating 

leakage capacitance. With the introduction of EVs and inductive wireless charging, 

people now realize more benefits of utilizing these technologies. Research is 

continuously conducted to find a cheaper solution for wireless EVs charging. CPT 

technology can be seen as one of the candidates to potentially replace inductive 

charging in the future. Utilization of cheap metal places is preferable than using an 

expensive and bulky inductive coil with ferrite. However, with a high air-gap (i.e., up 

to 20cm) in EVs system, the mutual capacitance between two plates decreases to a 

small value, i.e., the picofarad range. This brings difficulty to transfer a large amount 

of power for charging EVs. Fundamentally, the charging power depends on the 

following factors in an CPT system: operating frequency, mutual capacitance and 

value of inductance and/or capacitance values in the compensation tanks 

For the first factor, it is recommended that the switching frequency should be 

higher than 1 MHz in order to match the requirement of power charging level. For the 

low mutual capacitance issues, additional parallel capacitors are added to the 

capacitive plates to effectively transfer an adequate amount of power with acceptable 

efficiency. In the third aspect, different ways to place additional inductor/capacitor 

bring different compensation topologies. This paper analyses and compares the 

following topologies in CPT charging for EVs: 

• Single-sided L and double-sided L: only inductor is connected to the 

capacitive plates, on one side or both sides. 

• Double-sided LC: a pair of inductor and capacitor are added to the 

capacitive plates on both sides. 

• Double-sided LCL: a circuit of inductor/capacitor/inductor are added to 

the capacitive plates on both sides.  

• Double-sided LCLC: a circuit of inductor/capacitor/inductor/capacitor are 

added to the capacitive plates on both sides. 

• Asymmetrical topology LCL-L: an LCL tank is added in one side while on 

the other side is a simple inductor connecting in series. 
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Selective Wireless Power Transfer System with Multiple Loads based 

on loads Resonant Frequencies 

Vittorio Bertolinia, Ermanno Cardellib, Antonio Fabac 

a Università degli studi di Perugia, Perugia, Italy 
b Università degli studi di Perugia, Perugia, Italy 
c Università degli studi di Perugia, Perugia, Italy 

 

 

      Wireless Power Transfer (WPT) Systems are used in several sectors since the multiple 

advantages they can give, such as: improved compactness thank to the absence of bulky cables, 

total electric insulation between transmitter and receiver and reduced maintenance costs. 

 

An important necessity for these systems is the possibility to feed multiple loads. A 

common solution consists in the usage of different transmitters, one for each load. However, 

this strategy is quite expansive. For this reason, the attention is focused on the possibility to 

use a single source for different receivers. 

 

In this work, a selective Wireless Power Transfer system based on the relationship among 

the operating frequency and the resonant frequencies of the loads will be proposed. In 

particular, setting the different loads on different resonant frequencies, chosen a particular 

operating frequency for the transmitter, the load whose resonant frequency is the nearest to the 

operating one, will receive the largest percentage of power from the source, reaching the 

maximum of the transferable power when the operating frequency is equal to the load resonant 

frequency, with the other loads that don’t receive any power. Figure 1 shows the circuital 

structure of the system with two different receivers (the number of loads could be also 

increased). 

 

 

 

     An analytic model for this system will be presented, focusing the attention on the 

optimization of the individual components to obtain a system as more selective as possible. 

Experimental values will be measured to validate the model. 

 

Figure 1: Equivalent circuit of a Wireless Power Transfer System with two loads 
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An Active Variable Reactance for Wireless Power Transfer 

Fabio Cortia, Alberto Reattib 

a University of Perugia, Perugia, Italy 
b University of Florence, Florence, Italy 

 

   Inductive Wireless Power Transfer (IWPT) allows the transmission of power without a 

direct connection between primary and secondary. Thanks to their advantages, they are 

widely used in several applications ranging from mobile phones to electric vehicle charging. 

The power is transferred by two magnetically coupled coils separated by an airgap up to tens 

of centimetres, leading to a very low coupling coefficient. Thus, to increase transmission 

efficiency, resonant compensations are usually used. These compensations are obtained by 

adding reactive components in series or in parallel to the coils. Several topologies have been 

proposed over the years.  

The control of these topologies is usually realized varying the operating frequency. This 

allows for the exploitation of the characteristics of the compensation to regulate the output 

current. Although the simplicity of this approach, the main drawbacks to operating at variable 

frequency are electromagnetic interference, harmonic distortion and the impossibility of 

optimizing the filters along the entire operating frequency range. For these reasons, in this 

work, the authors propose an innovative control strategy based on the variation of an active 

variable reactance which allows for the regulation the output current maintaining a constant 

operating frequency 

      Variable reactance is a two-port element that works as a variable passive reactive 

element [1]. As shown in Fig. 1(b), it consists of a full-bridge connected to a DC link 

capacitor. Using a proper control strategy is possible to change the impedance seen by the 

circuit to which it is connected. Another advantage is the higher power density respect to the 

same value of reactance realized passively [2]. In addition, as shown in [3], higher reliability 

can be achieved. 

   Thus, in this work, an active inductance is realized and its use is evaluated in a LCC-S 

compensated IWPT system. The advantages and disadvantages respect to the traditional 

system will be evaluated through an experimental setup. 

 . 
[1] H. Funato and A. Kawamura, "Proposal of variable active-passive reactance," Proceedings of 

the 1992 International Conference on Industrial Electronics, Control, Instrumentation, and 

Automation, 1992, pp. 381-388 vol.1, doi: 10.1109/IECON.1992.254576. 

[2] H. Wang and H. Wang, "A Two-Terminal Active Capacitor," in IEEE Transactions on Power 

Electronics, vol. 32, no. 8, pp. 5893-5896, Aug. 2017, doi: 10.1109/TPEL.2017.2668764. 

[3] H. Wang and H. Wang, "Benchmark of DC-link LC Filters based on Passive Inductor and Two-

terminal Active Inductor," 2019 IEEE International Conference on Industrial Technology (ICIT), 

2019, pp. 388-393, doi: 10.1109/ICIT.2019.8755131. 

 
(a)                                                          (b) 

Fig. 1: LCC-S Compensation. (a) Resonant topology. (b) Topology  
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Micromagnetic simulations as a tool for bottom-up explainability of 

FORC diagrams 

Leoni Bretha, Thomas Schrefla, Johann Fischbachera, Harald Özelta, Alexander 

Kovacsa, Christoph Czettlb, Julia Pachlhoferb, Maria Schwarzb and Hubert Brückla 

aUniversity of Continuing Education Krems, Dept. for Integrated Sensor Systems, 2700 Wr. 

Neustadt, Austria 
bCeratizit Austria GmbH, R&D Cutting Tools, 6600 Reutte, Austria 

 

First Order Reversal Curve (FORC) diagrams are a powerful means to analyse hysteresis 

of magnetic particle ensembles occurring in natural samples taken from soil sediments as 

well as for synthetic nanostructured media. Potential future applications are the non-

destructive analysis of the magnetic cobalt binder in sintered tungsten carbide (WC-Co). 

Tracing back the “magnetic fingerprint” from the FORC diagram to its microscopic origin 

remains challenging though [1]. For particles with dimensions exceeding the single domain 

limit at zero field, micromagnetic simulations provide useful insights into the microscopic 

magnetization reversal process. Here, we present simulations of FORCs in Co cubes with 

uniaxial magnetocrystalline anisotropy as a prototype study for WC-Co. When the cube 

dimensions are above the single domain limit, a domain wall is formed. This two-domain 

state is stable within a certain field range and its nucleation and annihilation are characterised 

by distinct peaks in the FORC diagram. The peak positions and their tails can be fully 

explained by an analytical model assuming curvilinear hysterons [2]. Furthermore, the 

micromagnetic simulation shows that 

starting from negative saturation or 

from the two-domain state leads to 

different reversal paths owing to the 

asymmetry of the field configuration 

(Fig. 1). The corresponding FORCs 

cross each other, which leads to a 

positive-negative twin peak in the 

FORC diagram. Our results show that 

FORC diagrams of particle ensembles 

are the result of a complex superposition 

of positive and negative features arising 

from microscopic magnetization 

processes. Micromagnetic simulations 

will be essential in the ongoing quest for 

using FORCs as a quantitative non-

destructive tool to extract microstructure 

information. 

 

The financial support by the 

Austrian Federal Ministry of Climate 

Action, Environment, Energy, Mobility, 

Innovation and Technology (BMK) in 

the KI-Carbide project (#877141) is 

gratefully acknowledged. 

 

[1] R. K. Dumas et al., Phys.Rev. B 75 (2007), 134405. 

[2] C. Pike and A. Fernandez, J. Appl. Phys. 85 (1999), 6668-6676. 

Figure 1: FORCs and corresponding FORC diagram 

of a 100 nm Co cube with a domain wall nucleating 

at HN and annihilating at HA,1 and HA.2 depending on 

the reversal path. denotes the angle of the external 

field H w.r.t. the easy axis. 
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Quantitative FORC analysis of magnetostatic interactions in 2D-

perpendicular arrays of magnetic wires 
 

Mihaela-Diana Mihalciuc, Andrei-Adrian Domocos, Dorin Cimpoesu, Alexandru Stancu 

 

Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania 

 

 

 

The technology of magnetic recording has evolved in time in order to satisfy the requirements of 

data storage. Nowadays, as a solution for the miniaturization of magnetic recording devices has been 

proposed a technology with 2D-perpendicular arrays of magnetic pillars (short wires) known as bit 

patterned media (BPM) [1]. A similar magnetic array made of magnetic wires with a much higher length 

compared with the wire base diameter is intensively studied for a large number of other applications 

(sensors, microwave devices etc.). The magnetic properties of these structures may be tailored using the 

macroscopic characteristics such as length, diameter, aspect ratio or composition.  

Once the magnetic parts from recording devices move towards the nanometric scale the inter-

particle interactions study is necessary as the stability of stored information is strongly affected by 

interactions. The magnetostatic interactions in 2D-perpendicular arrays of magnetic wires with long lengths 

in the absence of thermal fluctuation have been investigated using first order reversal curves (FORC) [2]. 

From FORC diagrams we can obtain the global image of the interaction and coercivity distributions [3]. 

The theoretical advantage in these 2D-perpendicular arrays is that we can evaluate rather accurately the 

interaction fields in the system and how they are depending on the sample magnetic state. 

In our model we are using the dipole approximation and disk approximation for the interaction field 

of 2D-perpendicular arrays of magnetic wires. The magnetic state of a wire is bistable (up or down). We 

have analyzed the range of interactions for 2D-perpendicular arrays of magnetic wires by using a 

quantitative analysis of the inter wire interactions. The nanoarrays analysed are arranged in rectangular, 

hexagonal and honeycomb structures. We have determined the distance limit from which we can use dipole 

approximation instead of disk approximation for the interaction field of 2D-perpendicular arrays of 

magnetic wires using the quantitative analysis of the inter wire interactions. 

One final important element in our work is the analysis of FORCs and FORC diagrams for these 

systems by varying the length of the wires. Additionally, we have studied the interaction effects as a 

function of the lattice constants. 

 

 

 

 

 

 

 

 

 

[1] T. Albrecht et al, IEEE Trans. Magn. 51(2015), 1. 

[2] D. Mayergoyz, IEEE Trans. Magn. MAG-22(1986), 603.  

[3]     C. Dobrotă, A. Stancu, J. Appl. Phys. 113(2013), 043928. 
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FORC analysis of 2D-perpendicular arrays of mixtures of soft and hard 

magnetic wires 

 

Andrei-Adrian Domocos, Mihaela-Diana Mihalciuc, Alexandru Stancu 
 

Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania 

Structures of magnetic nanowires are investigated for their applicability in various areas: 

in sensors, recording media, microwave devices, etc. The magnetic behaviour of nanowires is 

mostly determined by the shape anisotropy. Using high length/width ratios one may construct 

a type of system with unique properties mainly given by the demagnetising factors. These 

magnetic structures can be used to study fundamental magnetic theories by controlling the 

geometry of nanowires. Nowadays, magnetic nanowires (NWs) are obtained through various 

methods, one of the most common being the porous alumina substrate deposition. The 

dimension of nanowires is determined easily by modifying the geometry of the porous alumina 

substrate. It has been proved that the diameter of nanowires is far more influential for the NWs 

magnetic properties when comparing to the length [1]. We can adjust the coercive field of the 

nanowires through the size of the pores. This approach can be used to create a magnetic 

structure with desired properties.  

Apart from the influence of shape anisotropy on magnetic properties of nanowires, we 

should consider the influence of magnetostatic interactions in these systems. Dobrota and 

Stancu studied the magnetostatic interactions using FORC (First Order Reversal Curves) 

diagrams in 2d-perpendicular arrays of nanowires with a single phase [2]. FORC technique 

designed as a method of identifying the Preisach distributions [3] could be also used as a 

characterization technique for magnetic materials [4]. 

Our study considers simulated 2D perpendicular NWs arrays of different Ni NWs widths.  

We have used the dipolar approximation for the magnetic field produced by an axially 

magnetized wire from a distance in another wire’s centre.  The magnetic response of such a 

device though will imply the interaction of the 2 (or more) phases. To study this response, we 

found the FORC diagram to be a great method of discriminate each one of the phases 

contributions in the final response of the system. As expected, the results show the various 

influences of each distribution with respect to the NWs number ratio and with the interaction 

strengths. This quantitative analysis would also indicate the limits of this method. 

  

 

[1] J. Escrig, IOP NANOTECHNOLOGY 19 (2008) 075713 

[2]     C. Dobrotă, A. Stancu, J. Appl. Phys. 113(2013), 043928. 

[3]     D. Mayergoyz, IEEE Trans. Magn. MAG-22(1986), 603.  

[4]    A. Stancu , C. Pike, J. Appl. Phys . 93(2003), 6620 
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Magnetic Levitation in Fractional-Horsepower Drives 
Wolfgang GRUBER 

Institute of Electrical Drives and Power Electronics, Johannes Kepler University Linz 

Altenberger Str. 69, Upper Austria, 4040 Linz, Austria 

E-mail: wolfgang.gruber@jku.at 
 

1. Introduction 

Magnetically levitated and bearingless devices have long been subjects of academic interest. However, in recent times 

first serial products relying on this technology enter the broader cost-sensitive industrial market [1].This development 

arouses interest to exploit the benefits of magnetic levitation (longer lifetime, high rotational speeds, improved efficiency) 

in a wider field of applications. To become more competitive, especially in the low-power range, costs need to be reduced 

significantly, leading to passive stabilization of several degrees of freedom (coming without the need for additional sensors, 

control and power electronics). This work shows some examples of magnetically levitated small-power drives in industrial 

applications. 
 

2. Magnetically Levitated Spinning Unit 

A first bearingless spinning unit recently has entered the market [2], [3]. It consists of a fully actively magnetically 

levitated shaft with two radial and one axial magnetic bearing in addition to the high-speed motor. 

a) b) 

Figure 1: Magnetically levitated spinning machine: a) levitated shaft, b) modern spinning mill. 
 

3. Magnetically Levitated Fans 

Fans are quite cost-sensitive products. However, Figure 2 shows several bearingless fan developments. With the 

Levitronix BFS-i series we already see a first industrial product, while others devices remain prototypes up to now, but 

have high potential to decrease the manufacturing costs further significantly [4]-[6]. 

a)  b) c) 
Figure 2: Fans featuring contacless operation: 

a) Levitronix BFS-i-series, b) bearingless axial force motor, c) bearingless single drive. 

4. Outlook 

The presentation will dive deeper into possibilities to implement magnetic bearing technology in small cost-sensitive 

electrical drives e. g. by using passively (permanent magnetic, electrodynamic) stabilized degrees of freedom. 
 

References 
[1] W. Amrhein, W. Gruber, W. Bauer and M. Reisinger, “Magnetic Levitation Systems for Cost-Sensitive Applications—Some Design Aspects, “ in 

IEEE Transactions on Industry Applications, vol. 52, no. 5, pp. 3739-3752, Sept.-Oct. 2016 
[2] A. J. Proell, J. Sloupensky, P. Dirnberger and W. Amrhein, “Testing the High Speed Shaft of a Yarn Spinning System with a Magnetic Bearing 

Test Device”, in Proc. 16th Int. Conf. on Magnetic Bearings (ISMB), 2018 

[3] S. Silber, J. Sloupensky, P. Dirnberger, M. Moravec, W. Amrhein and M. Reisinger, “High-Speed Drive for Textile Rotor Spinning Applications,” 
in IEEE Transactions on Industrial Electronics, vol. 61, no. 6, pp. 2990-2997, June 2014. 

[4] Levitronix Media Center, Technical Brochure BFS-i06, https://www.levitronix.com/media-center/technical-brochure-bfs-i06/, Feb. 2020. 

[5] W. Gruber, W. Bauer, D. Wetsch, B. Wex and N. Kurita, “Implementation of a Bearingless Axial-Force/Torque Motor Fan with Flex-PCB 
Windings,” in Proc. IEEE International Electric Machines & Drives Conference (IEMDC), pp. 179-184, 2019. 

[6] H. Sugimoto, I. Shimura and A. Chiba, “A Novel Stator Structure for Active Axial Force Improvement in a One-Axis Actively Positioned Single-
Drive Bearingless Motor,” in IEEE Transactions on Industry Applications, vol. 53, no. 5, pp. 4414-4421, Sept.-Oct. 2017 
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Comparison of lightweight permanent magnet arrays and high-

temperature superconductive coils as excitation systems for air-cored 

long-stator linear synchronous motors 

Tim Hofmanna,b, Domenik Radecka,b, Agnes Jochera 

a Technical University of Munich, Germany; TUM School of Engineering and Design, 

Department of Aerospace and Geodesy 
b NEXT Prototypes e.V., 85748 Garching, Germany 

The Hyperloop community pursues the goal of developing ground-based ultra-high-speed 

transportation systems operating in low-pressure environments. Following the idea of 

designing such a system as next-generation maglev train and separating magnetic levitation 

and propulsion system enables the usage of air-cored long-stator linear synchronous motors 

[1]. As actuator being part of the moving vehicle, different types of excitation systems can be 

used. Here, we compare lightweight permanent magnet arrays with high-temperature 

superconductive excitation. 

 

In a Lorentz-type actuator, the thrust force is proportional to the current and the 

corresponding component of the magnetic flux density. Since air-cored motors do not provide 

guidance for magnetic flux, the excitation system must create sufficiently high magnetic flux 

density, which arrays of permanent magnets are capable of. By taking advantage of a special 

arrangement of permanent magnets, using a steel backplate is no longer mandatory. This 

allows to build lightweight but efficient permanent magnet arrays. In 5 mm distance to its 

surface, the designed, built, and tested lightweight permanent magnet array provides 

magnetic flux densities up to 0.650 T (see fig. 1). 

 

 
Figure 1: To the surface of the permanent magnet array perpendicular component of the 

magnetic flux density for distances of 5, 10, 15 and 20 mm from the surface of the 

permanent magnet array. 

High-temperature superconductive coils can provide at least equally high magnetic flux 

densities by weighing less than permanent magnet arrays. The magnetic flux density can be 

adjusted by actively controlling the power supplied to the system. Decreasing the temperature 

of the superconducting material further increases the superconductors ampacity and therefore 

the maximum possible magnetic flux density. Here, we explain how high-temperature 

superconducting excitation can be beneficial for ultra-high-speed ground transportation such 

as Hyperloop but also for further linear drive systems, for which precision and contactless 

energy transmission are essential. 

 

 

 

 

[1] D. Radeck et al. (2021). The TUM Hyperloop Concept. Under review. 
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Use of MagnetoRheological Fluids for Electromagnetic Applications 

Claudia Simonellia, Antonino Musolinoa, Rocco Rizzoa, Luca Sania, Nicolò Goria 

a Department of Engineering for Energy and Systems, University of Pisa, Pisa, Italy 

 

Magnetorheological fluids (MRFs) are suspensions of micron-sized ferrous particles in oil 

that exhibit a rapid and reversible transition from a liquid state to a near-solid state when an 

external magnetic field is applied. They revealed to be particularly suitable for a wide range 

of electromagnetic applications because of their yield stress range, response time, and 

simplicity of their excitation system. They can be effectively used in the design of haptic 

interfaces and actuators with variable compliance. Two of these devices are described here. 

The Haptic Black Box-with Permanent Magnet device (HBB-PM) shown in Figure 1a 

comprises 400 permanent magnets (PMs) arranged in a 20x20 array that form the excitation 

system [1]. These are placed underneath a 200 mm x 200 mm square plexiglass chamber 

containing the MRF. The NdFeB magnets have a remanence of about 1.4 T. The dimensions 

of each magnet are 10x10x10 mm, and the distance between two adjacent PMs is 3 mm. It is 

possible to control the magnetic field within the fluid using an actuation system, which 

consists of 400 PM stepping motors, that move the magnets in the vertical direction. By 

controlling the field delivered to the chamber, virtual objects could be created within the fluid 

with a given shape and compliance. 

ASFER (Figure 1b) is a spherical magnetorheological/electromagnetic actuator with 3 

DoF. It consists of a partially laminated stator and a concentric double-layer hollow-rotor 

composed of ferromagnetic and conductive materials [2]. An external stator is equipped with 

coils fed by AC voltage (motion coils), while the hollow-rotor, connected to the stator frame 

by a spherical joint, is composed by a spherical ferromagnetic solid core on which a spherical 

conductive shell is placed. A handle is installed on the rotor transmits the rotating and tilting 

movements. The cavity inside the hollow rotor is occupied by a system of DC coils and a 

MRF; Te DC coils constitute an excitation system for the MRF. In this way, it is possible to 

transmit a suitable and controllable passive torque which provide the device with the 

functionality of controlled yielding joint. 

 

[1] C. Simonelli, and A. Musolino, and R. Rizzo, and L. A. Jones. In IEEE World 

Haptics Conference (2021), 61-66. 

[2] R. Rizzo, and A. Musolino, and S. Barmada, and V. Consolo, and E. Crisostomi, and 

N. Fontana, and L. Sani, and M. Tucci, and C. Simonelli. (2021) Electromagnetic 

actuator with variable compliance (WIPO Patent Application WO/2021/094907). 

   
 

a)      b) 
Figure 1: a) Prototype of the HBB-PM and b) prototype of ASFER actuator. 
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Hysteresis branch crossings, negative Barkhausen jumps, and 

inverted hysterons  

Scott A. Mathews 

US Naval Research Laboratory, Washington, DC, USA 

For about 100 years, it has been assumed that the ascending and descending branches of a 

magnetization hysteresis loop cannot cross. This assumption is largely based on the erroneous 

conclusion that region of the crossed branches violates the conservation of energy. It has 

recently been shown that the hysteresis branch crossing (HBC) is a real, reproducible, and 

robust phenomenon which violates no fundamental law [1]. The existence of the HBC, and 

the closely associated negative (or reverse) Barkhausen jump [2], raise several interesting and 

fundamental questions about the way hysteresis has been modelled and the assumptions of 

various mathematical models of hysteresis; in particular, the Preisach model. 

  In this talk, both experimental evidence and theoretical arguments supporting the 

existence of the hysteresis branch crossing and the negative Barkhausen jump will be 

presented. These ideas reveal the fact that a serious flaw exists in the way the Laws of 

Thermodynamics have been applied to hysteresis modelling. Additionally, these ideas reveal 

the need to consider “inverted hysterons” [3] in both the classical and nonlinear Preisach 

models [4]. The implications and nature of the inverted hysteron will be discussed. 

 

 

[1] S.A. Mathews, et al., Sci Rep 10, 15141 (2020). https://doi.org/10.1038/s41598-020-

72233-x. 

[2] V. Hajko, et al., IEEE Trans. Mag., vol. 10, no. 2, pp. 128-131, (1974) 

[3] I. Soldatov, et al., IEEE Magnetics Letters, vol. 11, pp. 1-5, (2020), Art no. 2405805, 

doi: 10.1109/LMAG.2020.3035136 

[4]  I. Mayergoyz, “Mathematical Models of Hysteresis”, Springer-Verlag (1991). 

Figure 1: The x-component of magnetization as a function of applied field calculated 

using the SW-model for angles of 2⁰, 45⁰, and 80⁰ from the hard axis. The ascending and 

descending curves are shown in red and blue respectively. The hysteresis branch crossing 

(HBC) is clearly visible in both the ascending and descending branches at 2⁰. 
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Bearingless Axial-Force/Torque Motor with Reduced Number 

of Power Switches 

Wolfgang GRUBER and Simon HELL 
Institute of Electrical Drives and Power Electronics, Johannes Kepler University Linz 

Altenberger Str. 69, Upper Austria, 4040 Linz, Austria 

E-mail: wolfgang.gruber@jku.at 
 

1. Introduction 

Earnshaw’s theorem forbids mere passive stabilization of a stationary rigid body with magnetostatics fields [1]. Hence, 

at least one degree of freedom has to be controlled by other means. Often, active electromagnetic suspension is 

implemented for stabilizing these remaining unstable degrees of freedom. Very economic magnetically levitated drive 

systems become feasible, when active axial-force generation is combined into a motor, while the remaining radial degrees 

of freedom are stabilized by two radial permanent magnetic ring bearings. 
 

2. Bearingless Axial-Force/Torque Motor 

Back in 2014 the bearingless axial-force/torque motor was developed as fan application [2]. Its cross section is shown 

in Fig. 1. The rotor features three permanent magnetic layers, two homopolar layers on top and bottom and a heteropolar 

layer in the middle. The two-phase four-coil stator air-gap windings are placed in the magnetic field of these permanent 

magnets. The axial winding segments generate torque in the heteropolar layer (creating the pole pair number pz), while the 

coil ends create axial Lorentz forces in the homopolar layers. 

 
Figure 1: Stator and rotor of the bearingless axial-force/torque motor. 

3. Two-Phase Power Electronics 

Figure 2 a) shows the double H-bridge configuration, that the first bearingless axial-flux/torque motor used. Obviously, 

eight power switches are necessary. In this work, we propose an extremely simplified power electronics, as shown in 

Figure 2 b). Only two half bridges remain, while the joint phase ends are connected to a split capacitor potential. 
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a) b)  
Figure 2: Two-phase power electronic circuits. 

4. Outlook 

The final paper will demonstrate the feasibility of the four power switch concept by simulation and measurement. The 

control scheme and its dynamics will be presented in detail. Obviously, lift-off is especially problematic as it needs high 

currents, which will rapidly change the split capacitor potential. To the authors best knowledge, this is the first fully 

magnetically levitated drive that features only four power switches. 
 

References 
[1] S. Earnshaw, “On the nature of the molecular forces which regulate the constitution of the luminiferous ether”, in Transactions of the Cambridge 

Philosophical Society, vol. 7, pp. 97-112, 1842. 

[2] W. Bauer and W. Amrhein, “Electrical design considerations for a bearingless axial-force/torque motor,” in IEEE Transactions on Industry 

Applications, vol. 50, no. 4, pp. 2512-2522, July-Aug. 2014. 
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Energy-based high frequency oscillation control of linear drives 

Florian Poltschaka and Lukas Lahningera 

a JKU HOERBIGER Research Institute for Smart Actuators, Johannes Kepler University, 

Linz, Austria 

The need for highly compact low-friction electrical actuators has led to the development of 

a new form of linear actuator that enables reciprocating motion through direct actuation. The 

mechanical system consists of a mover, an electromagnetic actuator and mechanical springs. 

An exemplary application is a hydraulic piston pump unit operating at mechanical frequencies 

up to 300 Hz. 

To achieve high efficiency in terms of energy consumption, oscillatory actuators are 

designed to operate at their natural frequency. A promising approach are energy-based control 

strategies [1]. Here, we extend the energy-based concept to work with significantly higher 

mechanical oscillation frequencies. Increasing the frequencies is the key factor to improve 

electromagnetic oscillation pumps in size and efficiency. The oscillation energy 𝑉𝑜𝑠𝑐(𝑡) of the 

mover 

𝑉𝑜𝑠𝑐(𝑡) = ∫ 𝐹𝐹(𝜉) 𝑑𝜉

𝑥

0

+
1

2
𝑚𝑚�̇�2 

with the spring force 𝐹𝐹 and mover mass 𝑚𝑚 is obtained by measuring the position 𝑥 and 

calculating the velocity �̇�. It is compared to a reference energy level defining the oscillation 

amplitude and fed back to a force controller. With the difference of energy levels 

Δ𝑉(𝑡) =  𝑉𝑟𝑒𝑓 − 𝑉𝑜𝑠𝑐(𝑡), the control law results in 

𝐹𝑟𝑒𝑓 = (𝑘𝑃 𝛥𝑉(𝑡) + 𝑘𝐼 ∫ 𝛥𝑉(𝜏)
𝑡

0
𝑑𝜏) �̇�. 

with the controller parameters 𝑘𝑃 and 𝑘𝐼 and the reference force 𝐹𝑟𝑒𝑓 in phase with velocity. 

Depending on the current energy level of the system, this control strategy leads to increasing 

or decreasing oscillation amplitudes and keeps the system on a stable limit cycle [2].  

The control law can be applied to linear and nonlinear oscillatory systems and provides a means 

of reducing energy requirements compared to planned trajectory tracking controls. 

 

[1] M. Stork, “Energy feedback used for oscillators control,” Nonlinear Dynamics, vol. 

85, no. 2, pp. 871-879, 2016. 

[2] A. Ghaffari, M. Tomizuka, and R. A. Soltan, “The stability of limit cycles in nonlinear 

systems,” Nonlinear Dynamics, vol. 56, no. 3, pp. 269–275, 2009. 

 

 

 

 

 

Fig. 1: Left: Profiles of position, output force and electrical power for an amplitude 

of 1 mm. Right: Measured trajectories of the oscillation phase plane during start-up. 
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Design of a Multidisk Axial Flux Motor for Lightweight Unmanned 

Aerial Vehicles 

Nicolò Goria, Luca Sania, Antonino Musolinoa, Rocco Rizzoa, Claudia Simonellia 

a Department of Engineering for Energy and System, University of Pisa, Pisa, Italy 

 

As known, axial flux machines are characterized by an increased power density with 

respect to more conventional radial flux motors [1-3]. This characteristic makes them very 

attractive in those applications where the weight of the device is an important constraint as in 

aerospace applications as propulsion elements or for onboard power generation .  

We describe the design of a motor intended for propulsion of a lightweight unmanned aerial 

vehicle. Two different operating conditions are foreseen: one at the rated (maximum) torque 

and speed during the climbing, and the other, whit reduced torque (50% of the rated one) during 

the level flight condition. A modular (multi-disk) architectures has been chosen with three 

Rotors (R) and two Stators (S), according to the scheme R-S-R-S-R as shown in Fig. 1. This 

architecture guarantees the following advantages: 

- The radial dimension of the machine (which limits the rotation speed because of 

radial centrifugal forces) can be restrained due to the distribution of the torque on 

several disks, reducing the mechanical stress at high speed. 

- The whole motor is equivalent to two semi-motors on the same shaft. Each motor 

(composed by on external rotor, a stator and the inner rotor) could be designed for 

developing the 50% of the rated torque. This provide us some degrees of freedom 

during the level flight condition when both stators can be fed at half the rated power 

or just one at rated power. This makes the machine intrinsically fault tolerant if 

two independent inverters are used for feeding the two semi-motors. 

Constructive details of the machines as well as the results of its electromechanical 

characterization taken on a prototype with the test rig at the DESTEC laboratories will be 

shown. 

 
Figure 1: Left: Exploded structure with three rotors and two stators. Right: Assembled motor. 

 

[1] J. F. Gieras, R.-J. Wang, and M. J. Kamper, Axial Flux Permanent Magnet Brushless Machines. 

Dordrecht, The Netherlands: Springer, 2008. 

[2] M. Aydin, S. Huang, and T. A. Lipo, ``Axial flux permanent magnet disc machines: A review,'' 

in Proc. Conf. Rec. SPEEDAM, May 2004, pp. 61-71. 

[3] X. Wang, M. Zhao, Y. Zhou, Z. Wan and W. Xu, "Design and Analysis for Multi-Disc Coreless 

Axial-Flux Permanent-Magnet Synchronous Machine," in IEEE Transactions on Applied 

Superconductivity, vol. 31, no. 8, pp. 1-4, Nov. 2021, Art no. 5203804, doi: 

10.1109/TASC.2021.3091078. 
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Unbiased Control of Unsymmetric Radial Active Magnetic Bearings 

Myounggyu Noha, Wonjin Jeonga, Miseon Songa, Young-Woo Parka 

a Department of Mechatronics Engineering, Chungnam National University 

Daejeon, Republic of Korea 

Typical radial active magnetic bearings have a symmetric structure. For example, an 8-

pole bearing has a configuration of horseshoe winding where two adjacent poles are wired in 

series. Two perpendicular actuation axes are obtained by the four groups of windings. To 

apply linear control techniques, bias linearization is normally used. However, bias currents 

increase ohmic losses and require large capacity amplifiers. Unbiased control of the 

symmetric bearings must overcome the problem of singularity in force slew rate. Recently, 

unsymmetric bearings that can alleviate the slew rate problem have been proposed [1]. The 

aim of this paper is to show how the nonlinear control strategy for these unsymmetric 

bearings can be implemented on magnetic bearings supporting an industry-scale turbo-

compressor and also to address practical issues related to control. 

Using magnetic circuit analysis, the forces that coil currents produce can be expressed as 

 
1 1

,
2 2

T T

x x y yf f= =i M i i M i   (1) 

where xM and 
yM are the matrices determined by the bearing geometry. The vector i  

contains the coil currents of each pole. Ref. [1] shows that the required force is related by the 

control currents such that 

 2( )x y f r if j f c i j i+ = +   (2) 

where j  is the imaginary number. Here, 
ri and 

ii  are control currents. To achieve (2), it is 

necessary to find the current distribution matrix W  that satisfies 

 
1 0 0 1

,
0 1 1 0

T T

x y

   
= =   

−   
W M W W M W   (3) 

A nonlinear control strategy can be constructed by inverting (2). 

Figure 1(a) shows the schematic of a 9-pole radial bearing. Three adjacent poles are wired 

in series so that a three-phase inverter can drive one bearing. This bearing is installed in an 

industry-scale turbo-compressor shown in Figure 1(b). Nonlinear control algorithm is 

employed to levitate the rotor. The output sensitivity which is the transfer function from 

reference input to error signal is measured using sine-sweep tests. Figure 1(c) shows the 

measurement of one axis. The peak sensitivity is less than 1.8, which satisfies ISO 14839-3. 

[1] D. Meeker, Actuators, 6 (2017), 1. 

This work is supported by National Research Foundation of Korea (NRF-2020R1F1A1067740) 

 

Figure 1: (a) 9-pole AMB, (b) test rig, (c) output sensitivity. 
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Integrated Transverse Flux Magnetic Gear Motor 

Jean-Daniel Alzingrea, Christophe Espaneta 

a Moving Magnet Technologies SA, Besançon, France 

For millennia, reducer have been used to increase the torque of mechanism. From 

beginning of XXth century one has used magnetic gears in order to suppress wear and contact 

noise. Some magnetic gears use flux modulators in order to enhance the gear ratio and because 

the same modulating principle are used in Vernier electric motors, pseudo direct drive machines 

combining electric motors and magnetic reducers have been proposed [1].  

We will first challenge this hybrid topology with other motor architectures (see fig 1). 

 
The comparison shows higher torque densities for the pseudo direct drive motor and an 

intrinsic torque limitation, protecting people and mechanism. But these topologies have 

complex assemblies with numerous coils, magnets and bearings that limit them to niche 

applications. With our rich experience in mass production of axial flux actuators we imagine a  

novel transverse flux machine (see e.g. fig. 2) in which guiding and winding are simplified.  

 

The design, magnetic simulations and measurements of a prototype will be exposed. 

 

[1] L. Jian, W. Gong, G. Xu, J. Liang and W. Zhao, "Integrated Magnetic-Geared Machine 

With Sandwiched Armature Stator for Low-Speed Large-Torque Applications," in IEEE 

Transactions on Magnetics, vol. 48, no. 11, pp. 4184-4187, Nov. 2012, doi: 

10.1109/TMAG.2012.2198443. 
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Torque @5A/mm² [mNm] 103 136 250 

Iron+ magnet mass [g] 118 105 79 

Figure 1: Comparison results between 3 motor architectures 

Low speed rotor with axial flux 

High speed rotor with radial flux 

Flux Modulators 

Coils 

Figure 2: 3D FEM/CAD/photo views of the Transverse Flux Gear Motor proposed. 
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The use of hydrogen to recycle rare earth magnets  

Allan Walton, Vicky Mann, Malik Degri, Awais Muhammad, Lydia Pickering, Nick 
Mann, Robert Arnold, Shahrouz Nayebossadri, Viktoria Kozak, Richard Sheridan, 

David Brown 

Magnetic Materials Group, Metallurgy and Materials  
University of Birmingham, Edgbaston, Birmingham, B15 2TT,  

email – a.walton@bham.ac.uk 
phone - +44 (0) 7826522918 

 
 
    Rare earth magnets based upon neodymium iron boron (NdFeB) will play a key role in the 
transition to an electrically driven society. As such, the demand for these materials will 
expand rapidly in the coming years and this will put pressure on the availability of these 
materials. One option to help supplement the primary supply would be to recycle magnets 
contained in end of life products. However, there are major challenges which need to be 
addressed in order to sense, sort, separate, purify and re-process magnets contained in 
different waste streams. 
    This presentation will set out the challenges in order to recycle rare earth magnets from 
different products , and demonstrates how automation and hydrogen based technologies can 
play a role in separating rare earth magnets from end of life scrap [1,2]. Multiple re-
processing routes are evaluated with the limitations for each route outlined in the talk, 
including, chemical, pyrometallurgical processing and direct “magnet to magnet” recycling 
from the hydrogen processed alloy powders.  
    In the latter part of the talk scale up activities will be discussed in order to take these 
technologies to market [Fig.1] . 
 

  
 

 
Figure 1. Image of 1200 litre HPMS reactor (Hydrogen Processing of Magnet Scrap). 

 

[1]  A.Walton et al - US patent – No.13/169839  
[2] A. Walton et al,  J. Clean.Prod 104 p236 – 241 (2015).  
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Evidence of robust half-metallicity in strained LCMO films 

G. M. Pierantozzia, G. Vinaia, A. Yu. Petrova, A. De Vitaa,b, F. Mottia,b, V. 
Polewczyka, D. Mondala, T. Pincellia,b, R. Cucinia, C. Bigia,b, I. Vobornika, J. Fujiia, 

P. Torellia, F. Offic, G. Rossia,b, G. Panaccionea, and F. Borgattid 

a Istituto Officina dei Materiali (IOM)-CNR, Trieste, Italy 
b Department of Physics, University of Milan, Milan, Italy 

c Dipartimento di Scienze, Università degli Studi Roma Tre, Roma, Italy 
d Istituto per lo Studio dei Materiali Nanostrutturati, CNR-ISMN, Bologna, Italy 

The electronic, magnetic, and transport properties of the mixed-valence manganite oxides 
with the R1−xAxMnO3 perovskite structure (R = rare earth ion; A = alkaline ion) are mainly 
governed by the electron states of the Mn and O ions that are involved in the double-
exchange (DE) mechanism, with hopping of eg electrons favoured when the spins of the Mn 
ions are parallel, hence leading to a metallic ferromagnetic behavior.[1] If the exchange 
splitting energy between spin up and spin down states is larger than the bandwidth, half-
metallicity is expected, with a 100% spin polarization at the Fermi level.  

Direct evidence of half metallicity through spin-polarized photoemission spectroscopy 
has been achieved only in the case of optimally doped La0.67Sr0.33MnO3,[2] while in the case 
of phase-coexistent films, i.e. when both metallic ferromagnetic and insulating paramagnetic 
domains are present, it has been indirectly proved via tunnel magnetoresistance 
measurements.[3] 

In this presentation, we show a direct proof of half-metallic behavior in strained 
La0.67Ca0.33MnO3 films by combining spectroscopic characterizations sensitive to the 
ferromagnetic order, such as spin-resolved ARPES, XAS/XMCD and MOKE, charge  
transport measurements. In particular, we have evidenced: a) the half-metallic character of 
the metallic ferromagnetic phase, with almost 100% spin polarization in the fundamental 
state; b) a direct link between ferromagnetism and metallicity all along the temperature 
dependence, from both a surface and a bulk point of view, even in the phase separation 
regime. Finally, combining zero field and low field (40 mT) dichroic measurements allowed 
us to confirm the percolative model for phase separated manganites.  

This work has been recently published in J. Phys. Chem. C. [4]  
 

[1] C. Zener et al., Phys. Rev. 82, 403 (1951) 

[2] J. -H. Park, E. Vescovo et al., Nature 392, 794 (1998) 

[3]     W. Yang, Q. Shi et al., Nat. Commun. 10, 3877 (2019) 

[4]     G. M. Pierantozzi, G. Vinai et al., J. Phys. Chem. C 125, 14430 (2021)   

 
Figure 1: on the left, transport measurement on both heating and cooling branches; on the right, 
spin resolved Fermi edge at the metallic phase (orange) and in the phase separation regime (blue). 
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Detection of hydrogen in thin films through resonant neutron 
reflectometry via a magnetic layer 

Sabine Püttera, Laura Guascob,c, Yury Khaydukovb,c, Luca Silvid,  
Mariano Paulind,e, Thomas Kellerb,c, Bernhard Keimerb 

a Forschungszentrum Jülich GmbH, Jülich Centre for Neutron Science (JCNS) at Heinz 
Maier-Leibnitz Zentrum (MLZ), Garching, Germany  

b Max-Planck-Institut für Festkörperforschung, Stuttgart, Germany 
c Max Planck Society Outstation at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, 

Germany  
d Helmholtz Zentrum Berlin, Berlin, Germany 

e Laboratorio Argentino de Haces de Neutrones, CAB, CNEA, Bariloche, Argentina  
 

The study of hydrogen diffusion and storage in different materials is crucial in the challenge 
of an actual implementation of sustainable energy sources, but also to explore the possible 
modification of electronic, magnetic and optical properties of the host material. Amongst the 
most widely used techniques to study hydrogen absorption in thin films are neutron (NR) and 
X-ray reflectometry (XRR). XRR allows to track the thickness changes of the absorbing 
layer, while NR gives in addition direct information about the absorbed hydrogen content. 
Nonetheless, NR is a relatively time-consuming measurement, with a sensitivity limit that 
greatly depends on the counting time. The detection limit is at about 5% atomic 
concentration.  

In this contribution we propose to apply resonant neutron reflectometry (RNR) [1]. The 
method is model-free and allows to measure smaller (<5%) concentrations of hydrogen 
absorbed in situ, with smaller counting times and with a higher sensitivity. Inserting a 
magnetic layer into the hydrogen absorbing layer a magnetic wave guide for neutrons is 
formed. On hydrogen loading the scattering potential of the system is modified which is seen 
in the position of the resonance formed due to the contrast between the scattering potential of 
the absorbing layer and its neighbours. The requirements for the magnetic thin film and the 
absorbing layer are discussed. We will present experiments performed on 
Al2O3/Nb(x)/Co(3nm)/Nb(x)/Pt(3nm) thin films demonstrating that hydrogen concentrations 
below 1% and absorption kinetics of few seconds can be measured using this method.  

Furthermore by combining information given by in situ XRR and RNR performed at NREX, 
a neutron reflectometer at the Heinz Maier-Leibnitz Zentrum in Garching, Germany we were 
able to observe peculiarities in the absorption process of niobium. In this contribution we will 
discuss the current results and give an overview on how magnetic properties of thin films like 
the depth resolved magnetic moment can be studied with polarized neutron reflectometry.  

 

[1] L. Guasco, Yu. N. Khaydukov, S. Pütter, L. Silvi, M. A. Paulin, T. Keller, and  
B. Keimer, Nat. Comms. 13 (2022) 1486 
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Electric field control of magnetization reversal in FeGa/PMN-PT 

G. Pradhana, F. Celegatoa, L. Mikuličkováb, A. Magnia, G. Barreraa, M. Coїssona, P. 

Tibertoa 

a Advanced materials and Life science Divisions, INRiM, Torino, Italy 
b Thin film Technological Service, s.r.o., Prague, Czech Republic 

 

The recent era of information technology devices largely focusses on energy and cost 

efficiency [1, 2]. Magnetoelectric (ME) materials possess huge potential to be used in these 

technologies due to its coupling between magnetization and electric-field induced strain 

which therefore consumes less power and significantly reduces heat losses. Research 

developments on device miniaturization recently performed show non-volatile and magnetic 

state transformation with few volts in micro and nanoscale structures [3]. The application of 

voltage generates strain at the interface and this strain transfer to the magnetic layer from the 

piezoelectric layer induces change in magnetic anisotropy and domain structures [4]. 

In this work, magnetostrictive Fe80Ga20 thin films were deposited on (001) PMN-PT 

piezoelectric substrates by sputtering technique. The top and bottom electrodes were 

contacted to apply voltage across the stack as shown in Fig 1(a). The magnetic field was 

applied in-plane of the sample and magnetic hysteresis and domain structures were recorded 

with MOKE microscopy. Fig 1(b) shows the hysteresis curves recorded at 0 MV/m (as-

deposited), 0.06 MV/m, 0.065 MV/m and 0.08 MV/m as represented by the red, blue, green 

and orange curves. The domain textures recorded at near coercive field in as-deposited state 

and at 0.08 MV/m field is shown in fig 1(c) and 1(d), respectively. The increase in grey 

contrast in 1(d) represents domains along the transverse direction which clearly states the 

rotation of magnetic easy axis. This is further confirmed with the decrease in remanent 

magnetization and coercive field of the magnetic hysteresis with increase in voltage applied. 

The effect of change in magnetic anisotropy was found to be reversible which confirms its 

non-volatility. Hence, FeGa/PMN-PT system proves to be efficient for possible fabrication of 

magnetic nanodots to be used in memory devices.  

[1] M. Gajek et al., Nature materials 6.4, 296-302 (2007) 

[2] H. K. D. Kim et al., Nano letters 13.3, 884-888 (2013) 

[3] R. Lo Conte, et al. Nano letters 18.3, 1952-1961 (2018)  

[4] M.G. De Jesus, et al. Smart Materials and Structures 31.3, 035005 (2022) 

 

Figure 1: (a) Schematic of voltage application setup (b) Hysteresis loops with in-plane 

external field for different voltages applied across the stack. (c) and (d) shows the domains 

recorded with MOKE at 0 MV/m and 0.08 MV/m, respectively. 
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Optimising the performance of materials found in a high-throughput 

search for rare-earth-free permanent magnets 

Alena Vishinaa, Olle Eriksson a,b, Heike C. Herper a 

a Department of Physics and Astronomy, Uppsala University, Se-75120 Uppsala, Sweden 
b School of Science and Technology, Örebro University, SE-701 82 Örebro, Sweden 

 

Rare-earth (RE) magnetic materials dominate the market when high-performance 

permanent magnets are needed (e.g. the area of ‘green’ energy technology, such as 

electric vehicles and windmills). At the same time, there is a growing interest in rare-

earth-free alternatives with the performance approaching their RE-based counterparts.  

With the growing power of supercomputers, high-throughput and data-mining 

approaches become more and more feasible. In the previous investigations we sifted 

through the materials of ICSD database [1] in the search for materials with high 

magnetization M > 1 T, uniaxial magnetic anisotropy energy > 1 MJ/m3, and TC >400 

K [2,3].  

Two investigations were performed – a test search amongst the materials 

containing a 3d- and a 5d-elements [2] and the materials that contain at least two 3d- 

metals [3]. Among others, a new material has been found (that had not been used as a 

permanent magnet before) and consequently synthesized by our experimental 

collaborators – Co3Mn2Ge [3]. From the ab-initio calculations, the defect-free 

material was predicted to have the saturation magnetization of 1.71 T, the uniaxial 

magnetocrystalline anisotropy of 1.44 MJ/m3, and the Curie temperature of 700 K.  

With the results of a high-throughput run among the materials with a 3d and a p-

block element, an additional investigation was performed to improve the stability and 

the magnetic qualities of several systems found to be close to the desired values. For 

example, a structure of Mn2(X0.5Y0.5)B4 (X,Y = Mo, W, Ta, Cr) form was considered 

as a combination of two promising materials - Mn2WB4 and Mn2MoB4. Some 

combinations of X and Y allow reaching the magnetization and magnetocrystalline 

anisotropy sufficient for a high-performance permanent magnet. Hence, several 

promising materials were found, and we were able to show that the results of the data-

mining approach can be considerably improved with a further investigation.  
  

 

[1] http://www2.fiz-karlsruhe.de/icsd_home.html 

[2] A. Vishina, O. Yu. Vekilova, T. Björkman, A. Bergman, H. C. Herper and O. 

Eriksson Phys. Rev. B 101, 094407 (2020). 

[3] A. Vishina, D. Hedlund, V. Shtender, E. K. Delczeg-Czirjak, . R. Larsen, O. Yu. 

Vekilova, S. Huang, L. Vitos, P. Svedlindh, M. Sahlberg, O. Eriksson, Heike C. Herper, 

Acta Materialia,  212, 116913 (2021) 
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The Magnetocaloric effect in Fe-based Laves phase (Hf,Ti)Fe2 
 Qi Shen1, Niels van Dijk1 and Ekkes Brück1 

1 Fundamental Aspects of Materials and Energy, Faculty of Applied Sciences, TU Delft, Mekelweg 15, 

2629 JB Delft, The Netherlands 

Fe-based Laves phase materials such as the Fe2(Hf,Ta) alloys show a sharp magnetization jump 

and a large unit-cell volume change at the ferromagnetic-to-antiferromagnetic phase transition 

originating from a frustration effect, where the magnetic moment of Fe atom at 2a site of the hexagonal 

P63/mmc structure (space group 194) disappear below the transition temperature [1,2]. Tunable 

transition temperature, large magnetic entropy change and sharp magnetization jump make these 

compounds attractive for magnetocaloric applications [3]. Here we studied the magnetocaloric effect in 

a rarely reported Fe-based Laves phase Fe2(Hf,Ti). The XRD data for Fe2Hf0.85Ti0.15 shows the 

hexagonal MgZn2-type structure with the lattice parameter a = 4.953 Å and c = 8.073 Å. With the 

increasing temperature from room temperature, the unit-cell volume first decreases up to 473 K then 

increases with further increasing the temperature. This negative thermal expansion (NTE) effect with a 

thermal expansion coefficient -14×10-6 K-1 over a temperature range of 173 K is comparable with the 

current commercial NTE materials ZrW2O8 (-9×10-6 K-1) [4]. The magnetization curves for 

Fe2Hf0.85Ti0.15 displays a ferromagnetic-paramagnetic phase transition and a magnetic moment of 2.83 

µB /f.u. at 120 K, which is consistent with the magnetic moment 2.78 µB /f.u. obtained from the neutron 

diffraction data at 120 K. With the increase of Ti substitution for Hf atom, the transition temperature 

shifts to a lower temperature without sacrificing the saturation magnetization. The magnetic entropy 

change 1.0 J/kgK under 2 T and the unconventional magnetovolume effect make Fe2(Hf,Ti) a new 

candidate for magnetic applications.  

 

Reference 

[1] H.R. Rechenberg, L. Morellon, P.A. Algarabel, M.R. Ibarra, Phys. Rev. B 71 (2005). 

[2] L.V.B. Diop, O. Isnard, M. Amara, F. Gay, J.P. Itié, J. Alloys Compd. 845 (2020). 

[3] Y. Song, Q. Sun, M. Xu, J. Zhang, Y. Hao, Y. Qiao, S. Zhang, Q. Huang, X. Xing, J. Chen, Mater. 

Horiz. 7, 275-281 (2020). 

[4] L.F. Li, P. Tong, Y.M. Zou, W. Tong, W.B. Jiang, Y. Jiang, X.K. Zhang, J.C. Lin, M. Wang, C. 

Yang, X.B. Zhu, W.H. Song, Y.P. Sun, Acta Mater. 161, 258-265(2018). 
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Magnetic shape memory Heuslers for low-grade heat harvesting 

L. Gallo a,b, F. Cugini a,b, S. Fabbrici b, G. Trevisi b, M. Solzi a,b, F. Albertini b  

a Department of Mathematical, Physical and Computer Science, University of Parma, Italy 
b IMEM – CNR, Parma, Italy 

Manufacturing and industrial processes lead to considerable waste heat and most of it is emitted at 

less than one hundred Celsius degrees. The conversion of this large amount of untapped heat into useful 

energy might represent an important contribution to the energy transition of our society. To date, the 

harvesting of low-grade heat is only based on thermoelectric materials. However, such materials are too 

expensive for industry use and they are characterized by a low thermodynamical efficiency for thermal 

sinks near room temperature [1]. The identification of new magnetic materials, that exploit the 

thermomagnetic cycle for the conversion of low-grade heat, might introduce a promising technology 

for fully sustainable energy production. Such materials must have as higher as possible magnetization 

change and thermal diffusivity in the working temperature range of their applications. In addition, they 

should be possibly free of critical-elements and cost-effective [2].  

We synthesized, characterized and tested a set of Ni-Mn-Z Heusler alloys (with Z = Sn, Co-In, Cu-

Ga) for low-grade heat recovery. The selected compounds are characterized by a second-order Curie 

magnetic transition between 40–80 °C to maximize the change of magnetization in the typical working 

temperature range of a thermomagnetic generator for low-grade heat harvesting. Even if a first-order 

magnetostructural martensitic transition leads to a sharper variation of the magnetization, the thermal 

hysteresis of such transition can lower the efficiency of the thermomagnetic cycle. 

The wide tunability of the magnetic interactions and critical temperatures of the synthesized 

Heuslers have been investigated, revealing the promising suitability of this class of materials for 

thermomagnetic energy harvesting. The obtained tunability of the Curie temperature of the 

compounds opens the possibility to find the most appropriate material for every temperature 

working range of the heat conversion device. The strict correlation between the magnetization change 

across the transition and the thermomagnetic generator efficiency will be also discussed.  
 

 

Figure 1: Left: Curie Temperature of NiMnSn (red), NiMnIn (purple), NiMnCuGa (yellow) and 

magnetization at µ0H=1T and T=290 K of NiMnSn (blue), NiMnIn (green), NiMnCuGa (grey). Right: 

TMA plots of different Heusler alloys. 

 

[1] M. Araiz, et al. Energy Convers. Manage. 205 (2020) 112376 

[2] D. Dzekan et al. APL Mater. 9 (2021) 011105 
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Controlling the martensitic microstructure, magnetic and 

magnetothermal properties of Ni-Mn-Ga thin films 
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F. Albertinia, Jon Ander Arregib, Michal Horkýb, Vojtěch Uhlířb, Alisa Chirkovac, 

Fernando Maccaric, Semih Enerc, Konstantin P. Skokovc, Oliver Gutfleischc 

 
 a IMEM – CNR, Parma, Italy 

b CEITEC BUT, Brno University of Technology, Brno, Czech Republic  
c Functional Materials, Materials Science, Technical University of Darmstadt, Darmstadt, 

Germany 
 

Ferromagnetic shape memory compounds show multifunctional properties arising from a 

strong coupling between magnetic, thermal, and mechanical degrees of freedom. They are 

promising for a variety of applications in actuating, sensing, energy harvesting and 

multicaloric cooling technologies [1 and references therein]. Ni2MnGa is a model system 

within this class of compounds; it shows a martensitic phase transformation from a cubic 

phase (austenite) to a lower symmetry phase (martensite) by decreasing temperature.  

We have grown Ni-Mn-Ga films with thickness up to 400 nm by RF sputtering on 

MgO(100) or Cr/MgO(100). The L21 austenitic phase grows epitaxial at high temperature. 

The martensitic phase is stable at room temperature and shows a monoclinic 7M 

incommensurate structure with a complex microstructure: this is made of arrays of twin 

lamellae with different alignment respect to the substrate symmetry directions and different 

martensitic cell orientations. These are X-type and Y-type twins. 

We have explored the versatility of Ni-Mn-Ga thin films by modifying the martensitic 

microstructural patterns in different ways: through growth conditions, applying a stress 

during or after growth, annealing the films and patterning the films with different shapes and 

sizes on the nanometer and micron scale. The occurrence of specific microstructural patterns 

(X-type or Y-type) and their spatial organization strongly influence the magnetic properties, a 

correlation which we have studied comparing micromagnetic simulations with magnetometry 

measurements obtained on films with different martensitic patterns. We have also studied 

how the specific microstructural patterns influence the martensitic phase transformation, and 

particularly the thermal hysteresis and sharpness of the transition.    

 

[1] M. Takhsha Ghahfarokhi et al., Acta Mater. 221 (2021), 117356.  

 

6.8 Session - Magnetic Materials for Energy Applications 6 ABSTRACTS

92



Mechanically resistant ferrite-based magnets for a greener future  

Petra Jenuša, Aleksander Učakara,b, Sandra Repšea, Blaž Belecc, Andraž Kocjana 

a Jožef Stefan Institute, Ljubljana, Slovenia  
b Jožef Stefan International Postgraduate School, Ljubljana, Slovenia 

c University of Nova Gorica, Nova Gorica, Slovenia 

 

Permanent magnets (PM) are crucial in modern devices and enable technologies to store, 

deliver, and convert energy. Due to their properties, PMs are one of the vital components of 

the green revolution, playing an important role in both renewable energy and electric 

mobility. Therefore, it is not surprising that the PM market is continuously increasing. 

The brittleness of sintered ferrites is one of the significant drawbacks of this kind of 

magnet. The mechanical resistance of sintered ferrites (and other sintered magnets) is, until 

now, solved by the production of bonded ferrites. Although the bonded ferrites have better 

mechanical properties due to the incorporation of magnetic material in a polymer matrix, they 

have to operate at lower temperatures and have more than twice lower energy product values 

than the sintered ones. 

Therefore, in a quest to find a suitable magnet for a specific application, both magnets' 

benefits and limitations must be considered. What if we were able to exploit the best of both 

systems? In this research, we tackle the mechanical properties of sintered ferrite-based 

magnets with toughening mechanisms used in ceramics engineering. Carbon nanotubes, 

graphene, and reduced graphene oxide are usually used as nanofillers in ceramics matrices 

[1], [2]. However, the homogeneous dispersion of these carbon nanofillers in a ceramic 

matrix remains an issue attributed to their hydrophobic nature and associated colloidal 

instability in hydrophilic media. Wood-derived cellulose nanofibres (CNF) are an interesting 

option to replace the carbon nanofillers mentioned above. Researchers from our research 

group have successfully demonstrated that CNF can be an innovative source of 3D graphene-

like networks in the ceramic matrix [3]. The incorporation of CNF increases the 

machinability of green bodies due to the fibre reinforcement. At the same time, during the 

SPS processing, the CNF transformed into the 3D graphene-like networks, which enhance 

mechanical properties due to the crack bridging and/or deflection. So, employing the 

presented toughening mechanisms to sintered ferrite-based magnets will lead to low-cost 

magnets with improved mechanical resistance, thus taking another step toward the (partial) 

replacement of low-performance RE magnets. 

 

 

 

 

 

 

 

 

 

 

 

[1] B. H. K. Kingery W D, Uhlmann D R, Introduction to Ceramics, 2nd Editio. Wiley, 

New York, 1976. 

[2] W. F. Hosford, Mechanical Behavior of Materials. 2005. 

[3] A. Kocjan et al., Nanoscale, vol. 10, no. 22, pp. 10488–10497, 2018. 

 

6.8 Session - Magnetic Materials for Energy Applications 6 ABSTRACTS

93



Flexible, Free-Standing Gadolinium Thick Film For Energy 

Conversion Applications 

Doan Nguyen Ba,a,b, Massimiliano Marangolob, Yunlin Zheng,b, Loıc Becerra,b, 

Morgan Almanza,a, Martino LoBue,a 
a  Université Paris Saclay, ENS Paris-Saclay, CNRS, SATIE, 91190 Gif-sur-Yvette, France 

   b Sorbonne Université, CNRS, Institut des Nanosciences de Paris, UMR 7588, F75252 

Paris, France 

 

Magnetocaloric materials have been intensely studied, for more than twenty years, as solid-

state refrigerant in cooling applications. This paved the way to a wider technological 

framework, in the field of energy conversion, with particular focus on 

microelectromechanical systems (MEMS). Indeed, these materials in the form of freestanding 

thin layers offer the opportunity to use the magnetocaloric effect in micro-coolers, and its 

corollary, the pyromagnetic effect, in microgenerators. An example of microgenerator design 

is given in Fig. 1 (left) where the active material (i.e. the Gd film, green line) moves between 

a patterned magnet on the top and the heat sink on the bottom. In this framework we 

produced freestanding layers of Gadolinium (17 μm thick, 35 × 35 mm2) [1] which present 

magnetic and magnetocaloric properties close to high-purity bulk Gd (Fig.1 center) [2]. 

Moreover, the freestanding film is flexible (Fig.1 right) and all the relevant magnetic 

properties (i.e., Curie temperature Tc, saturation magnetization Ms, and isothermal entropy 

change) are preserved under bending (up to a ϵ = ±0.78% strain over the two film sides). The 

films presented here exhibit all the functional properties needed to become a benchmark for 

the application of magnetocaloric materials as active components in micro-systems for energy 

recovery. 

 

[1] D. Nguyen Ba, Y. Zheng, L. Becerra, M. Marangolo, M. Almanza, and M. LoBue, 

Magnetocaloric Effect in Flexible, Phys Rev. Appl., 15, 064045 (2021) 

[2] D. Nguyen Ba, L. Becerra, N. Casaretto, J.-E. Duvauchelle, M. Marangolo, S. Ahmim, 

M. Almanza, and M. Lobue,  AIP Advances 10, 3 (2020) 

 

Figure 1: left: Left: Schematic drawing of a microgenerator; Center: Isothermal entropy 

change of the Gd film presented; Right: Gd flexible film. 
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Integration of hard magnetic layer in MEMS process 

Federico Masperoa, Simone Cuccurullob, Giulia Paveseb, Alejandro Enrique Plazab, 

Oksana Koplakb, Riccardo Bertaccob 

a DICA, Politecnico di Milano, Milano, Italia 
b Physics Department, Politecnico di Milano, Milano, Italia 

  

Permanents magnets, or hard ferromagnets, provide a “free” source of magnetic field, with no 

need of external power. Considering the integration with microsystems, permanent 

micromagnets are critical components for the fabrication of microscale motors, generators, 

switches, pumps, acoustic speakers and energy harvester. Even though the understanding of 

magnetism and magnetic materials has led to advancements in their magnetic properties [1], 

the application of permanent magnets in microsystems is still limited. The reasons for this 

are: i) the methods for magnet fabrication at the macroscale (casting and powder processing) 

are fundamentally different to thin-film microfabrication approaches (physical vapor 

deposition, chemical vapor deposition, electrochemical deposition); ii) even if 

microfabrication approaches are exploited, difficulties remain in depositing thick magnetic 

films (> 1 µm) and in process compatibility [2]. 

In this work, we present a process to integrate MEMS (MicroElectroMechanical Systems) 

and thick permanent magnets. We have designed test structures (Fig. 1a) and optimized a 

process to fabricate the devices. The optimizations concern: i) deposition of a micron-thick 

layer of a magnetic material; ii) thermal treatment to enhance the magnetic characteristics of 

the material; iii) patterning technique employed to obtain micromagnets; iv) introduction of a 

passivation layer to protect the material from the subsequent process steps. An image of the 

final fabricated device is shown in Fig. 1b. Examples of application of said process to devices 

for energy harvesting and magnetic sensing will be discussed. 

 

 

 

 

 

 

 

 

 

 

[1] M. Sagawa et al., Journal of Applied Physics 55 (1984), 2083-2087. 

[2] D. P. Arnold, N. Wang, Journal of microelectromechanical systems, 18 (2009), 1255-

1266. 

Figure 1: a) 3D image of the designed test structures integrating a resonator with hard 

magnetic materials. b) Optical microscope image of the final fabricated device; NdFeB 

micromagnets are visible. 
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Searching for competitive magnetocaloric high-entropy alloys?      
Get off the beaten path!  

Jia Yan Lawa, Álvaro Díaz-Garcíaa, Luis M. Moreno-Ramíreza, Victorino Francoa 

a Dpt. Condensed Matter Physics, ICMS-CSIC, University of Seville, P.O. Box 1065. 41080-Seville, 

Spain 

High-entropy alloy (HEA) design concept has been highly regarded as a game-changer in 

new material development. It combines multi-principal elements in large concentrations 

without an obvious base element instead of the minor alloying approach to one or two main 

constituents in conventional alloy development. Constituting the central unexplored regions 

in the multi-principal elements phase diagram, HEAs comprise of a vast compositional space 

that offers massive opportunities for exploring new materials and/or properties. Initially 

restricted to five or more principal elements in equimolar proportions, HEAs were for 

creating single-phase disordered metallic solid solutions. Today, the design concept evolves 

to embracing multi-phase microstructures of any-type, non-equiatomic ratios as well as 

intermetallic and ceramic compounds, with many of them offering mechanical properties 

superior to those of conventional alloys. 

For magnetocaloric HEAs, this large alloying proportion resemble “too many cooks spoil 

the broth” as their multi-principal elemental compositions dilute the overall moment of 

ferromagnetic elements (even when using all rare-earth (RE) elements). This attributes to the 

sub-par performance or low temperature restrictions observed in magnetocaloric HEAs. 

Extending towards the non-equiatomic area in the HEA region overcomes the above-

mentioned limitations: the low temperature limit is improved for the RE-containing HEAs, 

while a ≥ 5-fold performance improvement without any reliance on RE elements is realized. 

In this talk, we will overview the various ways of designing magnetocaloric HEAs and the 

one off the beaten path that allows the remarkable enhancement in magnetocaloric properties, 

closing the gap between HEAs and conventional MCE materials. 
Work supported by Grant PID2019-105720RB-I00 funded by MCIN/AEI/ 

10.13039/501100011033. Additional support Consejería de Economía, Conocimiento, Empresas y 

Universidad de la Junta de Andalucía (grant P18-RT-746), US Air Force Office of Scientific Research 

(FA8655-21-1-7044) and Sevilla University under VI PPIT-US program. 

 

[1] J. Y. Law, V. Franco, Invited review paper for J. Mater. Res. (2022), under review.  

[2] J. Y. Law, V. Franco, APL Mater. 9 (2021), 080702. 

[3]  Á. Díaz-García, J.Y. Law, et al., to be published (2022). 

[4] J.Y. Law, Á. Díaz-García, et al., Acta Mater. 212 (2021), 116931. 

[5]  J.Y. Law, L.M. Moreno-Ramírez, et al., J. Alloy Comp. 855 (2021), 157424.  

 
Figure 1: Magnetocaloric performance of equiatomic and non-equiatomic RE-containing 

and (b) RE-free HEAs. Non-equiatomic HEAs are marked with outlines. 

a b 
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A high throughput study of the effect of element substitution in hard
magnetic CeCo5-based thin films

Yuan Hong, Thibaut Devillers, Stéphane Grenier and Nora M. Dempsey

Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut NEEL, 38000 Grenoble, France

Combinatorial studies based on the preparation and characterisation of
compositionally graded thin films are being used for the screening and optimization
of a range of functional materials, including hard magnetic materials[1]. This high-
throughput approach holds much potential to study the effect of element substitution
in Rare Earth - Transition Metal hard magnetic phases (2-14-1, 1-5, 1-12), so as to
address the RE-balance problem. Here we will present a study of compositionally
graded Ce-Co and Ce-Co-M films (M = Zn, Fe or Cu), with the motivation of
reducing Co content without sacrificing too much of the magnetic performance. The
films were fabricated with a composition gradient by magnetron sputtering of a Co
target partially covered by foils of Ce and the substituting element. Sets of such films
with different composition gradients have been deposited at room temperature and
then annealed. All films underwent high throughput characterization (EDX, XRD,
MOKE). As an example, coercivity values measured by MOKE as a function of
composition for binary and ternary films annealed at 500°C are shown in Fig. 1.
Certain samples were selected for detailed magnetic characterisation using a SQUID-
VSM (M(H) at different temperature). We will discuss correlations in the variation of
structural and magnetic properties with composition and annealing conditions. The
experimental high throughput approach reported here can provide data sets for
machine-learning led optimisation of high-performance bulk permanent magnets
which are less dependent on critical rare earth elements.

Fig. 1 Coercivity measured by MOKE as a function of the Ce content of the (a) Ce-Co, (b) Ce-Co-Zn,
(c) Ce-Co-Fe and (d) Ce-Co-Cu films, annealed ex-situ in the RTA furnace at 500℃ for 10 min. The
blue, green and red dash lines represent the stoichiometric composition of Ce2Co17, CeCo5 and Ce5Co19,
respectively.

Acknowledgement

This study was funded by the Toyota Motor Corporation.

[1] Y. Hong et al., J. Mater. Res. Technol. 18 (2022) 1245

6.8 Session - Magnetic Materials for Energy Applications 6 ABSTRACTS

97
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Soft Magnetic Composite materials (SMC) are employed in a growing number of 

applications [1]. The SMC materials are part of the soft magnetic circuit of electrical 

machines and inductances. The electrical machines require far saturation, high maximum 

permeability and low iron losses below 2 kHz [2]. The inductances benefit from high initial 

permeability, imaginary permeability near zero, and very low losses until the MHz range [3]. 

Those different behaviours can be obtained through the selection of the core powder size 

and, more important, through the layer nature and properties. 

The state-of-the-art layer compositions pose several limitations due to one or more of the 

following reasons: insulation lack, poor thermal stability, low thickness uniformity, and low 

adhesion strength. 

To overcome a part of the mentioned limitation, a new method is outlined, based on the 

Layer-by-layer technique (LbL), in which many different multifunctional layers can be 

implemented on top of each single core particle. This method involves the immersion of the 

particles in different baths, each of them containing a particular substance, reacting by means 

of electrostatic charge or similar interactions, as shown in Figure 1. 

With the proposed technique, many different functional materials were produced, two of 

them particularly suited for electrical machines and two for mid-low frequency inductances. 

Different parameters were measured to assess the performance of the proposed SMC 

materials. 

 
Figure 1 – Production of SMC components through Layer-by-layer technique (LbL) 

 

[1] E.A. Périgo, B.Weidenfeller, P. Kollár, J. Füzer, Past, present and future of soft 

magnetic composites. Appl. Phys. Rev. 2018, 5, 031301. 

[2] A. Schoppa, P. Delarbre, A. Schatz, Optimal use of soft magnetic powder composites 

(SMC) in electrical machines. Materials Science, 2013. 

[3] M. Kącki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, Magnetic material selection for 

EMI filters. IEEE ECCE Conf., Cincinnati (USA), 1÷5 October 2017; Conf. Proc. pp. 

2350–2356. 
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Exploration in new room temperature magnetocaloric materials: 

structure and magnetocaloric properties in Mn5(Si,P)B2 compounds 

O. Hamutua, N. H. van Dijka, E. Brücka 

a Delft University of Technology, Delft, The Netherlands 

The M5XB2 materials system has been widely studied as permanent magnetic materials 

[1,2]. As permanent magnetic materials, their coercivity and magnetic energy product are 

lower than those of the mainstream permanent magnetic materials. Xie et al.[3] and Cedervall 
et al.[4] proposed that the Mn5PB2 and (Fe1-xCox)5PB2 compounds have the prospect of being 

applied as magnetocaloric materials due to their near room temperature Curie temperature. In 

this work, the structure and magnetocaloric properties of the Mn5(SiP)B2 compounds of the 

M5XB2 material system were studied. According to a refinement of the XRD data the 

Mn5(Si1-xPx)B2 compounds all crystallize in the Cr5B3–type body-centered tetragonal 

structure, with a small amount of Mn2P as a secondary phase (less than 7%). The lattice 

parameters and the unit-cell volume of the compounds change linearly with the increase in P 

content. These experimental results are consistent with calculated DFT results. The Curie 

temperature of the compounds can continuously be adjusted between 305 and 411 K by 

changing the Si/P ratio. The introduction of P also caused a decrease in saturation 

magnetization. The magnetic phase transition of these compounds was determined using 

Arrot plots and the field exponent n for the magnetic entropy change based on Landau's 

theory. The studied compounds all show a second-order magnetic phase transition. Since the 

compounds show a second-order  phase transition, the magnetic entropy change caused by 

the phase transition was not large: 1.9 and 1.4 J/kgK for Mn5SiB2 and Mn5PB2, respectively. 

However, the advantage of this series of compounds is that the Curie temperature can be 

adjusted continuously around room temperature. 

 

Keywords: magnetocaloric effect, magnetic phase transition, Curie temperature, Mn5(Si,P)B2  

 

 

[1] M. Kasaya, Sci. Rep. Tohoku Univ. LVIII (Supp. 2/37) (1975) 

[2] R. Wäppling, et al. J. Phys. Supp. 12/37 (1976) (C6-591-593) 

[3] Z. G . Xie et al. Appl. Phys. Lett. 97(2010), 202504  

[4] J. Cedervall. et al. Inorg. Chem. 57(2018), 777−784  

 

Figure 1:  a. Magnetization as a function of temperature for Mn5(Si1-xPx)B2 compounds in 

0.01T. b. TC as a function of P content for Mn5(Si1-xPx)B2 compounds. 
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Magnetic nanocomposites (NCs) have gained a lot of interest over the last years, due to 

the possibility to finely control and modify their features at the nanoscale. In this regard, 

bimagnetic NCs have received significant attention, as a promising way to achieve high 

magnetic performances [1,2]: the main challenge is to develop systems which simultaneously 

show a large coercivity (HC) and high magnetization. Our focus here is on the investigation of 

the synthesis strategy in controlling the magnetic coupling between a hard-magnetic matrix 

SrFe12O19 (SFO) and Co1-xZnxFe2O4 (CZFO) nanoparticles (NPs).  

A set of CZFO spinel ferrite spherical NPs were prepared by solvothermal decomposition 

of organometallic precursors, in presence of oleic acid: the size was tailored to ~7nm, 

according to transmission electron microscopy (TEM) and X-rays powder diffraction 

(XRPD) analysis. These, after a ligand-exchange process, were coated by a hydrophilic 

surfactant, and then used as seeds in a sol-gel self-combustion synthesis to prepare NCs with 

a fixed weight ratio (SFO/CZFO 92/8%), which was chosen on the basis of previous results 

[3].  

The physical-chemical synthetic conditions (temperature, pH, seeds´ stability) were 

optimized and their effect on the final particles’ distribution in the matrix evaluated by 

XRPD, dynamic light scattering (DLS) and transmission electron microscopy (TEM). 

Additionally, their static magnetic properties at both 300 and 5K (magnetization (M) vs field 

(H), M vs temperature (T), and switching field distributions (SFD)) were measured by 

SQUID magnetometry, to clarify the relationship between the degree of coupling that can be 

achieved and the synthesis method. In conclusion, we demonstrate that our synthesis is a 

novel way to produce strongly magnetically coupled NCs, where the final extrinsic properties 

could be tuned by controlling: i) the elemental doping of CZFO phase and ii) the size 

distribution of CZFO in the SFO matrix. 

 

[1]    P. Maltoni, T. Sarkar, G. Varvaro, G. Barucca, S. Ivanov, D. Peddis, and R. Mathieu, 

J. Phys. D: Appl. Phys. 54 (2021), 124004 – 124013.  

[2]    F. Sayed, G. Muscas, S. Jovanovic, G. Barucca, F. Locardi, G. Varvaro, D. Peddis, R. 

Mathieu, and T. Sarkar, Nanoscale 11 (2019), 14256 -14265. 

[3]    P. Maltoni, G. Barucca, T. Sarkar, G. Varvaro, F. Locardi, D. Peddis, and R. Mathieu, 

J. Phys. Chem. C. 125 (2021), 10 5927- 5936 
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Multiferroics are materials showing the coexistence of two or more primary ferroic orderings. 

The exploitation of components with coexisting electric and magnetic domains has led to 

significant advances in various innovative fields. For instance, improving the magnetic 

domain control of a magnetoelectric material under an applied voltage ensures low energy 

consumption and high storage density in logic memory devices [1]. However, to date very 

few single-phase materials are known being characterized by stable electric and magnetic 

states at room temperature [2]. γ-BaFe2O4, a non-centrosymmetric stuffed tridymite-type 

compound, is an interesting example of a previously unrecognized single-phase multiferroic. 

The material, previously reported to be a weak ferromagnet, was fully characterized thanks to 

the synergic use of single-crystal X-ray diffraction and neutron powder diffraction, as well as 

magnetic and ferroelectric measurements, revealing to be an antiferromagnetic (AFM) 

improper ferroelectric with high ordering temperatures (TFE>1038K and TN=890K). It is 

worth noting that the magnetic structure is collinear, involving each Fe3+ moments coupled 

antiferromagnetically with the nearest neighbor ones, without any detectable canting, in 

agreement with the magnetometric characterizations carried out on pulsed electron 

deposition-grown thin films. Conversely, the bulk samples display nonzero magnetization, in 

agreement with the previous reports, ascribed to the presence of impurities in concentration 

below the diffraction techniques limit of detection. Within this framework, neutron 

diffraction should be considered a magnetic sensitive technique, particularly suitable for the 

characterization of AFM structures, also in presence of traces of ferromagnetic impurities. 

 

[1] M. Trassin, J. Phys. Condens. Matter (2016), 28, 033001 

[2] N. A. Hill, J. Phys. Chem. B. (2000), 104(29), 6694-6709 

 

Figure 1: Left: Magnetic structure of γ-BaFe2O4. Right: Magnetic hysteresis loop 

collected at 320 K for a micrometric film of γ-BaFe2O4.  
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The L10-FeNi binary alloy is a promising candidate for next generation rare earth-free 

permanent magnets (PMs) [1], which can revolutionize the high-performance PM market 
currently dominated by the Nd-Fe-B [2]. However, the fabrication of the L10 phase is extremely 
challenging owing to the low atomic mobility below the chemical order/disorder transition 
temperature (~ 320 °C) that kinetically limits the formation of the L10 phase [3]. Despite many 
efforts, the experimental results are still far from the theoretical predictions and the proposed 
approaches mainly involve complex and expensive protocols, which cannot be easily scaled-
up for bulk production and/or result in a low proportion of the L10 phase [3]. With the aim of 
finding an efficient process that can be practically exploitable for the fabrication of next 
generation critical-elements-free PMs, we propose to use an effective, single-step, easily 
scaled-up, and sustainable chemical synthesis route, called Preordered Precursors Reduction, 
already successfully exploited by the authors to obtain MPt alloy nanoparticles (M = Fe, Co, 
Ni) under miler conditions than common thermal processes. Cyano/nitrosyl complexes of Fe 
and Ni with a 1:1 ratio of the two metals, such as Nickel Nitroprusside and Iron Tetracyano-
Nickelate, both consisting of Fe and Ni atoms arranged on alternating planes, were used for the 
first time as precursor crystalline salts to obtain highly ordered L10 FeNi alloy nanoparticles 
by simple thermal decomposition at low temperature in a reductive atmosphere [5] (Figure 1). 
The perfect atomic order of the complexes drives the formation of FeNi nanoparticles (20 – 
120 nm) covered with a protective carbon shell, with a 50% of the L10 phase and good magnetic 
properties (Hc up to 65 mT and Ms = 130 - 140 KAm2/Kg close to the bulk value, 154 
KAm2/Kg), thus paving the way for the development of a sustainable process for massive 
production of FeNi-based permanent magnets. 

 

 

[1] J. Cui et al., Acta Mater. 158 (2018), 11. 

[2] J. M. D. Coey, Engineering 6 (2020), 119. 

[3] S. Mandal et al., Crit. Rev. Solid State Mater. Sci. (2022). 

[4] G. Varvaro et al., J. Alloys Compd. 846 (2020), 846. 

[5] A. Capobianchi et al., Patent Application Filed #102022000024852 (2022). 

 

Figure 1: Schematic representation of the synthesis process. (a) Nickel Nitroprusside; (b) 
Iron Tetracyano-nickelate. 
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Figure 1: M-H loop of our SAF along with 

a depiction of the magnetic order at each 

step. 

Figure 2: Mixed phase state of our sample 

showing FM ordered chiral domains alongside 

SAF ordered single domains 

Phase coexistence and transitions between anti- and ferromagnetic 

states in a synthetic antiferromagnet 

Christopher Barkera, Craig Bartonb, Eloi Haltza, F. Maccherozzic, B. Sarpic, Olga 

Kazakovab, Thomas Moorea, and Christopher H Marrowsa 

a School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom 
   b National Physical Laboratory, Hampton Road, Teddington TW11 0LW, United Kingdom 
   c Diamond Light Source, Harwell Science Campus, Oxfordshire OX11 0DE, UK 

 

Skyrmions—topologically protected vortex-like spin structures—have been proposed as 

the new information carriers in racetrack memory devices [1]. In order to realise such devices 

a small size, high speed of propagation, and minimal deflection angle are required. Modelling 

has shown that synthetic antiferromagnets (SAFs) present the ideal materials system to realise 

these aims [2]. However, their magnetic compensation makes observation of skyrmions 

difficult and indeed this was only recently achieved [3]. There is thus significantly more to 

understand about the behaviour of synthetic antiferromagnets and the skyrmions therein.  

 

Here we present a comprehensive magnetic force microscopy (MFM) study of a SAF 

multilayer composed of 20 magnetic layers alternating between CoB and CoFeB each 

coupled antiferromagnetically with a Ru spacer layer to the one above and below. As shown 

in the hysteresis loop presented in Fig. 1 the SAF undergoes a phase transition between the 

compensated antiferromagnetic state and its field-polarised ferromagnetic state as a field is 

applied. MFM shows that in our samples this is as a result of defect-driven bubble nucleation 

where FM ordered regions nucleate and then expand to cover the entire film. Once the FM 

regions exceed a critical size they collapse into a skyrmion/stripe domain pattern and so 

retain a net zero magnetisation. At a narrow range of fields, e.g. as shown in Fig. 2 we 

observe a phase coexistence between the compensated AF state and the net-zero 

magnetisation FM state. As the magnetic field is increased we go on to observe isolated 

skyrmions at fields below saturation as expected in a FM system. These results give 

perspective on the ferromagnetic nature of skyrmions observed in systems at fields just below 

saturation and can help to inform the observation of true antiferromagnetic skyrmions. 

 

                    

 

[1] S. P. Parkin et al., Science 320, 190 (2008)  

[2] X. Zhang et al., Nature Communications 7, 10293 (2016) 

[3] W. Legrand et al., Nature Materials 19, 34 (2020) 
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Until recently, most of the imaging of magneto-dynamical processes has been focused on 

two-dimensional systems, and a rich ensemble of magneto-dynamical processes has been 

investigated over the last decades. However, the extension of such magneto-dynamical 

imaging studies to fully three-dimensional systems (e.g. three-dimensional geometrical 

structures, systems of curved or bendable surfaces) has up to now only been possible via 

indirect methods or through the comparison of depth-averaged data with micromagnetic 

simulations. The main reason for the lack of three-dimensional time-resolved magnetic 

images is that microscopy techniques combining three-dimensional magnetic imaging with 

nanometric resolutions with the possibility to perform time-resolved investigations with sub-

ns temporal resolutions have not been, until now, widely available. 

Since the first demonstration of time-resolved three-dimensional X-ray imaging [1], 

performed with hard X-ray magnetic laminography, the technique has evolved to overcome 

the limitations of this first study, which included a low sensitivity, especially to the 3d 

ferromagnetic elements due to the use of hard X-ray radiation, and a very limited selection of 

accessible frequencies, caused by the use of ptychographic imaging to obtain the 

laminographic projections.  

The overcoming of these two limitations was made possible with the technique we 

present here, which allowed us to perform the first time-resolved measurements of magnetic 

vortex and domain wall dynamics fully resolved in all three spatial dimensions performed at 

soft X-ray energies, enabling us to obtain strong magnetic contrast at the 3d ferromagnetic 

elements (L2,3 absorption edges). By combining the laminography imaging technique [1, 2] 

with time-resolved scanning transmission X-ray microscopy to acquire the angular 

projections, time-resolved three-dimensional imaging with free selection of the frequency of 

the electrical signals used to excite the dynamical processes is made possible. Here, we show 

the full three-dimensional characterization of two magneto-dynamical modes in a 

microstructured CoFeB element, namely a vortex gyration mode and a domain wall 

excitation mode [3]. 

A spatial resolution of about 40 nm in all three dimensions was demonstrated, with the 

possibility to perform measurements with temporal resolutions down to 30 ps if time-of-

arrival detection methods are employed [4].  

 

[1] C. Donnelly et al., Nature Nanotechnology 15, 356 (2020) 

[2] K. Witte et al., Nano Letters 20, 1305 (2020) 

[3] S. Finizio et al., Nano Letters 22, 1971 (2022) 

[4] S. Finizio, S. Mayr, and J. Raabe, Journal of Synchrotron Radiation 27, 132 

(2020) 
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Low-cost electronics for miniaturized NMR spectrometers 
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Morgan Madeca and Luc Hébrarda 
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Within the NMR (Nuclear Magnetic Resonance) spectroscopy field, a current high topic is 
the study of the feasibility of the development of miniaturized NMR spectrometers. Accessory 
design objectives when talking about the miniaturization of such systems are the portability 
and the cost limitation requirements. The miniaturization aspect itself brings many technical 
constraints that are not easily surmountable and have to be addressed separately [1]. We can 
generally categorize the different parts of an NMR spectrometer within the following main 
design bricks: (a) excitation signal transmission electronics, (b) NMR signal reception 
electronics, (c) signal processing and sampling unit, (d) transmission/reception system 
controlling software, (e) NMR measured signal analysis software, (f) shimming system 
controlling software, (g) transmission/reception coil including related matching electronics, (h) 
permanent magnet unit and (i) shimming electronics, the whole functional set being necessary 
for the execution of proper NMR experiments. 

We are currently developing a low field miniaturized NMR spectrometer that aims at being 
a portable, low-cost solution to replace standard commercial NMR benchtop spectrometers in 
several suitable applications. The design of such system is being done by addressing each of 
the previous mentioned items. As of now, we were already able to properly address elements 
(a, b, c, d and e) by greatly decreasing the size of the resulting electronics as well as making 
these elements purportedly low-cost, with item (g) being currently under development. Fig. 1 
presents a comparison between our present results and the outcome for the same NMR 
experiment ran exclusively with a commercial NMR benchtop. 

For the control and sampling unit we employed a Software Defined Radio (SDR) called 
Red Pitaya. This board is responsible for the interface with the computer as well as for 
providing the excitation signal and for acquiring and processing the subsequent NMR signal. 
It also provides to the specific preamplifier mixer ASIC we developed the clock reference. The 
rest of the hardware is composed merely of standard off-the-shelf (OTS) components, which 
help keeping the overall design low-cost. To validate items (a, b, c, d and e), we ran two similar 
experiments which outcomes can be seen in Fig. 1. We used a Pure Devices Benchtop NMR 
(Pure Devices GmbH, Germany) that served as reference spectrometer on one hand and whose 
elements substituted the ones that we still have so far not developed ourselves in the other hand. 
(i) is the result of substituting the transmission, reception, controlling and processing 
electronics of the Pure Devices spectrometer for our own developed design bricks while (ii) 
shows the equivalent spectrum acquired exclusively with this commercial NMR benchtop. 

These first results are already very promising, especially when considering that our lab-
made system is proposed as a low-cost, portable NMR spectrometer solution for applications 
that allow a limited loss of spectral resolution. 
 

[1] Sergey S. Zalesskiy et all, Chemical Reviews 2014 114 (11), 5641-5694. 

 
Figure 1: NMR spectra of an ethanol sample acquired with (i) our miniaturized electronics 
and (ii) exclusively with a Pure Devices NMR benchtop spectrometer. Arbitrary units. 
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Spintronics aims at controlling both the charge and the spin carriers in solid-state devices. 

Semiconductor spintronics promises enhanced functionalities in terms of speed and energy 

consumption. The most promising mechanism to achieve spin currents in semiconductors is 

to inject spin-polarized hot electrons from a ferromagnetic film into the semiconductor 

substrate. Superdiffusive spin currents can be generated by the absorption of an ultrafast IR 

pulse by a ferromagnetic film. The excited electrons diffuse then ballistically inside the film 

but, as velocities and scattering times are bigger for spin majority electrons than spin 

minority ones, the excited electrons propagate then through interfaces as spin currents. 

Silicon is an ideal material for spintronic applications due to both its role in the traditional 

electronics industry and its allowing long-lived spin currents. Nonetheless, the injection of 

spin currents in semiconductors still lacks direct evidence. To provide experimental evidence 

of spin injection, we studied a Ni/Si3N4/Si interface using the time-resolved resonant MOKE 

effect [1] both at the Ni M2;3 and at the Si L2;3 edges. The measurements were carried out at 

the MagneDyn beamline [2] at the externally seeded FERMI free-electron laser.  

 

[1] A. Caretta, et al., Struct. Dynam. 8 (2021), 034304 

[2] C. Svetina, et. al., J. Synchrotron Radiat. 23 (2016) 

                                      
Figure 1: Unpumped and pumped RMOKE magnetic hysteresis at the Ni M2;3 and Si L2;3 

edge (panel a and b). Panel c) relative change of the site resolved magnetization M (Ni - 

red dots and Si - blue dots) as a function of the time delay measured in a saturation 

magnetic field. The solid lines represent the fitting results, from which we extract the two 

characteristic times for demagnetization (τm) and recovery (τr). The difference of the two 

magnetization dynamics, defined as (ΔM/M)js , is also shown (gray pentagons). 
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Thermal fluctuations in the magnetic field of a magnetic nanoparticle (MNP) ensemble 

are often considered as unwanted noise in a measurement signal. Nevertheless, they can also 

be used directly in Thermal Noise Magnetometry (TNM)[1] for characterization of the 

ensemble since the total switching rate of the thermal fluctuations in the magnetic signal of 

the sample reflects the physical and chemical properties of the particles. The characteristics 

of the nanoparticle ensemble thus greatly influences the magnetization dynamics, which can 

be mapped by measuring its thermal noise. 

 

Since no external magnetic excitation is required, an experimental TNM measurement 

system requires only two components:  a sensitive magnetic field sensor and a magnetic 

shield to suppress environmental interferences. Performance of a setup can be analysed as 

function of bandwidth and Signal-to-Noise-Ratio (SNR) – which would better be called 

Noise to Noise Ratio in this context. A high SNR allows to measure relatively high diluted 

samples; a large bandwidth can cover the noise spectrum of a broad range of particle types. In 

this contribution, we report on TNM measurements in different setups, thereby comparing 

different magnetic shields and different sensors. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Different TNM measurement systems. (a) SQUID sensor in a superconducting magnetic shield, (b) 

SQUID sensor in a human sized magnetically shielded room, (c) commercially available tabletop setup consisting 

of a QuSpin OPM and a Twinleaf magnetic shield. 

 

SQUID sensors have proven to be an excellent option for TNM [1, 2, 3]. They can be 

operated in a small superconducting shield (Fig. 1a) or in a human sized magnetically 

shielded room (Fig. 1b). Newly arising quantum sensors such as Optically Pumped 

Magnetometers (OPMs) and NV-center sensors offer alternative sensor systems attractive for 

TNM. For example, the combination of commercially available QuSpin OPMs and a 

Twinleaf magnetic shield (Fig. 1c) opens up possibilities for TNM to measure in a more 

flexible way and to extend its usage towards other magnetic noise related applications. 

 

[1] J. Leliaert et al. Appl. Phys. Lett 107, 222401 (2015). 

[2] J. Leliaert et al. J. Phys. D: Appl. Phys. 50, 085004 (2017). 

[3] K. Everaert et. al. IEEE Access 9, 111505 (2021). 

a b c 
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Requirements on a metrology infrastructure for characterization of 

magnetic nanomaterials  

Uwe Steinhoffa, Daniel Baumgartenb, Frank Wiekhorsta 

a Physikalisch-Technische Bundesanstalt, Berlin, Germany 
b Institute of Electrical and Biomedical Engineering, UMIT TIROL - Private University for 

Health Sciences, Medical Informatics and Technology, Hall in Tirol, Austria 

Magnetic nanoparticles (MNP) and other magnetic nanomaterials (MNM) belong to the 

most important industrial materials in nanotechnology with a high ubiquity and commercial 

value. The production of nanostructured iron oxide in the European Union amounts to more 

than 100,000 tons per year [1]. MNP are e.g. widely applied for biomedical separation of 

cells, bacteria, viruses, DNA, and other biological targets from blood samples. A consistent 

metrology infrastructure for MNP, MNM and derived products is mandatory for successful 

applications of MNP and MNM, but also for the development of new technologies and for the 

implementation of proper safety regulations when dealing with these materials. Here, we 

sketch the actual state of nanomagnetic metrology and future requirements. 

A consensus on the definition of relevant characteristics of MNP suspensions like specific 

magnetic moment, initial susceptibility, saturation magnetization, specific loss power and 

other quantities has recently been reached on an international level [2]. However, standard 

operating procedures for the measurement of these characteristics still need to be agreed on 

and must be verified by ring comparisons. In these experiments, an identical MNP or MNM 

sample will be shipped to several proficient laboratories which measure a certain quantity 

according to an agreed protocol and compare the results and the uncertainty levels. Validated 

measurement procedures should be documented in international standards. 

A paramount precondition for such ring comparisons is the existence of reference MNP 

or MNM materials with defined and stable magnetic properties. So far, such reference 

materials are not available, they still need to be developed.  

Beside the basic physicochemical characteristics, it is for many applications necessary to 

quantify the distribution of MNP in biological tissue, often over larger volumes. These 

measurements can be verified by measuring physical phantoms with known and persistent 

MNP distribution, quantity and properties. Such phantoms do currently exist for specific 

applications, but they are still lacking metrological verification. 

Further, it will be necessary that the national metrology institutes create reference 

laboratories where the relevant MNP or MNM properties are traced to the standards for SI 

units and where the uncertainty in measurement of magnetic MNP properties is quantitatively 

known. Then, these reference laboratories will be able to certify the proficiency of secondary 

level test laboratories to perform proper measurements of nanomagnetic characteristics and 

issue corresponding certificates. This would for the first time allow MNP manufacturers, 

customers, regulators and other interested parties to obtain a certified and reliable 

characterization of their MNP or MNM based products from secondary level test laboratories, 

a service that is currently not available and that will require new high-throughput high-

precision MNP measurements at reasonable costs to be economically viable.  

Given the extent of the tasks, international cooperation is essential to establish a 

metrology infrastructure for magnetic nanomaterials. 
 

[1] J. Hynes, T. Novotný, M. Nič, P. Danihelka, L. Kocurkova, R. Přichystalová, T. 

Brzicová, S. Bernatikova: Literature study on the uses and risks of nanomaterials as 

pigments in the European Union. European Chemicals Agency, 2018, ISBN 978-92-

9020-623-1, p. 23 

[2] ISO/TS 19807-1:2019 Nanotechnologies — Magnetic nanomaterials — Part 1: 

Specification of characteristics and measurements for magnetic nanosuspensions.  

6.9 Session - Magnetic Measurements 6 ABSTRACTS

109



Assessment of the State of Charge of a Li-ion battery cell via
magnetic field measurement

Gianluca Caposciutti, Mirko Marracci, Bernardo Tellini

 Department of Energy, Systems, Territory and Constructions Engineering,
University of Pisa, Pisa, Italy

Lithium  batteries  have  a  key  role  in  many  civil  and  industrial  applications,  e.g.,  in
electronic  devices,  propulsion  systems,  and  renewable  power  plants.  The  state  of  charge
(SoC) is an energy indicator,  commonly used to implement proper control and optimization
strategies, for operation management as well as for state of health evaluation purposes. The
SoC, is defined as the integral of the current flowing to the battery over the time, and it is
calculated between a full charge or discharge. Different measurement approaches are adopted
to estimate the SoC, among which the current monitoring from a known state, i.e., SoC = 0,
the  voltage  measurement,  via  the open  circuit  potential  (OCP)  curves,  the  impedance
spectroscopy and others. However,  the  nonlinear  (hysteretic)  relationship  and,  in  a  wide
range,  the  flat  characteristic  of  the  battery  OCP on  its  SoC  make  still  complex the
development  of  accurate  measurements.  Among  other  techniques  there  are  the  use  of
magnetic  measurements  such  as  magnetic  susceptibility  analysis,  magnetic  inductance
variation, magnetic resonance imaging, magnetic field mapping [1]. In this work, we present
some preliminary results obtained performing a magnetic field mapping to estimate the SoC
of a Lithium battery. The adopted experimental setup is shown in Fig. 1, through which it is
possible  to  see  the  battery  (schematic  drawing  in  Fig.  1  (a)),  and  the  magnetometer
(photograph in Fig. 1 (b)) adopted to detect the field. Measurements are performed close
around the cell  in a controlled magnetic field environment (zero-gauss chamber)  to avoid
undesired  field  components.  Finally,  by  properly  controlling  the  position  of  the
magnetometer sensor head we developed our experimental analysis for different SoC. 

(a) (b)
Figure 1. Scheme (a) and photograph (b) of the adopted experimental system

The  obtained  results,  indeed  showed a  specific  footprint  of  the  magnetic  field  as  a
function of the cell’s  SoC, thus confirming the possibility of adopting such a measurement
technique  for  SoC analysis.  A  more  in  depth  magnetic  modeling  of  battery  cells  is  still
missing in the literature and this work aims at stimulating the discussion on this relevant topic
[2]. 

[1] T. Gallien, H. Krenn, R. Fischer, S. Lauterbach, B. Schweighofer, H. Wegleiter, “State of Charge Determination of 
LiFePO4 Batteries using an external applied Magnetic Field,” IEEE Trans. Instrum. Meas., vol. 64, no. 11, Nov. 2015, p. 
2959-2964.

[2] S. J. Bazinski and X. Wang, “The Influence of Cell Temperature on the Entropic Coefficient of a Lithium Iron Phosphate 
({LFP}) Pouch Cell,” Journal of The Electrochemical Society, vol. 161, no. 1, pp. A168--A175, Dec. 2013, doi: 
10.1149/2.082401jes.
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Integrated Low Cost Eddy Current Sensor for Oscillatory Actuators 

Florian Poltschaka 

a JKU HOERBIGER Research Institute for Smart Actuators 

The key to a high-quality control of linear oscillatory actuators is a high dynamic position 

signal. An advanced control is required to maximize performance and profit from the 

compact design of the actuators. This class of direct actuated drives has the main focus on 

applications where an efficient reciprocating motion is essential. Typical examples are pumps 

[1] or compressors. Especially small systems profit from the high dynamic of the direct 

actuation and the compact and comparable simple system layout that completely waives 

crank shaft and crosshead. 

With high requirements on the dynamic bandwidth, the sensor target distance and a good 

rejection of a parasitic motion perpendicular to the reciprocating direction a solution is found 

in an integrated eddy current sensor with a cone shaped target. In contrast to the system 

presented in [2] where a sensor array is positioned around the cone-shaped target, the system 

presened here is reduced to a concentric arrangement of sensor coil and target. This results in 

the most compact solution of a sensor system completely integrated into an oscillatory 

actuator. 

Two possible configurations of the sensor system exist. In first configuration positions the 

coil inside a comprising outer target and in the second configuration the coil encompassed an 

inner target. 

In Fig. 1 a FE simulation detail of the cross section of the sensor system with an outer target 

is given next to its mechanical construction. The interior coil has the advantage that the target 

itself shields the eddy current sensor making it insensitive to disturbances from the nearby 

positioned linear actuator. 

The sensor system is designed and optimized using a combined time harmonic and 

electric circuit simulation to obtain maximum output sensitivity and linearity. The oscillator 

circuit to drive the eddy current sensor coil is integrated on a PCB directly attached to the 

sensor coil holder. Finally, measurement results from the test-rig validate the system.   

 

[1] E. Leati, F. Poltschak, R. Scheidl, „An electromagnetically actuated high frequency 

oscillation pump”, Mechatronics, Volume 47, 2017, pp. 233-245. 

[2] F. Poltschak and P. Grundhammer, "Non-contact position sensing of five axes for 

linear motor systems," 2021 13th International Symposium on Linear Drives for Industry 

Applications (LDIA), 2021, pp. 1-6. 

 
 

Figure 1: Cross section of the proposed integrated eddy current sensor system: (left) FEM 

Simulation of the cross section and (right) the design of the integrated sensor system. 
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Temperature and angular peculiarities of the EPR spectra of the 

PbTe (Mn, Cu) in the X and Q-band  
Aleksei Shestakov

a
, Ivan Yatsyk

a
, Il’shat Fazlizhanov

a
, Vladimir Ulanov

a, b
 

a
 Zavoisky Physical-Technical Institute, FRC KazSC of RAS, Kazan, Russia 

b
 Kazan State Power Engineering University, Kazan, Russia 

The PbTe direct narrow band semiconductor belongs to the group of lead chalcogenides 

with the cubic rock salt structure and strong ionic character. It has a positive temperature 

coefficient of the gap width, the high static dielectric constant, and the large carrier mobility. 

They make it unique among polar compounds and make it important applications in many 

fields, such as infrared detectors, light-emitting devices, infrared lasers, thermoelectric 

materials and solar energy panels. A small number of studies of quantum wires, dots, and 

wells in the PbTe semiconductor have been carried out using the EPR method. Because the 

most of the paramagnetic impurity centers form resonant levels in the conduction or valence 

band in the lead chalcogenides and all such centers are not observable by EPR method. It was 

found [1, 2] that the Mn
2+

 ions embedded in PbTe are well localized at the Pb sites and form 

local magnetic moments. Owing to the direct exchange interaction between the d-electrons 

and Bloch electrons of the valence and conducting bands, the latter are magnetically 

polarized. The manganese impurity centers can be used as paramagnetic probes to study some 

physical properties of PbTe semiconductors. We report here the X-band (9.36 GHz) and Q-

band (36.5 GHz) EPR data (fig. 1) on deep Mn
2+

 centers in PbTe (Mn, Cu) crystalline sample 

(xMn  0.0005 ÷ 0.001) grown by vertical Bridgman method in quartz crucibles. This low 

concentration of Mn ions was chosen with the aim that the impurity ions work as a probe. In 

the X-band EPR experiment, the sample rotated in the (111) plane. If the angle is 20 degrees, 

then the direction of the magnetic field coincides with the direction of the (001) axis. In the 

Q-band EPR experiment the sample was mounted in center of bottom of a cylindrical cavity 

resonator (TE012 mode) and rotated in the (100) crystallographic plane. Additionally, X-band 

EPR measurements were made from 5 to 100 K. The Q-band EPR spectrum of this sample is 

very rich (fig. 1a). Six principal Mn
2+

 hyperfine lines were observed in the EPR spectra. The 

field intervals between the lines were found to be isotropic under rotation in the (100) plane 

within the experimental error of ~0.1 mT, where A=165÷202 MHz. The EPR broad line with 

Bres~1275 mT was observed presumably from Cu ions. The nature of signal in the region 0–

200 mT is discussed. Quantum oscillations are also observed in the X-band and Q-band ERP 

spectra, the period of which increases with increasing magnetic field. It is assumed that these 

oscillations are due to the de Haas-van Alphen effect. The charge carrier concentration was 

estimated n = 2e/(h·Δ(B
-1

)) = 811410
9 
cm

-2
. All experimental facts observed in this study 

are discussed. The financial support was provided by the FRC KazSC of RAS. 

 

[1] Ven-Chung Lee, Phys. Rev. B, 34 (1986), 5430. 

[2] J.H. Pifer, Phys. Rev., 157 (1967), 272. 
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Figure 1: A series of EPR spectra of a sample in Q (a) and X-band (b) at various 

angles. 
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Assessment of the anisotropy of magnetomechanical symptoms 

caused by the direction of steel rolling for the purpose of material 

stress evaluation.    

Szymon Gontarza, Przemysław Szulima 

a Warsaw University of Technology, Faculty of Automotive and Construction Machinery 

Engineering,  Narbutta 84, 02-524 Warsaw, Poland 

Many materials and machines that may pose a real risk of catastrophe due to fatigue wear, 

exceeding stress limits or the appearance of plastic deformation are magnetic. In addition, 
there is a constant trend indicating the need to develop methods towards the technology of 

detecting early stages of damage, which is possible thanks to the use of magnetic methods 

[1]. However, due to the variety and complexity of the magnetomechanical effects, it is 
difficult to identify quantitative measures that can precisely define diagnostic thresholds for 

specific magnetic signals.  

Both quantitative and qualitative changes of the object magnetization status are coupled 

with thermal, electrical and mechanical effects in the structure. Complex, multiparametric 
non-linear relations between chemical composition, physical structure, stresses and 

magnetization of the material can be observed under test. Required for analysis and 

interpretation of such multiple interrelations and non-linear actions, are suitable models 
which would highlight the most effective reactions (phenomena). Therefore, the publication 

estimated the impact of magnetic anisotropy resulting from the characteristic microstructure 

of the steel related to the direction of its rolling, on the behavior of magnetomechanical 
phenomena. For this purpose, the test stand was built, that is able to analyze the magnetic 

characteristics of samples that are simultaneously subjected to tensile stresses.  

The specimens were stretched along, across and at an angle of 45 degrees to the rolling 

direction. In the experiment a customized measurement device (MagMouse) which consisted 
of a matrix of three-axis magnetoresistive sensors was used. 

 The obtained results indicate new possibilities of describing and modeling phenomena 

that better describe the observed reality. Along with the new description of physical 

interactions, new methods of measuring and analyzing the magnetic signal were presented, 
both in terms of elastic and plastic loads. In both cases, changes in the mechanical properties 

of the material, taking into account the rolling direction of the steel, result in changes in the 

magnetic properties, mainly magnetization and magnetic permeability of the material. The 

results of the research indicates tips on how to conduct the experiment, considering rolling 
direction of steel, to find diagnostic information. 

 

[1]  A. Daem, P. Sergeant, L. Dupré, S. Chaudhuri, V. Bliznuk, L. Kestens, Magnetic 

Properties of Silicon Steel after Plastic Deformation. Materials. 2020 Oct; 13(19): 4361. 

 

Figure 1: Diagram of the test stand for the experiment. 
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Magnetic and structural properties of Co-rich soft magnetic 

heterostructures 

E. F. Pinzón-Escobara, H. Montiela, G. Alvarezb and A. Esparza-Garcíaa   

a Instituto de Ciencias Aplicadas y Tecnología, UNAM, Ciudad de México, México 
b Universidad Autónoma de la Ciudad de México, Campus Cuautepec, CDMX, México 

In this work, we present a magnetic and structural comparative study of amorphous Co-

based (VITROVAC) layer interaction with soft magnetic layer (VITROVAC and 

permalloy80) and nickel layer. We have grown VITROVAC/Au/Magnetic-layer 

heterostructures on a silica glass substratum by means of DC magnetron sputtering, where we 

have varied the VITROVAC thickness on substratum for 30 nm, 62 nm and 125 nm; a spacer 

Au layer with 5nm of thickness; and 30 nm of ferromagnetic layer at the top. The X-ray study 

shows that we preserve the amorphous state of VITROVAC after sputtering process, on the 

other hand, Atomic Force Microscopy (AFM) study reveals that Au layer induce crystal order 

for permalloy and nickel layers, shown in fig. 1. The hysteresis loops were measured using a 

vibrating sample magnetometer (VSM), the results show three different coupling due to 

magnetoelastic anisotropy and magneto crystalline anisotropy as function of VITROVAC 

thickness on the substratum, as shown in fig. 2. 

 

 

This work was supported by DGAPA-UNAM through the grant PAPIIT IN106621. 

                 

                                                                

Figure 1: AFM of a) VITROVAC125nm/Au5nm/Permalloy30nm and b) 

VITROVAC125nm/Au5nm/Ni30nm. 
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Figure 2: Normalized hysteresis loops of a) VITROVAC/Au/VITROVAC and b) 

VITROVAC/Au/Py, and c)  VITROVAC/Au/Ni heterostructures.         
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Reconstruction of the net magnetisation of a paleomagnetic sample
from partial measurements of its magnetic field

Dmitry Ponomareva

a Vienna University of Technology (TU Wien), Vienna, Austria

Inverse problems in paleomagnetism is a lucrative area where any obtained result might
offer new insights into the past behavior of the magnetic field on Earth or other extra-terres-
tial bodies whose samples happen to be available for measurements. Motivated by a particu-
lar  experimental  set-up  of the  Paleomagnetism  lab  of  EAPS  department,  MIT  (USA)
equipped with a SQUID magnetometer, we consider an issue of reconstruction of the net re-
manent magnetisation of a sample from measurements of one component of  the magnetic
field in vicinity of this sample. The problem is non-trivial and its analysis prompts develop-
ment of sophisticated constructive techniques even for thin samples, see e.g. [1]. 

 In the present talk, I will present very recent results [2] which provide and rigorously
prove asymptotic estimates of the value of each component of the net magnetisation vector of
a magnetised volumetric sample. These explicit formulae are integral expressions that feature
only one component of the magnetic field. According to the experimental set-up, this meas-
ured field component is normal to the measurement plane, and the measured data are avail -
able on a sufficiently large portion of this plane which is taken to be a disk.

I will show that estimates of different order of accuracy can be obtained. Higher-order es -
timates allow using field measurements in a more limited area whereas their low-order coun-
terparts are, in general, less sensitive to the noise level. Therefore, an appropriate balance has
to be found for the practical use of the set of the obtained formulae. I will illustrate the results
on both noise-free synthetic data and data contaminated with a small level of noise.

One example of the obtained estimates is the following asymptotic formula:

m1=
2

105
∬[315−2016(

x1

A )
4

+19200(
x1

A )
6

−22400(
x1

A )
8

]x1B3 ( x⃗ ,h )d2 x+O(
1

A4 ).
Here,  m1 is one of the tangential components of the net magnetisation vector, B3 is the mea-
sured magnetic field component in the plane located at height h from the sample, A is the ra-
dius of the measurement area (disk  DA). This particular formula corresponds to the purple
curve plotted on fig. 1.

The proposed methodology and the results may turn out to be extendable to other con-
texts different from the paleomagnetism.

 

[1] L. Baratchart et al, Inv. Probl. 29 (1) (2013), 015004.

[2] D. Ponomarev, arXiv:2205.14776.

Figure 1: Estimators of the quantity m1 converging to the true value for large A
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Time-dependent magnetometry for temperature measurement in 

magnetocaloric materials 

R. Almeidaa, C. Amorimb, J. S. Amaralb, J. P. Araújoa, J. H. Beloa 

a IFIMUP, Departamento de Física e Astronomia, Faculdade de Ciências, Universidade do 

Porto, Rua do Campo Alegre s/n, 4169-007 Porto, Portugal 
b CICECO—Aveiro Institute of Materials, Department of Physics, University of Aveiro, 

3810-193 Aveiro, Portugal  

 

The magnetocaloric effect is usually quantified indirectly through estimates of the 

isothermal magnetic entropy change, ΔSM, and the adiabatic temperature difference, ΔTad by 

making use of Maxwell relations on magnetization and heat capacity measurements versus 

field and temperature. These measurements, however are timely and require specialized 

equipment. On the other hand, making direct measurements of ΔTad is also a challenge due to 

physical thermometers compromising adiabaticity and alternative non-contact thermometry 

techniques also require specialized setups [1, 2]. A reliable and more accessible technique is 

thus of high interest. We here present an approach to directly measure ΔTad exclusively 

through time-dependent magnetometry in a commercial SQUID device. We use Gd as 

reference material under a 2 T field change and compare our results with previous results 

obtained for Gd [3]. In order to estimate the Gd ΔTad(T) curve, we employed a time-

dependent protocol for measuring magnetization relaxation in time after applying a 2 T field 

and subsequently ”converted” these into relaxations in temperature through a previously 

measured M(T) curve, measured at an identical field of 2 T. Under non-adiabatic 

experimental conditions, a remarkably similar ΔTad(T) curve profile is obtained, however, its 

peak amplitude is underestimated. With a simple compensation methodology, we were able 

to further approximate the profile of the ΔTad(T) curve obtaining the peak amplitude, the 

maximizing temperature, and the FWHM within relative errors of -4%, -0.7%, and 11%, 

respectively (see figure 1). Our reported approach makes the measurement of both ΔSM(T) 

and ΔTad(T) possible with a single instrument, enabling the accelerated progress towards new, 

competitive, and industry-ready materials.  

 

 

 

[1] Y. Koshkidko, J. Cwik, T. Ivanova, S. 

Nikitin, M. Miller, and K. Rogacki, Journal of 

Magnetism and Magnetic Materials, vol. 433, 

pp. 234–238, July 2017. 

 [2] F. Cugini, G. Porcari, C. Viappiani, L. 

Caron, A. O. dos Santos, L. P. Cardoso, E. C. 

Passamani, J. R. C. Proveti, S. Gama, E. 

Bruck, and M. Solzi, Applied Physics Letters, 

vol. 108, p. 012407, Jan. 2016. 

[3] S. Y. Dankov, A. M. Tishin, V. K. 

Pecharsky, and K. A. Gschneidner, Physical 

Review B, vol. 57, pp. 3478–3490, Feb. 1998 

Figure 1: Our time-dependent 

magnetometry estimations of Gd’s 

adiabatic temperature difference 

under a 2 T field change as a function 

of temperature for no-compensation 

(light blue), 10s (dark-blue), 20s 

(red) and full compensation (yellow) 

in comparison with curve presented 

by Dankov et al in [3]. 
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Traceability routes for magnetic measurements 

Marco Coïsson
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a
 INRIM, strada delle Cacce 91, 10135 Torino, Italy 

b
 CEM, calle Alfar, 2, 28760 Tres Cantos (Madrid), Spain 

c
 NSAI, 1 Swift Square, Northwood, Santry, Dublin 9, Ireland D09 A0E4 

Magnetic measurements are vital to support European challenges in areas such as electric 

vehicles; health; power transformation and harvesting; clean, affordable and secure energy; 

information and sensor technology. However, only a few European National Metrological 

Institutes have the capabilities to perform traceable measurements of all of the most 

important magnetic quantities. Consequently, the adoption of novel technologies and 

materials is hindered by the lack of local metrological expertise that research and 

development activities in academia and industry could exploit. 

A new European project (TRaMM, 21SCP02) [1], in the framework of the Small 

Collaborative Projects (SCP) call 2021, aims at transferring the expertise of INRIM (Italy) in 

the field of magnetic calibration and measurements to CEM (Spain) and NSAI (Ireland), thus 

addressing market and stakeholder requirements in the European Union and paving the way 

toward future smart specialisation concepts at the European level. Figure 1 schematically 

shows the TRaMM project structure. A stakeholders committee will be constituted, that will 

help identifying the current metrological needs of industry and academia in the field of 

magnetic measurements and calibration. These will in turn allow to define suitable theoretical 

and laboratory training for the participating partners, that at the end of the project will have 

developed enough expertise to offer their competence on this subject to interested industrial 

and academic partners. All the training material will be made available online. Any interested 

parties can join the stakeholder committee. 

 

 
Figure 1: Scheme of the TRaMM project. 

 

[1] https://www.tracemag.eu/ 
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Application of active thermography for the study of losses in 

components produced by Laser Powder Bed Fusion 

Michele Quercioa, Emir Poskovica, Fausto Franchinia, Luca Ferrarisa, Aldo Canovaa 

a Energy Department, Politecnico di Torino, Torino, Italy 

Additive manufacturing technologies are nowadays established realities in the production 

sector. The use of this technology allows the creation of components with complex 

geometries. The low production volumes, the reduced printing speeds and today the high 

production costs make this technology usable in sectors such as Aerospace, Biomedical, 

Automotive. Due to the aforementioned characteristics, it is necessary to study non-

destructive testing techniques to validate the components produced. Among the techniques in 

common use today we find computed tomography. Very expensive technique that allows to 

identify the defects and porosity present inside the piece using an X-ray beam. Recently new 

techniques are being studied to control the quality of the pieces made, for example in [1] in 

situ controls are used to verification of the presence of defects. In this work we wanted to 

present the use of the thermographic technique on samples produced in FeSi2.9 to evaluate 

the defects present in the pieces produced. The use of active thermography allows, through 

the evaluation of losses, to identify the areas with major defects [2]. The technique was 

applied using Helmholtz coils as a source and a 5x5x5 mm cube as a sample. The tests were 

carried out on two different faces of the sample, in particular the one along the printing 

direction and the perpendicular one, were taken into consideration. The results of this study 

are very promising, as they have confirmed what Garibaldi et al in [3] demonstrated through 

various studies, namely that the faces made along the printing direction have better 

microstructural characteristics than the other directions and consequently lower losses. 

 

 

[1] S. Everton, M.Hirsch, P. Stravroulakis, R. Leach, A. Clare, “Review of in-situ process 

monitoring and in-situ metrology for metal additive manufacturing”, Materials & Design, Volume 

95, 2016, doi: 10.1016/j.matdes.2016.01.099. 

[2] L. Ferraris, F. Franchini, E. Pošković, "A Novel Thermographic Method and Its Improvement 

to Evaluate Defects in Laminated and Soft Magnetic Composites Devices", IEEE Trans. on Ind. 

Appl., vol. 55 (6), pp. 5779-5788, Nov.-Dec. 2019, doi: 10.1109/TIA.2019.2933801. 

[3] M. Garibaldi, I. Ashcroft, N. Hillier, S.A.C. Harmon, R. Hague, “Relationship between laser 

energy input, microstructures and magnetic properties of selective laser melted Fe-6.9%wt Si soft 

magnets”, Materials Characterization, doi: 10.1016/j.matchar.2018.01.016. 

 

Figure 1: Left: Helmholtz coil system, results of the analysis on the face along the printing 

direction and on the perpendicular one. 
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Towards the geometrical control of domain wall dynamics in 3D 

curved nanostructures 
 

Sandra Ruiz-Gomeza, Pamela Moralesa, Claudia Fernandez-Gonzalezb,c, Aurelio  

Rodriguez-Hierrod, Michael Foerstere, Miguel Angel Ninoe, Ewa Madejf, Dorota  

Wilgocka-Ślęzakf, Anna Mandziakf, Amalio Fernandez-Pachecog, and  

Claire Donnellya  
a Max Planck Institute for Chemical Physics of Solids, Dresden, Germany  

b IMDEA Nanoscience Institute, Madrid, Spain  
c Universidad Complutense de Madrid, Madrid, Spain  
d Depto Fisica, Universidad de Oviedo, Oviedo, Spain  
e ALBA Synchrotron Light Facility, Barcelona, Spain  

f SOLARIS national synchrotron radiation center, Krakow, Poland   
gInstituto de materiales y nanociencia de Aragon, CSIC-Universidad de Zaragoza, Zaragoza,  

Spain 

 

Three dimensional nanomagnetic systems, with novel and unconventional spin textures, 

represent an exciting platform to explore new magnetic phenomena, as well as offering 

possibilities for the development of more efficient, capable and multifunctional technologies 

[1]. The three-dimensional geometry is predicted to have a significant influence on the 

dynamics of magnetic domain walls [2], soliton-like textures that form the basis of many 

proposed spintronics devices in recent years. In particular, through the introduction of 

curvature and torsion, properties such as anisotropy and chirality can be directly induced, and 

controlled [3,4]. In this way, new physics and functionalities can be realised, from three- 

dimensional chiral spin states [5,6] to ultrafast domain wall dynamics [7].   

 

Here, we experimentally explore the influence of 3D geometry on the energetics of domain 

walls by introducing curvature and torsion into a magnetic nanowire system. The realisation 

of complex geometries at spatial resolutions comparable to the characteristic lengths of 

nanomagnetism is achieved using the direct write technique focused electron beam induced 

deposition [8]. By allowing for the patterning of a wide range of geometries, the technique 

makes possible the fabrication of complex curved Co nanostructures, therefore opening the 

door to exploring the influence of the geometry on the domain wall dynamics. We probe the 

behaviour of domain walls within these curved systems with soft x-ray magnetic microscopy, 

that allows us to directly observe the magnetic state of the structures and the domain walls, 

and determine their response to the application of magnetic fields [9].  This insight into the 

control that can obtained via complex geometries will help pave the way to the next 

generation of 3D spintronic devices.  

 

[1] P. Fischer et al. APL Mater. 8, 010701 (2020).   

[2] Robert Streubel et al 2016 J. Phys. D: Appl. Phys. 49 363001  

[3] D. D. Sheka. Appl. Phys. Lett. 118, 230502 (2021)  

[4] D. D. Sheka et al. Commun Phys 3, 128 (2020).  

[5] A. Fernández-Pacheco et al. Nat. Comm. 8, 15756 (2017).   

[6] C. Donnelly et al. Nature Nanotech. 17, 136–142 (2022)  

[7] M. Schobitz et al. Phys. Rev. Lett. 123, 217201 (2019).   

[8] L. Skoric et al. Nano Lett. 20, 1 (2020).   

[9] S. Ruiz Gomez et al., In preparation. 

6.10 Session - Magnetism in geometrically curved and mechanically flexible surfaces 6 ABSTRACTS

120



Tunable magnetic equilibrium configurations in dipolar helices 

Ot Garcésa and Òscar Iglesiasa 

a Dpt. Física de la Matèria Condensada and IN2UB, Universitat de Barcelona, Av. 
Diagonal 645, 08028 Barcelona (Spain) 

The role that geometry and topology play in emergent order parameters has become an 
important topic in theoretical and experimental studies in different areas of physics [1]. A 
general theoretical framework to describe statics and dynamics of curved magnetic wires and 
surfaces has been developed recently, providing a starting point to study magnetization 
configurations in curvilinear structures [2]. New terms such as induced effective anisotropies 
and emergent Dzyaloshinskii-Moriya interactions appear as a consequence of curvature, 
which are responsible for magnetochiral effects, not present in the conventional cases. In this 
work, we have particularized the study to anti- and ferromagnetic (FM) helices, that are the 
simplest curves with constant  and . By performing atomistic Monte Carlo simulations, we 
have validated the micromagnetic theoretical framework that predicts stable magnetization 
transitions between quasi-tangential (QT) to onion-like configurations [2]. Varying the 
curvature  (or radius R) and torsion  (or pitch p), we have obtained phase diagrams for the 
FM and AF cases for different kinds of magnetocrystalline anisotropies, extending them 
beyond the limits of application of the micromagnetic model. In a second part of the work, 
we will study the effects of curvature in systems where exchange determines the global 
magnetization direction, but the global magnetic order is dominated by dipolar interactions. 
This is the case of nanoparticle assemblies, colloidal magnets, magnetic beads or molecular 
clusters, that can be treated as magnetic macro-dipoles [3]. We will show that in dipolar 
helices a rich variety of equilibrium configurations can be reached by tuning the angle 
between consecutive dipoles. They include QT states, entwined head-to-tail magnetic helices 
that have a periodicity different from the generative helix and FM or AF ordered chains along 
the helix axis. Varying the radius or the pitch of the helix, abrupt transitions between states 
having zero and sizable net magnetization can be induced, which could be achieved 
experimentally by applying stress to the helix ends and be used as magneto-mechanic 
sensors. Work supported by Spanish MINECO (PGC2018-097789-B-I00, PID2019-
109514RJ-I00), Catalan DURSI (2017SGR0598) and EU FEDER funds (Una manera de 
hacer Europa) also CSUC for supercomputer facilities. 

Ground states of a dipolar helix (R=1, p=/2) and their staggered magnetization along 
the helix axis.  
 

[1] C. Donnelly et al. Nature Nanotechnol. 17, 136 (2022). 
[2] D. D. Sheka et al. Small 18, 2105219 (2022); Phys. Rev. B 92, 054417 (2015). 
[3] I. Stankovic, et al. Nanoscale 11, 2521 (2019); A. Edström, et al. Phys. Rev Lett. 128, 177202 

(2022). 
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Strain and shape effect on magnetization dynamics in nanostructures  

S. Chiroli1, D. Faurie1, M. Haboussi1, A. O. Adeyeye2,3, F. Zighem1 

1LSPM-CNRS, Université Sorbonne Paris Nord, France 
2ISML, National University of Singapore, Singapore 

3Department of Physics, Durham University, United Kingdom 

Spin waves study in magnonic crystals have become a major field of research due to their 
potential applications [1]. Furthermore, combining magnetism and micromechanical strain 
has increasingly interested the magnetism community due to magnetoelastic coupling. This 

phenomenon is even more interesting in nanostructures 
since the strain field and the magnetic configuration are 
stongly affected by the shape and dimensions. 
Moreover, magnetic mode frequencies in magnonic 
crystals could be controlled by an induced 
magnetoelastic field, which could be more efficient in 
terms of space and energy than applying an external 
magnetic field [2]. However, even if some groups have 
worked on this coupling, most of the works have been 
experimental.  

In this work, we developed a fully coupled 
micromagnetic/elastic code under COMSOL 
Multiphysics® that we use for both temporal evolution 
of the magnetization and modal frequency analysis of 
magnetic structures. This code has been tested and 
validated with experimental FerroMagnetic Resonance 
(FMR) measurements on thin films and complex 
nanostructures (Fig. 1(a)) in absence of applied strain 
and has been succesfully tested in presence of  
magnetoelastic coupling. As a result, Fig. 1(b) shows 
experimental and numerical FMR results obtained on 
complex shape nanowires (static field along the long 

axis); the colored images (Fig. 1(c)) are profiles of the different magnetic mode. These 
profiles have been calculated by introducing periodic boundary conditions in order to 
reproduce the semi-infinite character of the nanowires along. Moreover, each magnetic mode 
was followed as a function of different applied strains. In particular, different 
magnetostriction coefficients (𝜆) were adopted in order to discriminate magnetoelastic effects 
from shape ones. It is shown that while magnetoelastic effects are predominant even for low 
magnetostriction coefficient (a few 10-6), shape effects are small but not negligible and are 
quantified in this work. All the methodology and results will be detailled during the 
presentation.  
 

 

[1] V. Kruglyak, S. Demokritov and D. Grundler, J. Phys. D: Appl. Phys. 43, 264001(2010)  
[2] N. Challab, D. Faurie, M. Haboussi, A. O. Adeyeye and F. Zighem. ACS Applied 
Materials & Interfaces, 13.25, 29906 (2021) 

 

Fig. 1: (a) Studied array. (b) 
Experimental and simulated 
FMR measurements. (c) 
Simulated magnetic mode 
profiles. 

6.10 Session - Magnetism in geometrically curved and mechanically flexible surfaces 6 ABSTRACTS

122



Resolving magnetism in geometrically curved surfaces by X-ray 
photoemission electron microscopy 

Mohamad A. Mawassa, Ryuji Fujitab, Thorsten Hesjedalb, Florian Kronasta 

a Helmholtz-Zentrum Berlin für Materialien und Energie, 12489 Berlin, Germany  
b Clarendon Laboratory, Department of Physics, University of Oxford, Oxford OX1 3PU, 

United Kingdom  

The experimental detection and visualization of curvature-induced effects is a particular 
challenge for magnetic microscopy. The relevant length scales are in the nanometer range and 
2D or 3D curved magnetic surfaces further increase the complexity of magnetic imaging. X-
ray photoemission electron microscopy (X-PEEM) is a highly surface- and magnetization-
sensitive full-field imaging technique ideally suited for the study of thin films and interfaces 
with a spatial resolution of 20-30 nm. Recent work using X-PEEM to study magnetism in 
curved geometries has shown that, apart from the obvious instrumental limitations due to the 
limited acceptance angle of electron optics and imaging artifacts resulting from the distorted 
trajectories of photoelectrons emitted from curved surfaces, X-PEEM studies make an 
important contribution to the study of curvature effects in nanomagnetism [1]. 

On the one hand, this is due to the versatility of the technique, which offers element-specific 
magnetic contrast and high lateral resolution combined with low sample preparation 
requirements. On the other hand, when the geometric path through the 3D structure is shorter 
than the X-ray extinction depth, typically about 150 nm at the L-edges of transition metals, 
the transmitted X-rays cause a magnetic signal in the shadow that provides information about 
bulk magnetization. This technique, first introduced as shadow XMCD-PEEM, provides a 
powerful method to simultaneously study the volume and surface of the same structure [2].  

In this paper, we will present recent X-PEEM examples for 3D and 2D magnetic 
architectures. In particular, we will present a study of curvature effects in 2D van der Waals 
magnets. In these ultrathin materials, the surface sensitivity of X-PEEM is advantageous as it 
provides strong magnetic contrast down to the single layer configuration [3]. Wrinkles in 2D 
layers created by exfoliation or deposition provide a good opportunity to study curvature 
effects. By combining X-ray PEEM and atomic force microscopy data that resolve surface 
magnetization and surface topography, we can distinguish the modulation of magnetic 
contrast due to the  varying incidence angle of X-rays at the fold position from curvature 
effects such as strain-induced changes in anisotropy or curvature-induced Dzyaloshinskii-
Moriya interaction (DMI). As a result of curvature effects, we observe in some postitions a 
discontinuity in domain structure and a different domain pattern emerging on the top of the 
fold. 

[1] Robert Streubel et al,J. Phys. D: Appl. Phys. 49 (2016) 363001 
[2] Judith Kimling, et al, Phys. Rev. B 84 (2011), 174406 2011 
[3] Ryuji Fujita, et al, https://doi.org/10.1021/acsnano.2c01948 
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Creating arbitrary magnetization landscapes in corrugated magnetic 
films and waveguides  

Jan Kímaa, Lucie Dočkalováa, Igor Turčanb, Kristýna Davídkováa, Ondřej 
Wojewodab, Michal Urbáneka,b 

a CEITEC BUT, Brno University of Technology, Brno, Czech Republic  
b Institute of Physical Engineering, Brno University of Technology, Brno, Czech Republic 

Recent advances in 3D nanofabrication technologies allow fabricating structures with 
properties unobtainable with classical planar lithography approaches. Ferromagnetic films 
with periodically corrugated surfaces allow to locally imprint the uniaxial magnetic 
anisotropy, thus control the effective magnetic field, and create arbitrary magnetization 
landscapes. The surface curvature in films with thicknesses comparable to the amplitude of 
the corrugation locally modifies the contributions of dipolar and exchange energies and 
results in an effective anisotropy term which can be tuned on-demand based on the exact 
geometry [1]. We use focused electron beam induced deposition to prepare a sinusoidally 
modulated substrate on which we fabricate corrugated magnetic films (see Fig. 1a) [2]. We 
are able to spatially control the corrugation direction (Fig. 1b, c), which allows us to stabilize 
the magnetization in the different parts of the magnetic element in the required direction and 
thus, e.g. create an ideal magnetization landscape for manipulation of spin wave caustic beam 
(Fig. 1d). 

 

 
 
 

 

[1] O. A. Tretiakov, et al., Phys. Rev. Lett. 119, 077203 (2017). 

[2] I. Turčan, et al., Appl. Phys. Lett. 118, 092405 (2021) 

 

Figure 1: (a) TEM image of a corrugated thin film. (b) SEM micrograph of a magnonic 
waveguide with the direction of corrugation changing along the waveguide axis. (c) 
Sketch of the waveguide design showing the angle of corrugation in different segments of 
the waveguide. (d)  Micromagnetic simulation of a spin wave caustic beam smoothly 
propagating in the centre of the waveguide, following pre-defined magnetization 
landscape. 
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Magneto-optical investigation of 3D-curved toroidal ferromagnetic 

thin films 

Christian Janzena, Sapida Akhundzadaa, Michał Matczakb, Piotr Kuświkb, 

Michael Vogela, Arno Ehresmanna 

a Institute of Physics and Center for Interdisciplinary Nanostructure Science and Technology 

(CINSaT), University of Kassel, Kassel, Germany 
b Institute of Molecular Physics, Polish Academy of Science, Poznań, Poland 

Magnetic thin films, which are typically examined as flat two-dimensional systems may 

be extended to the third dimension by deposition of the magnetic material on curved 

substrates. This leads to an inversion symmetry breaking resulting in curvature-induced 

effects, e.g., the stabilization of topological non-trivial spin structures in symmetric material 

systems such as permalloy [1,2,3].  

To experimentally investigate physical effects induced by the geometry and curvature of 

a thin film magnet, micron-sized curved structures with minimal surface roughness were 

prepared by optimized two-photon polymerization lithography (2PP) processes. The 2PP 

exploits the non-linear absorption properties of a resist to initialize its polymerization only at 

the volume of the highest intensity called voxel [4]. By manipulating the three-dimensional 

position of the voxel, it is possible to prepare microstructures with varying curvature, being 

further used as a template for the sputter deposition of magnetic thin film systems [5]. These 

structures are deliberately placed with well-defined lateral as well as axial spacing, leading to 

periodic arrays where, e.g., the influence of varying magnetostatic interactions between the 

individual objects can be investigated. 

In this work, the magnetization reversal of periodic arrays of hemispherical tori with 

varying lattice geometry of the periodic array will be investigated by magneto-optical Kerr 

magnetometry/microscopy. A SEM micrograph of a torus array, which is spatially separated 

from the flat thin film, as well as the corresponding hysteresis curves of a (Ti/Au/Co/Au) 

layer system with perpendicular magnetic anisotropy are depicted in fig. 1. Furthermore, 

permalloy tori arrays (Cu/Py/Al) are magneto-optically examined, whereby the angle of 

incidence of the utilized light source is adjusted, to probe different regions of the curved thin 

film. The experimental results are further compared with micromagnetic simulations. 

 

[1] V. Kravchuk et al., Phys. Rev. B 94, (2016), 144402. 

[2] S. Vojkovic et al., J. Appl. Phys. 120 (2016), 033901.  

[3] R. G. Elías et al., Sci. Rep. 9, (2019), 14309.  

[4] Z. Xiaoqin et al., AIP Adv. 5 (2015), 030701. 

[5] M. Hunt et al., Materials 13 (2020), 761. 

 

5µm  
Figure 1: Left: SEM micrograph of a tori square lattice array. Right: corresponding polar 

magnetization reversal curves for different lateral spacing of the tori. 
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Tailoring the magnetization processes of chemically modulated 
cylindrical nanowires 

Lucas Pereza,b, Claudia Fernández-Gonzálezb, Alba Berjac, Arantzazu Mascaraquea, 
Lucia Aballed, Michael Foersterd, Ruy Sanze, Sandra Ruiz-Gomezf 

a Dept. Fisica de Materiales, Universidad Complutense de Madrid, Spain 
b Instituto Madrileño de Estudios Avanzados – IMDEA Nanociencia, Madrid, Spain 

 c Instituto de Cerámica y Vidrio (CSIC), Madrid, Spain 
d Alba Synchrotron Light Facility, CELLS, Bellaterra, Spain 

e Instituto Nacional de Técnica Aeroespacial – INTA, Torrejón de Ardoz, Spain 
f Max Planck Institute for Chemical Physics of Solids, Dresden, Germany. 

The control of the magnetization processes along elongated structures is key for the 
development of novel magnetic devices. Up to now, most of the studies on magnetization 
dynamics in these systems has been focused on two-dimensional elongated structures with 
squared cross-section [1]. However, recent studies shown than more complex and interesting 
spin textures and novel physics phenomena can be observed when moving towards 
cylindrical nanowires [2]. 

Electrodeposition is a versatile tool for the synthesis of cylindrical nanowires with 
controlled morphology and composition. In addition, it is possible to introduce changes in 
composition during the growth procedure. In this work we will show how local changes in 
composition introduced along the axial direction in permalloy nanowires act as pinning sites 
for controlling the domain wall motion [3] and can also produce complex tri-dimensional 
spin textures with defined quirality [4].  

Compositional gradients can be also introduced by gradually changing the Fe/Ni ratio 
along the axis, producing an asymmetrical landscape for domain wall motion which is 
reflected in asymmetrical magnetization processes under applied magnetic field. Figure 1 
shown a comparison of First Order Reversal Curves (FORC) measured in homogeneous and 
modulated nanowires, with a clear asymmetry in the curve in the latter ones. Finally, it is also 
possible to modulate the composition along the radial direction. We will show the magnetic 
behaviour of permalloy/Au/Co nanowires, in which the coupling between magnetic layers 
and thus the magnetic properties are controlled by the thickness of the Au layer  

 

[1] S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320 (2008), 190. 

[2] M. Schöbitz et al. Phys. Rev. Lett 123, 2 1 (2019). 

[3] S. Ruiz-Gómez et al. Sci. Rep. 8 (2018) 1. 

[4] S. Ruiz-Gómez et al. Nanoscale 12 (2020) 16695. 

 

Figure 1: FORC diagrams measured a) in permalloy nanowires and (b) in nanowires in 
which an axial gradient of composition has been introduced. The asymmetry of the 
magnetization process is clearly shown in the area marked with the red square. 
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Magnetic hysteresis of individual Janus particles with hemispherical 
exchange biased caps 

M. M. Clausa,b, S. Philippb, B. Grossb, M. Reginkab, M. Merkelb, M. Sulligera,b, 
A. Ehresmannc, and M. Poggioa,b 

a Department of Physics, University of Basel, 4056 Basel, Switzerland 
b Swiss Nanoscience Institute, University of Basel, 4056 Basel, Switzerland 

 cInstitute of Physics, University of Kassel, 34132 Kassel, Germany 

Janus particles (JPs) are nano- or micronsized particles that have two different sides, each 
having different physical or (bio-)chemical properties. Magnetic JPs that have a robust 
remanent magnetic moment have attracted researchers’ interest for their potential application 
as cargo transporters in lab-on-chip devices. If equipped with a sufficient remanent magnetic 
moment, these particles can be actuated by rotation and translation via application of external 
magnetic field pulses, cf. Fig. 1(a) for schematic drawing of situation.  

We use sensitive dynamic cantilever magnetometry to measure the tiny magnetic 
moments of an individual JP. In combination with micromagnetic simulations, our 
measurements reveal the magnetic configuration present in these individual curved magnets 
as shown in Fig. 1(b). In remanence, ferromagnetic Janus particles (fmJP) are found to host a 
global vortex state with vanishing magnetic moment. In contrast, a remanent onion state with 
significant magnetic moment can be recovered by imposing an exchange bias to the system 
(ebJP) via an additional antiferromagnetic layer in the cap.  

 

[1] S. Philipp et al., Appl. Phys. Lett. 119, 222406 (2021) 

[2] R. Huhnstock et al., Sci. Rep. 11(1), 21794 (2021) 

 

Figure 1: (a) Concept for actuation of magnetic Janus particles with remanent magnetic 
moment via rotation and translation in response to externally applied magnetic field. 
Adapted from [2]. (b) Illustration of remanent magnetization in exchange-biased and 
ferromagnetic Janus particles. 
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 Proof-of-Concept of Magnetic Mobile Robot for Curved Surfaces 

So-Hee Parka, Sang Uk Nama, Myounggyu Noha, Young-Woo Parka

a Department of Mechatronics Engineering, Chungnam National University
Daejeon, Republic of Korea

When designing a mobile robot, two aspects must be considered: one is the locomotion 
type, and the other the adhesion type. If the surface is inclined, the adhesion becomes more 
important. Boiler water wall in a power plant is a typical example. It is a series of tubes 
welded together to form the walls of the boilers combustion chamber. The inclined angle 
ranges from 15° to 90° against the ground. Such tubes have a certain curvature and small 
irregularities. Wheeled locomotion type would be enough due to small irregularities. 
Magnetic adhesion is preferred, but must be controllable. A magnetic model is created, which 
consists of two magnetic flux paths including two wheels, a permanent magnet (PM) between 
them, and a steel tube. This model is subjected to formulate a mathematical relationship 
between the PM position and a magnetic force exerted on the steel tube. 

The magnetic force is inversely proportional to distance. In this design, the distance can 
be equivalent to an effective area, S, as shown in Fig. 1(a). It is defined as the area which PM 
and flux path overlap, and can be expressed as 

(1)

The magnetic force, Fmag can be derived as 

(2)

The calculated magnetic force is estimated to be 365.82 N at x = 0 mm.

Figure 1: (a) overlapping area between PM and flux path, (b) schematic of magnetic 
circuit, (c) 3D model of mobile robot.

A 3D simulation is conducted to verify the effectiveness of the developed mathematical 
model. The maximum and minimum forces are 240.42 N and 60.20 N, respectively. The 
comparison between the mathematical and simulation models is likely to be fair.The 
magnetic force control is achieved by using a rack and pinion, as shown in Fig. 1(b). Fig. 1(c) 
shows a schematic of developed magnetic mobile robot. It can be concluded that the proposed 
proof-of-concept is effective to reasonably control the magnetic force.
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Bistable molecular systems in electrospun polymer fibers 

Aleksandra Pacanowskaa, Beata Nowickab, Małgorzata Jasiurkowska – Delaportea, 

Magdalena Fittaa 

a The Henryk Niewodniczański Institute of Nuclear Physics, Polish Academy of Sciences, 

Cracow, Poland 
b Faculty of Chemistry, Jagiellonian University, Cracow, Poland 

In the modern science and technology there has been much focus on the quest for novel 

multifunctional materials, the properties of which can be controlled by external stimuli such 

as light, pressure, and electric or magnetic field. Among the proposed candidates are organic-

inorganic structures obtained in the simple wet-chemistry processes. The frameworks of 

different dimensionality composed of metal ions linked by organic ligands can exhibit a 

switch in optical and magnetic properties in response to external stimuli with a change of the 

spin state of the metal centers called a spin crossover phenomena (SCO). Another group of 

materials shows a change in the oxidation state of the neighboring metal centers due to the 

transfer of an electron between them in a process called metal-to-metal charge transfer 

(MMCT). Bistability and responsiveness to external perturbations offered by those molecule-

based materials make them promising candidates for the development of molecular switches 

and sensors. 

One of the ways to make them more processable materials, important for applications and 

integration into devices, is by embedding functional frameworks into polymer matrices. It is a 

straightforward approach, which can easily transform brittle crystals into flexible polymeric 

composites while maintaining the functionality of the molecular systems. 

In one of our recent studies, we have focused on the multi-responsive chain-like 

coordination compound {NH4[Ni(cyclam)][Fe(CN)6]·5H2O}n (cyclam = 1,4,7,11-

tetraazacyclotetradecane), which exhibits reversible thermal MMCT phase transition with 

bistability in the room temperature region [1]. The switching between the low temperature 

NiIII -FeII phase and the high temperature NiII -FeIII phase is abrupt and characterized by broad 

thermal hysteresis (284 – 312 K). By employing a method called electrospinning we 

incorporated sub-micro and nanoparticles of the bistable material into fibers of poly(ε-

lactone) (PCL) and poly(2-vinylopiridine-co-styrene) (P2VP-PS) (Fig. 1). Switchable 

properties are retained in composite materials, which can be observed by optical observation. 

However, SQUID measurement revealed that the temperature range in which the bistability 

appears shifts to the lower temperature range in polymeric matrices. 

 

[1] M. Reczyński, et al., Angew. Chem. Int. Ed. 60 (2021) 2330-2338. 

  

Figure 1: Left image: Photograph and SEM image of eletrospun fibers of P2VP-PS loaded 

with {NH4[Ni(cyclam)][Fe(CN)6]·5H2O}n. Right image: Comparison of magnetic 

susceptibility measurement of electrospun fibers of PCL and P2VP-PS loaded with 

{NH4[Ni(cyclam)][Fe(CN)6]·5H2O}n and compound as powder. 

6.10 Session - Magnetism in geometrically curved and mechanically flexible surfaces 6 ABSTRACTS

129



Magneto-mechanical properties of thin films on flexible substrate 
measured by in situ MOKE 

 
Hatem Ben Mahmouda, Damien Fauriea, Pierre-Olivier Renaultb, Fatih Zighema 

aLSPM-CNRS, Université Sorbonne Paris Nord, France 
bPprime Institute, CNRS-Université de Poitiers, France 

 
Extensible/flexible electronics has become an important technological research area in 

recent years, especially in the field of magnetic systems fabricated on flexible substrates [1]. 
In this general context, a major challenge is to understand the mechanical phenomena at large 
deformations as well as the links with the magnetic behavior (due to the magneto-elastic 
coupling) [2]. 

In this work, we have developed two new experimental devices that combine MOKE 
(Magneto-Optical Kerr Effect) magnetometer and tensile device (see example in figure 1-a), 
which allow following the evolution of the magnetic properties of thin films and 
nanostructures under applied strains (up to a few 10%). Thus, it is therefore possible to link 
magnetic behavior (magnetization curves) with the mechanical state of the material in 
different regimes (at least elastic and multi-cracking regimes). 

As a result, we studied two different simple systems, i.e. Cobalt and Ni78Fe22 thin films 
(50 nm) deposited on Kapton® (125 µm). Figure 1-b shows the variation of the coercive field 
(HC) as a function of the applied strain for both systems. First, considering Co film 
(magnetostriction l = 14.10-6), HC varies linearly with strain in the elastic domain (0-4%). 
From 4%, the multi-cracking phenomenon leads to a non-linear HC evolution in the studied 
strain range (4-15%). This may be related to the more complex stress field or to 
magnetostatic effects (due to cracks). Considering Ni78Fe22 (l = 1.10-6), the global HC 
evolution is clearly lower in the elastic and multi-cracking regimes (2 Oe instead of 80 Oe for 
Co film). This means that the crack development plays a minor role in magnetic behavior for 
weakly magnetostrictive films. Moreover, this suggests that the evolution found during Co 
multi-cracking is mainly related to magnetoelastic effect. 

In this presentation, the new experimental set-up as well as analyses and results will be 
finely described. 

 
Figure 1: (a) The design of the MOKE magnetometer in situ with tensile machine (b) and 
evolution of the coercive field of Co and Ni82Fe18. 
 

[1] M. Melzer, D. Makarov, O. G. Schmidt, J.Phys. D: Appl. Phys. 53 (2019), 083002 

[2] F. Zighem and D. Faurie, J.Phys.: Cond. Mat. 33 (2021), 233002 
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Thin film heterostructures based on Co/Ni synthetic 

antiferromagnets on polymer tapes: towards a sustainable flexible 

spintronics 
 

Mariam Hassana,b, Sara Lauretia, Christian Rinaldic, Federico Fagianic, Gianni 

Baruccad, Francesca Casolie, Alessio Mezzif, Eleonora Bollif, Saulius Kaciulisf, Mario 

Fixb, Aladin Ullrichb, Manfred Albrechtb, Gaspare Varvaroa 
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b Institute of Physics, University of Augsburg, Universitätsstraße 1 Nord, D-86159 Augsburg, Germany 

c Department of Physics, Politecnico di Milano, via G. Colombo 81, 20133 Milano, Italy 
d Università Politecnica delle Marche, Dipartimento SIMAU, Via Brecce Bianche, Ancona 60131, Italy 
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Synthetic antiferromagnets with perpendicular magnetic anisotropy (PMA-SAFs) have 

caught big interests for both conventional and advanced spin-based applications. Although 

great progress of PMA-SAF spintronic devices on rigid substrates has been achieved, only few 

examples on flexible thin film heterostructures are reported in the literature [1-3], all containing 

platinum group metals (PGMs). In this regard, the PGMs-free Co/Ni system can offer several 

advantages for spin-based devices with respect to traditional PGMs-based systems, such as low 

damping and high spin polarization. Moreover, decreasing the content of critical PGM 

elements is responsible for relieving the demand for strategic raw materials and reduce the 

environmental impact of related technologies, thus contributing to the transition towards a more 

sustainable future [4]. 

In this work, flexible PMA-SAFs and GMR spin-valves (SVs) containing a SAF reference 

electrode and a Co/Ni free layer were deposited on flexible polyethylene naphthalate tapes (Fig. 

1a) with different combinations of buffer (BL) and capping layers (CL) (i.e., Pt, Pd and Cu/Ta). 

High quality SAFs with a fully compensated AF region (Fig. 1b) and SVs with a sizeable GMR 

ratio (Fig. 1c) were obtained. We show that the best performances are achieved with PGMs 

used as BL and Cu as capping layer, and justify the results in terms of different interdiffusion 

kinetics occurring at the interfaces between the metallic layers. The results thus indicate that 

complex Co/Ni-based heterostructures with reduced content of PGMs deposited on flexible 

tapes allows for the development of novel shapeable and sustainable spintronic devices. 
 

[1] P. Makushko et al., Adv. Funct. Mater. 31 (2021), 2101089 

[2] M. Hassan et al., Nanoscale Adv. 3 (2021) 3076-3084 

[3] T. Vemulkar et al., Adv. Funct. Mater. 26 (2016), 4704–4711 

[4] A. Palomino et al., Sust. Mat. Tech. 28 (2021), e00270 

 

Figure 1. (a) Representative picture of a SAF-based SV. (b) Out-of-plane hysteresis loop of a flexible 

SAF (BL: Pt, CL: Cu). (c) Out-of-plane hysteresis loop and corresponding magneto-resistance 

response of a flexible SAF-based SV with a Pt bottom layer and a capping layer of Cu. RL: Reference 

layer, FL: free layer. 
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Geometry-driven effects in curvilinear spin chains  with
antiferromagnetic exchange

Oleksandr V. Pylypovskyia,b

a Helmholtz-Zentrum Dresden-Rossendorf e.V, 01328 Dresden, Germany
b Kyiv Academic University, 03142 Kyiv, Ukraine

Curvilinear magnetism is a research field studying curved nanowires and thin films with
anisotropic and chiral magnetic responses are tailored by the geometry. The contemporary
theories reach the level of maturity for ferromagnets [1,2]. At the same time, very little is
done for antiferromagnets (AFMs), which are promising for low-power consuming and high-
speed spintronic devices [2].  

The simplest systems uncovering the specific features of AFM exchange in curvilinear
geometries  are  spin  chains,  which can be  arranged along plane  and space  curves.  If  the
dipolar interaction is the dominating source of anisotropy, it renders the chain as the hard-
axis AFM with the anisotropy axis along the tangential direction. There are two families of
effects of geometry stemming from exchange. The first ones come from the spatial gradients
of the Néel vector. A direction of local twists and bends of the chain manifests itself as the
geometry-driven DMI and contributes to the tensor of total anisotropy  [3]. As a consequence,
the curvilinear  AFM spin chain along space curve with exchange and dipolar  interaction
behaves  as  the  chiral  helimagnet,  with  the  helimagnetic  transition  determined  by  the
curvature and torsion of the curve. Such a chain arranged along the plane curve has the one
ground state with the equilibrium Néel ordering perpendicular to the curve plane. In both
cases, the easy axis of anisotropy arises from the exchange [3]. Localized bends of the curve
also lead to the pinning of domain walls [4]. In addition to the chiral and anisotropic effects,
the locally broken spatial symmetry of the AFM chain leads to the geometry-driven weak
ferromagnetism.  The  strength  of  the  emergent  magnetization  scales  linearly  with  the
curvature and torsion [5].

A unit cell of AFM contains a few spins. For the case of the single-ion anisotropy, its
direction  is  varyring  within  the  unit  cell.  This  leads  to  the  specific  contributions  to  the
magnetic responses stemming from anisotropy, such as an anisotropic term which mixes the
tangential and normal components of the Néel and ferromagnetic order parameters as the
DMI of longitudinal symmetry [5]. This can be of importance for non-collinear textures in
one-dimensional AFMs, where the finite magnetization appears at inhomogeneity of the Néel
vector.

[1] P. Fischer et al, APL Mater., 8, 010701 (2020); R. Streubel et al. Journal of Applied

Physics, 129, 210902 (2021)

[2] D. Makarov et al, Adv. Mater., 34, 2101758 (2022)

[3] O. Pylypovskyi, D. Kononenko et al, Nano Lett., 20, 8157–8162 (2020)

[4] K. Yershov, Phys. Rev. B, 105, 064407 (2022)

[5] O. Pylypovskyi et al, App. Phys. Lett., 118, 182405 (2021)
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Magnetic phase diagrams and helicity control of reversal modes 

in ferromagnetic nanotubes 
 

J. Restrepoa, H. D. Salinasa and Òscar Iglesiasb 
a
 Grupo de Magnetismo y Simulación G+, Instituto de Física, Universidad de Antioquia. 

A.A. 1226, Medellín (Colombia) 
bDpt. Física de la Matèria Condensada and IN2UB, Universitat de Barcelona, Av. 
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We investigate the effects of the competition between exchange (J) and dipolar (D) 

interactions on the magnetization reversal mechanisms of ferromagnetic nanotubes. Using 
atomistic Monte Carlo simulations for a model with Heisenberg spins on a cylindrical 
surface, we study how the competition between both interactions influences the low 
temperature magnetic order of the nanotubes as well as the thermal-driven transitions 
involved, showing that helical (H) states become stable for a range of intermediate values of 
γ=D/J and establishing phase diagrams for the stability of FM, H and vortex states as a 
function of the radius R and length L of the nanotube, see Fig. 1 [1]. We also study the 
reversal behavior under application of a magnetic field, showing that for which helical (H) 
states are energetically favorable at zero applied field, we show that the hysteresis loops can 
occur in four different classes that are combinations of two reversal modes with well-
differentiated coercivities with probabilities that depend on R and L. This variety in the 
reversal modes is found to be linked to the metastability of the H states during the reversal 
that induces different paths followed along the energy landscape as the field is changed. We 
further demonstrate that reversal by either of the two modes can be induced by tailoring the 
nanotube initial state so circular states with equal or contrary chirality are formed at the ends 
(Fig. 2), thus achieving low or high coercive fields at will without changing γ. Finally, the 
results of additional micromagnetic simulations performed on tubes with a similar aspect 
ratio show that dual switching modes and its tailoring can also be observed in tubes of 
microscopic dimensions [2]. 

Work supported by Spanish MINECO (PGC2018-097789-B-I00, PID2019-109514RJ-
I00), Catalan DURSI (2017SGR0598) and EU FEDER funds (Una manera de hacer Europa) 
also CSUC for supercomputer facilities.  

 
Left: Typical phase diagram.  Right: Snapshots of configurations during a reversal mode. 

 

[1] H. D. Salinas, J. Restrepo, Òscar Iglesias, Sci. Rep. 8, 10275 (2018). 
[2] H. D. Salinas, J. Restrepo, Òscar Iglesias, Phys. Rev. B 101, 054419 (2020). 

6.10 Session - Magnetism in geometrically curved and mechanically flexible surfaces 6 ABSTRACTS

133



Curvature-induced Tilt and pinning in CrOx/Co/Pt corrugated strips 

Jose A. Fernandez-Roldana, S. Shakeela, M. Quintana a,b, O. Volkov a, A. Polypovskyi 

a, E. S. Oliveros-Mata a, F. Kronast c, M.-A. Mawass c, D. Erb a and D. Makarova  

a Helmholtz-Zentrum Dresden-Rossendorf e. V., 01328 Dresden, Germany 
b CIC nanoGUNE BRTA, E-20018 Donostia—San Sebastián, Spain 

c Helmholtz-Zentrum Berlin für Materialien und Energie, 12489 Berlin, Germany 

In recent years, curvilinear nanomagnetism is attracting attention for the broad range of 

effects emerging in curved geometries that are appealing for the innovative developments in 

stretchable and magnetoelectric devices, microrobots, sensors, flexible magnetic memories 

and nanoelectronics [1-5]. 

These phenomena encompass a vast range of exchange- and Dzyaloshinskii-Moriya 

(DMI)- induced interactions that typically result in topological magnetization patterning in 

shells, chiral symmetry breaking, and pinning of domain walls [1-5]. Less attention has been 

paid though to the role of the curvilinear effects in the magnetization dynamics of domain 

walls in curved geometries [4]. From application perspectives, spin-orbit torques are 

appealing as an alternative way to achieve the manipulation of magnetic domain walls and 

magnetization [8] with the breakthrough of lower power consumption. Recent developments 

in ultra-thin planar asymmetric multilayered strips describe a method to extract DMI and 

damping estimations from the dynamical tilt of domain walls from static measurements [9]. 

Following a similar approach, here we provide first results in single 100 nm-wide thin 

periodically corrugated strips of CrOx/Co/Pt with thickness of 2 nm and average curvature of 

0.06 nm-1, tailored for an enhanced exchange-induced DMI. The orientation of the 

corrugation is tuned from the parallel to the perpendicular direction of the strip axis in 

different strips. 

Our results indicate that curvature plays a crucial role in the pinning and tilting of domain 

walls through DMI-induced and exchange-induced effects. In particular, DMI-induced 

anisotropy leads the pinning mechanism, while its combination with exchange-induced 

effects enhances the domain wall tilt. This opens a perspective for quantification and design 

of curvature-induced effects with application prospects in current challenges of spin-based 

nanoelectronics [10]. 

 

 

[1] Denys Makarov, et al., Advanced Materials 34, 3 (2022) 

[2] Denis D Sheka, Oleksandr V Pylypovskyi et al., Small 18, 12 (2022) 

[3] D. Sander et al., J. Phys. D: Appl. Phys. 50, 363001 (2017). 

[4] E. Y. Vedmedenko, et al., J. Phys. D. Appl. Phys. 53, 453001 (2020). 

[5] D. Makarov et al., Applied Physics Reviews 3, 011101 (2016). 

[6] E. Berganza et al., Sci Rep 12, 3426 (2022) 

[7] J.A. Fernandez-Roldan et al., Sci Rep 9, 5130 (2019).  

[8] O. V. Pylypovskyi et al., Scientific Reports 6, 23316 (2016). 

[9] O. M. Volkov et al., Phys. Rev. Applied 15, 034038 (2021) 

[10] B. Dieny, et al., Nat Electron 3, 446 (2020). 
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Magnetism and structure of convex and concave FePd systems 

produced by unconventional lithography methods  

Arkadiusz Zarzyckia, Alex Maximenkob, Michal Krupinskia, Marta Marszaleka 

a Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland 
b SOLARIS National Synchrotron Radiation Centre, Krakow, Poland 

In this contribution, we study the influence of curvature effects on structure and 

magnetism in thin shells of FePd alloys and Fe/Pd multilayers. The materials were fabricated 

using unconventional lithography methods to realize large scale arrays of convex and 

concave structures with tunable morphology. The concave structures were produced by 

controlled anodization process of aluminium (see Fig 1a) while arrays of silica nanoparticles 

were used as a convex type of substrate (Fig 1b) [1,2]. Then, multilayered Fe/Pd film was 

deposited on each patterned substrate and transformed into the FePd alloy with annealing. 

The macroscopic and local magnetic and structural properties were studied with SQUID, 

XRD, and Mössbauer spectroscopy, all related to film morphology received from SEM. 

Obtained results were compared with reference samples prepared on a flat surface. 

All studied samples show dominant in-plane magnetic anisotropy stronger for silica 

patterning and weaker for alumina patterning. The magnetization reversal mechanism shows 

the change from nucleation and domain wall motion for easy magnetization direction to the 

reversal by coherent rotation close to the hard magnetization axes. The critical angle at which 

the switching between these two mechanisms happens depends on the type of patterning and 

the curvature. The change is stronger for samples deposited on patterned alumina and weaker 

for silica patterned ones, see Fig 1c). The mechanism responsible for such behaviour is the 

diffusion and dewetting process during annealing. The diffusion processes result in a mixture 

of several structural and magnetic phases, an effect identified with Mössbauer spectroscopy 

(see Fig 1d). 

The presence of a FePd mixture of different phases leads to the strong asymmetry of 

switching field distribution, arising from magnetic exchange interactions between 

magnetically hard L10 phase and softer ones leading to spring-like magnetic behaviour with 

strong pinning of soft magnetic phases by the hard one. 

 

[1] M. Krupinski, M. Perzanowski, A. Zarzycki, Y. Zabila, M. Marszalek, 

Nanotechnology 26 (2015) 425301. 

[2] A. Maximenko, J. Fedotova, M. Marszalek, A. Zarzycki, Y. Zabila, J. Magn. Magn 

Mater. 400 (2016) 200. 

 

Figure 1: a) Concave FePd structures obtained by alumina patterning, b) convex FePd 

shells fabricated by silica patterning, c) magnetization switching behaviour of FePd alloy, 

and d) phase composition seen by conversion electron Mossbauer spectroscopy. 
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Non-local chirality breaking in curvilinear nanoarchitectures

Oleksii     M.     Volkov  a, Daniel Wolfb, Oleksandr V. Pylypovskyia,c, Attila Kákaya,
Denis D. Shekad, Bernd Büchnerb,e, Jürgen Fassbendera, Axel Lubkb,e,

Denys Makarova

a Helmholtz-Zentrum Dresden-Rossendorf e.V., Dresden, Germany
b Institute for Solid State Research, IFW Dresdenm Dresden, Germany

c Kyiv Academic University, Kyiv, Ukraine
d Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

e Institute of  Solid State and Materials Physics, TU Dresden, Dresden, Germany

Symmetry effects are fundamental in condensed matter physics as they define not only
interactions but also resulting responses for the intrinsic order parameter depending on its
transformation properties with respect to the operations of space and time reversal. Magnetic
materials or layer stacks with  structural space inversion symmetry breaking obtained much
research attention due to the appearance of chiral Dzyaloshinskii-Moriya interaction (DMI)
[1,2].  The latter manifests itself in the formation of non-trivial chiral and topological spin
textures (e.g. skyrmions, bubbles, homochiral spirals and domain walls), that are envisioned
to be utilized for  prospective spintronic  devices.  At present,  tailoring magnetochirality  is
done by the selection of materials and adjustment of their composition. Alternatively, space
inversion  symmetry  breaking  of  the  magnetic  order  parameter  appears  in  geometrically
curved  systems  [3].  In  curvilinear  ferromagnets,  curvature  governs  the  appearance  of
geometry-induced chiral and anisotropic responses, which introduce a new toolbox to create
artificial chiral nanostructures from achiral magnetic materials suitable for the stabilization of
non-trivial chiral textures [4,5]. 

Recently,  much  attention  was  dedicated  to  the  exchange  interaction,  which  enables
curvature-induced extrinsic DMI as was proposed theoretically and validated experimentally
for  the  case  of  conventional  achiral  magnetic  materials  [6]. Here,  we  demonstrate  the
existence of non-local chiral effects in geometrically curved asymmetric permalloy cap with
the vortex texture. Using the full-scale simulation of the asymmetric nanodots we study how
the vortex texture is changing with respect to the introduced sample asymmetry. We find that
the equilibrium vortex core obtain both bend and curling deformation, that are dependent on
the  geometric symmetries and magnetic parameters. We relate the observed changes in the
vortex string to the non-local chiral effects, that arise from the asymmetry of the top and
bottom surfaces and existence of  both in-  and out-of-plane magnetization components of
different  parity  with respect  to  the  reflection procedure [5].  The obtained micromagnetic
results were confirmed by magnetic imaging using transmission electron microscopy based
electron holography for the asymmetric permalloy cap. These results will be discussed in the
talk.

[1] I. Dzyaloshinsky, J. Phys. Chem. Solids 4 (1958), 241.

[2] T. Moriya, Phys. Rev. Lett. 4 (1960), 228.

[3] R. Hertel, SPIN 3 (2013), 1340009.

[4] D. Makarov, et al., Adv. Mater. 34 (2021), 2101758.

[5] D. D. Sheka, et al., Commun. Phys. 3 (2020), 128.

[6] O. M. Volkov, et al., Phys. Rev. Lett. 123 (2019), 077201.
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Micromagnetic modelling of magnetic nanodisks and nanorings for 
hyperthermia applications 

Alessandra Manzina, Riccardo Ferreroa, Marta Vicentinia 

a Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
b Politecnico di Torino, Torino, Italy 

 

In the last decade, magnetic nanomaterials like superparamagnetic iron oxide 
nanoparticles have been intensively studied for potential application in cancer therapies based 
on hyperthermia [1,2]. Recently, the research attention has been shifted to both single- and 
multi-domain ferromagnetic nanostructures, because of the improvement of heating 
efficiency due to large hysteresis losses. Different strategies have been adopted to increase 
the hysteresis heating contribution, ranging from the use of materials with high saturation 
magnetization and/or high uniaxial magneto-crystalline anisotropy to the modification of 
nanostructure geometry. The latter has been explored by investigating nanodisks, nanorings 
and nanotubes, which lead to large hysteresis losses and to magnetic vortex configuration at 
remanence, thus reducing agglomeration effects and improving colloidal stability [3].  

The work focuses on iron oxide and permalloy nanodisks and nanorings, analysing the 
influence on specific heating capabilities of shape and size. The study, performed via an in-
house micromagnetic numerical code [4], is conducted on nanomaterials with different 
degree of dispersion, considering effects related to mutual orientation and dipole-dipole 
magnetostatic interactions. The Hergt-Dutz limit is satisfied to avoid adverse eddy current 
effects [5]. The obtained results demonstrate that the heating efficiency is higher for well-
dispersed nanomaterials, while a significant decrease in the heat release is found for dense 
aggregates, where the remanence state is strongly affected by magnetostatic interactions [6].  

 

[1] Z. Hedayatnasab et al., Materials & Design 123, 174–196 (2017). 

[2]     M. Angelakeris, Biochimica et Biophysica Acta 1861,1642–1651 (2017). 

[3] R. Ferrero et al., Scientific Reports 9 (2019), 6591. 

[4]     A. Manzin and R. Ferrero, JMMM 492 (2019), 165649. 

[5]     R. Hergt and S. Dutz, JMMM 311 (2007), 187.    

[6]     A. Manzin, R. Ferrero and M. Vicentini, Adv. Theory. Simul. 4 (2021), 2100013. 

 

Figure 1: Left: Calculated hysteresis loops of permalloy nanodisks (150 nm diameter) 
randomly distributed with different volume concentrations. Right: Specific loss power 
(SLP) evaluated as a function of nanodisk volume concentration. 
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Magnetostrictive materials possess the potential to be used in wide variety applications such as 

sensing, straintronic, spintronic devices etc. due to the coupling between the strain and the 

magnetization. In this context, FeGa which has a very high magnetostrictive constant, high tensile 

strength and low coercivity proves to be an efficient material for current research. Fe100-xGax thin films 

with x = 20% & 30% has high magnetostriction constant with a value of around 3/2λ100  180 ppm 
[1]. In our report, we have investigated the structural and magnetic properties of as-deposited and 

stress-induced states of Fe70Ga30 (28 nm)/Kapton and Fe80Ga20 (28 nm)/Kapton films. The effect of 

stress brings up a significant change in the magnetic properties of magnetostrictive thin films due to 

mechanical magneto-elastic coupling [2]. The schematic of the deformation in samples is shown in 

figure 1(a)-(c). The flat state, the concave state and the convex state corresponds to no strain, 

compressive strain and tensile strain, respectively. Figure 1(d) shows the in-plane hysteresis loops 

measure with SQUID-VSM at room temperature for flat (red), concave (green) and convex (blue) 

configurations. It is observed that the value of remanent magnetization Mr increases with decrease in 

strain i.e., ϵ (concave state) due to compressive strain and decreases with increase in ϵ, the strain 

percentage due to tensile strain (convex state). Further, angular 360o plot of Mr/Ms values show 

uniaxial anisotropy in the system as shown in figure 1 (e). Magnetization reversal via domain wall 

motion was observed along the easy axis using MOKE microscopy.  

 

 
[1] Hattrick-Simpers, Jason R., et al. Applied Physics Letters 93(10), 102507 (2008) 

[2] G. Dai, et al. Journal of Physics D: Applied Physics 53(5), 055001 (2019)  

Figure 1: (a) Schematic of FeGa (28 nm)/Kapton for flat (no stress), concave (compressive 

stress) and convex states (tensile stress) by bending of samples; (b) Magnetic hysteresis 

curves at room temperature (300 K). (e) Mr/Ms radial plot for the flat state. 
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Magnetic properties of a cobalt surface on a zirconia sphere

E.S. Olivettia, M. Coïssona, A. Magnia, A. Di Pietroa, b , P. Ansalonea, V. Bassoa

aIstituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce, 91, 10135 Torino, Italy.
bPolitecnico di Torino, Corso Duca degli Abruzzi 24, 10129, Torino, Italy.

Recently an increasing interest in curved magnetic samples appeared because geometry might
significantly drive the change of the sample's magnetic properties [1]. We investigate the possibility of
using a mechanical deposition technique [2] to realise a custom magnetic coating on spherical
substrates. We prepared cobalt-coated zirconia spheres of 5 mm diameter by mechanical plating from
Cobalt (Co) pieces in a planetary ball mill with different speeds and durations. Zirconia spheres appear
uniformly coated after about 1 h at 450 rpm. X-ray diffraction revealed that the Co layer in the
as-prepared samples has a face-centred cubic structure. The average thickness of the Co coating,
estimated from the magnetic moment of the whole sphere, is in the range 100-250 nm for different
preparation conditions. At the AFM/MFM, the spheres appear to have a continuous metallic coating
with features having sizes of several hundred μm in side and tens of nm in height.

Figure: (1) VSM Hysteresis loops of two Co-coated spheres, (2) MFM at different applied magnetic
fields, (3) optical image and magneto-optical loops of the regions having the corresponding colour.

On the other hand, the magnetic structure is much finer, with a bright and dark contrast on a scale that
is probably the result of two main contributions: the irregular surface, and the curvature of the film,
giving rise to a distribution of magnetic charges on the surface. Under an applied magnetic field, the
domain configuration evolves by putting in evidence the irregularities. In contrast, at the magnetic
remanence, finer domains appear, representing the complex interplay between the magnetostatic
interactions and the curved surface. The magneto-optic observation reveals the magnetisation reversal
in domains elongated along the applied field direction. However, the contrast is heavily dependent on
the surface features. Where the surface is smooth, it is possible to observe the reversal by 180° domain
wall motion. Further, after the complete characterisation of the ferromagnetic spherical shells, we
study their magnetic properties using analytical and numerical methods [1, 3].

[1] Streubel, R. et al. (2016). Magnetism in curved geometries. Journal of Physics D: Applied
Physics, 49(36).
[2]Lu, Y. et al. (2015). Review on the photocatalyst coatings of TiO2: Fabrication by mechanical
coating technique and its application. Coatings, 5(3), 425-464.
[3] Aharoni, A. (2002). Exchange resonance modes in a hollow sphere. physica status solidi (b),
231(2), 547-553.
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Antiferromagnetic spin chains: ground states and phase  transitions
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   While easy axis antiferromagnets (AFMs) are robust against external magnetic fields of a
moderate strength, spin reorientations in strong fields provide an insight into subtle properties
of  materials,  which are usually  hidden by the high symmetry of  the  ground state [1].  In

absence  of  external  magnetic  fields,  they  reveal
geometry-driven  chiral  and  anisotropic  responses
supplemented  by  weak  ferromagnetism  [2].  Here,  we
address  theoretically  the  effects  of  curvature  in  achiral
anisotropic  ring-shaped  AFM  spin  chains  exposed  to
strong  magnetic  fields  using  the  methodology  of
curvilinear  magnetism  [3].  We  identify  the  geometry-
governed  helimagnetic  phase  transition  enabled  in  the
spin-flop  phase,  separating   locally  homogeneous
(vortex) and periodic (onion) AFM textures (Fig. 1). The
curvature-induced  Dzyaloshinskii–Moriya  interaction
results  in  the  spin-flop transition being of  the  first-  or
second-order  depending  on  the  ring  curvature.  Spatial
inhomogeneity of the Néel vector in the spin-flop phase
generates the weakly ferromagnetic response in the plane
perpendicular  to  the  applied  magnetic  field,  which  is

inherent to curved systems. In AFM spin chains possesing torsion, e.g. helices, these effects
are enhanced by the inhomogeneity of local texture in the ground state. Our work provides
further  insights  in  the  physics  of  curvilinear  AFMs in  static  magnetic  fields  and guides
prospective experimental studies of geometrical effects in the spin-chain nanomagnets.  

[1] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and Y. Tserkovnyak, Rev.  Mod.

Phys. 90 (2018), 015005.

[2] O. V. Pylypovskyi, D. Y. Kononenko, K. V. Yershov, U. K. Rößler, A. V. Tomilo, J.

Fassbender, J. van den Brink, D. Makarov, and D. D. Sheka,  Nano Lett. 20 (2020), 8157;

O. V. Pylypovskyi, Y. A. Borysenko, J. Fassbender, D. D. Sheka, and D. Makarov, App.

Phys. Lett. 118 (2021), 182405. 

[3] D. D. Sheka, O. V. Pylypovskyi, O. M. Volkov, K. V. Yershov, V. P. Kravchuk, and D.

Makarov,   Small  18 (2022),  2105219; D. Makarov,  O. M. Volkov,  A. Kákay,  O. V.

Pylypovskyi,  B.  Budinská,  and O. V. Dobrovolskiy,   Advanced Materials  34 (2022),

2101758.

Figure 1: Phase diagram of the
equilibrium magnetic textures
in  external  field  applied
parallel to the symmetry axis
of the ring.
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Spin-wave propagation along curved magnets 

Gyandeep Pradhana, Vincent Vlaminckb,c, Yves Henrya,  Matthieu Bailleula 

a  Institut de Physique et Chimie des Matériaux de Strasbourg,France  
                                b    Microwave Department, IMT Atlantique, Brest, France 

                    c     Lab-STICC, UMR 6285 CNRS, Brest, France 

 

Spin waves are low energy excitations of magnetically ordered materials. The manipulation 

of spin waves (or magnons) at GHz  frequencies in ferromagnets makes them compatible 

with modern day electronics. The recent developments of magnonics allows one to harness 

the properties of magnons for electronic applications[1]. In this context the development of 

3d architectures could unravel novel magnon properties as compared to planar structures. 

In particular, an effect of  curvature-induced spin wave non-reciprocity has been 

predicted in ferromagnetic nanotubes in vortex state [2,3]. This effect is a consequence of the 

geometry and of the dynamic dipolar energy due to symmetry breaking. To observe such 

asymmetric dispersion, we are investigating magnetic half pipe structures as in Fig.1(b).  

When the magnetization is set in the azimuthal direction, one expects spin wave propagating 

in the positive (+k) and negative (-k) direction to travel at different velocities, which we 

propose to observe using propagating spin wave spectroscopy [4].  

 

  We have prepared permalloy (Py=Ni80Fe20) half pipe structures using prepatterned intrinsic 

silicon substrate . Reactive ion etching was performed using SF6 to obtain isotropic etch rates 

[5]. Fig. 1(b) shows a typical cross-section of the prepatterned substrate coated with 

Ti5nm/Py20nm/Ti5nm (scanning electron microscopy after cleavage). We will present 

magnetic characterization of such objects (magnetometry and ferromagnetic resonance) and  

the integration of microwave antennas onto them so as to perform propagating spin wave 

spectroscopy. 

 

[1]The 2021 Magnonics Roadmap, A. Barman et al.,https://doi.org/10.1088/1361-               

648X/abec1a (2021) 

[2] Curvature-Induced Asymmetric Spin-Wave Dispersion, Otalora et al., Phys. Rev.   Lett.            

117, 227203 (2016). 

[3] P. Landeros, S. Allende, J. Escrig, E. Salcedo, D. Altbir, and E. Vogel, Appl. Phys. Lett.                   

90, 102501 (2007). 

[4] V. Vlaminck and M. Bailleul, Phys. Rev. B 81, 014425 (2010) 

[5] P.  Panduranga, A. Abdou, Z. Ren, R. Pedersen, and M. Nezhad, Journal of Vacuum 

Science & Technology B 37, 061206 (2019) 

 

 

               

Figure 1: (a) schematic of spin-wave propagation along a magnetic half pipe structure. (b) 

Scanning electron microscope cross-section image of a magnetic half pipe.  

 

a) b) 
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Recent activities on the applications of machine learning in
micromagnetics

Alexander Kovacsa,b, Harald Oezleta,b, Johann Fischbachera,b, Masao Yanoc, Noritsugu
Sakumac, Akhihito Kinoshitac, Testuya Shojic, Akira Katoc, Thomas Schrefla,b

a Department for Integrated Sensor Systems, Danube University Krems
Viktor Kaplan Strasse 2E, Wiener Neustadt 2700, Austria

b Christian Doppler Laboratory for Magnet design through physics informed machine
learning, Danube University Krems Viktor Kaplan-Straße 2E, 2700 Wiener Neustadt, Austria
c Advanced Materials Engineering Div., Toyota Motor Corporation, 1200, Mishuku Susono,

Shizuoka 410-1193 Japan

The demand of rare-earth elements will dramatically increase if climate targets are to be
met. Neodymium and dysprosium are crucial for technologies such as generators in wind
turbines or in electric motors, as they are needed to build powerful permanent magnets. One
goal is to reduce or even eleminate the use of these critical elements, which carry a high
supply risk. We are using machine-learning techniques to design magnets that are free of
heavy rare-earths such as dysprosium and terbium, and whose neodymium content as low as
possible  without  compromising  their  overall  performance.  This  is  a  task  that  requires
understanding  of  methods  at  different  lengthscales,  from  ab-initio  calculations  to
demagnetization  processes  in  multigranular  magnetic  microstructures  to  the  macroscopic
device  level.  In  this  work,  we  present  how machine-learning  models  are  contributing  in
combining those methods  from the atomistic to the microstructural scale. 
At  the  atomistic  length scale  a partial  least  square  [1]  (PLS) regression model  maps the
chemical  composition  of  a  (Nd,La,Ce,Pr)2(Fe,Co)14B  magnetic  phase  to  the  spontaneous
magnetization and the magneto-crystalline anisotropy. 
At an intermediate length scale ranging from several nanometers to one micrometer, we use
micromagnetic simulations to calculate training data for a regression model predicting the
switching field of multiphase grains composed of a core phase, a shell phase and a defect
layer representing a grain boundary phase. Later an active learning scheme relates chemical
composition, grain geometry and hysteresis properties.
At the length scale of multi-grain structures of the order of several hundred nanometers we
demonstrate  a  deep-learning approach to  estimate  hysteresis  properties  of  nanocrystalline
permanent magnet sheets from an image of their microstructural properties. 
At  lengthscales  of  several  micrometers  –  outside  of  the  range  to  sufficiently  compute
micromagnetically – we try to reproduce a three dimensional synthetic microstructure based
on experimental scanning electron microscopy (SEM) images with the help of power spectra
and  x-ray  diffraction  patterns.  A reduced  order  model  [2,3]  was  used  to  compute  the
demagnetization behavior of such reproduced microstructures.

The financial support by the Austrian Federal Ministry for Digital and Economic Affairs
and the Christian Doppler Research Association gratefully acknowledged. Ab initio data are
provided by the National Institute of Advanced Industrial Science and Technology and the
Institute  for  Solid State  Physics,  the  University  of  Tokyo under  “Program for  Promoting
Researches on the Supercomputer Fugaku”.

[1] S. Wold, M. Sjöström, and L. Eriksson, Chemometrics and Intelligent Laboratory 

Systems, 58 (2), 109–130 (2001)

[2]  J. Fischbacher, A. Kovacs, et al., Scripta Materialia, 154, 253–258 (2018)

[3] R. Wood, IEEE Transactions on Magnetics, 45(1), 100–103 (2009)
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flatspin: A Large-Scale Artificial Spin Ice Simulator 

Johannes H. Jensena, Anders Strømberga, Odd Rune Lykkebøa, Arthur Pentya, 

Jonathan Leliaertb, Magnus Själandera, Erik Folvena, and Gunnar Tuftea 

a Norwegian University of Science and Technology, 7034 Trondheim, Norway 
b Department of Solid State Sciences, Ghent University, 9000 Ghent, Belgium 

 

flatspin [1] is a new simulator for systems of interacting nanomagnetic spins arranged on a 

2D lattice, also known as artificial spin ice (ASI). flatspin employs a point-dipole 

approximation and introduces a generalized Stoner-Wohlfarth model to capture the switching 

characteristics of nanomagnets of different shapes. A well-defined switching protocol enables 

ASI dynamics to be simulated. The model includes external magnetic fields, magnetic dipole-

dipole interactions and temperature which is modelled as an effective thermal field based on 

the Arrhenius-Néel equation. Through GPU acceleration, flatspin can simulate millions of 

nanomagnets within practical time frames (Figure 1). Fast simulations enable the exploration 

of truly large-scale emergent phenomena. flatspin has been validated against a diverse set of 

experimental results from the literature. In particular, the field-driven magnetization reversal 

of “pinwheel” ASI has been reproduced, for the first time, in a dipole model. 

The vast variety of emergent collective behaviors found in ASI systems have generated 

considerable research interest [2]. Micromagnetic simulations of ASI systems are challenging 

due to the large number of micromagnetic cells and long timescales involved. To explore large-

scale emergent phenomena, an established approach is to employ a dipole model in conjunction 

with Monte Carlo methods. However, Monte Carlo methods are inherently stochastic and not 

suitable for dynamics, i.e., the state-by-state evolution of the spins. flatspin introduces a well-

defined switching protocol which, when combined with the generalized Stoner-Wohlfarth 

model, enables ASI dynamics to be captured in a dipole model. 

With flatspin, the large-scale emergent behavior of ASI systems can be captured. Figure 2 

shows the emergent ferromagnetic domains in a “pinwheel” ASI with roughly 106 magnets. 

Beyond the physics of magnetic materials, flatspin also enables research on the computational 

capabilities of coupled nanomagnetic systems [3]. The intrinsic properties of ASI systems may 

be exploited within novel computing paradigms such as Reservoir Computing, towards vastly 

parallel, energy-efficient, computing devices. 

 

 

   
    

[1] J. H. Jensen et al., Phys. Rev. B 106, 064408 (2022) 

[2] S. H. Skjærvø et al., Nat. Rev. Phys. 2, 13 (2020). 

[3] J. H. Jensen and G. Tufte, The 2020 Conference on Artificial Life (2020). 

Figure 1: flatspin performance on a NVIDIA 

Tesla V100 GPU. 

Figure 2: Snapshot from flatspin 

simulation of pinwheel ASI. 
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Finite-element micromagnetic modeling of spin-wave propagation 
with the open-source package TetraX 

Lukas Körbera,b, Gwendolyn Quasebartha,b, Alexander Hempela,b, Andreas Ottob, 
Jürgen Fassbendera,b, and Attila Kákayb 

a Helmholtz-Zentrum Dresden - Rossendorf, Dresden, Germany 
b Technische Universität Dresden, 01062 Dresden, Germany 

 
Micromagnetic simulations have become one of the standard tools to corroborate 

experimental results or make theoretical predictions in the research field of magnonics. The 
freely available finite-difference codes MuMax3 or OOMMF [1,2] have been utilized in 
countless works on magnetization dynamics or statics. One of the key objectives of 
micromagnetic simulations, besides looking for equilibrium textures of various geometries, is 
the determination of the spin-wave dispersion and mode profiles in magnetic samples of 
various geometries and material parameters. In three-dimensional dynamic simulations, this 
is often achieved by applying microwave fields in numerical experiments, integrating the 
Landau-Lifshitz-Gilbert equation of motion forward in time, and later-on performing a 
Fourier analysis. Although this methodology is very versatile and widely used, it is, in fact, 
not well-suited to study spin-wave propagation in quasi-infinitely long waveguides or 
extended layers due to the inability to separate degenerate modes, limited wave-vector 
resolution and drastically increasing computational effort with increasing sample size [3]. 
Especially in geometries with surface curvature, which require an accurate modeling of the 
sample surface, dynamic micromagnetic simulations become computationally exhausting. To 
address this challenge, we present a finite-element-method (FEM) dynamic-matrix approach 
to efficiently calculate the dispersion and spatial mode profiles of spin waves propagating in 
waveguides with arbitrary cross section, where the equilibrium magnetization is invariant 
along the propagation direction [4]. This is achieved by solving numerically a linearized 
version of the equation of motion of the magnetization only in a single cross section of the 
waveguide at hand. To compute the dipolar field, we present an extension of the well-known 
Fredkin-Koehler method [5] to plane waves. The presented dynamic-matrix approach is 
implemented within our recently published open-source micromagnetic modeling package 
TetraX [6] which aims to provide user friendly and versatile FEM workflows for the 
magnonics community (not only for magnonics community, but FEM simulations in general), 
covering several classes of sample geometries and, in the near future, also antiferromagnets. 
As a brief introduction, this talk will include a short live-demo of TetraX. Furthermore, as an 
application of our method, we present results on curvature and symmetry effects on the spin-
wave dynamics in magnetic nanotubes of different geometry, from elliptical to polygonal 
tubes and thick magnetic membranes in general.  
 

[1] Vansteenkiste et al., AIP Advances 4, 107133 (2014) 

[2] https://math.nist.gov/oommf/ 

[3] Henry et al, arXiv:1611.06153 

[4] Körber et al., AIP Advances 11, 095006 (2021)  

[5] Fredkin et al., IEEE Trans. Mag. vol. 26, no. 2, pp. 415-417 (1990)  

[6] https://gitlab.hzdr.de/micromagnetic-modeling/tetrax 
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Modelling of magnetic nanoparticle clusters and effects on 
hyperthermia properties 

Riccardo Ferreroa, Alessandra Manzina 

a Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
 

In the last decade, magnetic nanoparticles (MNPs) made of iron oxides have been 
intensively studied for potential application in cancer therapies based on magnetic 
hyperthermia [1,2]. The magnetic behaviour of a single isolated MNP is well described by 
analytical and theoretical models. However, the energy losses predicted by such models only 
loosely provide an estimation of the MNP specific loss power (SLP) shown in hyperthermia 
applications. It is indeed very difficult to include the effect of magnetostatic inter-particle 
interactions into analytical models, when the particles are randomly clustered, leading to a non-
accurate evaluation of their heating ability. Hence, the need to study with a numerical approach 
the role of MNP clustering on SLP. To this aim, following the approach of Haas and Nowak 
[3], we developed a numerical solver where the magnetization dynamics of each single-domain 
MNP is modeled by the Landau-Lifshitz-Gilbert equation, including cubic magnetocrystalline 
anisotropy, dipole-dipole interactions, and thermal effects, using the Langevin dynamics. 

The present work focuses on magnetite NPs with an average diameter of 10 nm, analysing 
the influence on specific heating capabilities due to the applied field amplitude, frequency and 
MNP cluster properties. The latter are particularly challenging to identify. From the 
comparison of the hysteresis loops calculated for regularly spaced MNPs and for randomly 
generated MNP clusters with the same overall spatial density, emerged significant differences. 
Therefore, the overall density is not a suitable parameter to describe a cluster and predict its 
effect on energy losses. Sub-clustering algorithms and feature extraction machine learning 
(ML) techniques will be used to correlate cluster properties and variations in hysteresis losses, 
as a function of the frequency and peak amplitude of the excitation magnetic field. 
 

[1] Z. Hedayatnasab et al., Materials & Design 123, 174–196 (2017). 

[2]     M. Angelakeris, Biochimica et Biophysica Acta 1861,1642–1651 (2017). 

[3]     J. Leliaert, J. Ortega-Julia and D. Ortega, Nanoscale, 13, 14734-14744 (2021). 

[4] C. Haase et al., Physical Review B 85, 045435 (2012). 

 

 

Figure 1: Left: Calculated magnetization configuration near remanence for a cluster of 
randomly distributed magnetite NPs with an average diameter of 10 nm. Right: Calculated 
hysteresis loops for the same cluster for different values of the peak amplitude of the 
magnetic field with a frequency of 500 kHz 
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Normal modes description of nonlinear magnetization dynamics in 

micromagnetic systems 

Salvatore Pernaa, Claudio Serpicoa, Massimiliano d’Aquinoa 

a Università degli Studi di Napoli Federico II, Napoli, Italy 

 

The study of magnetization dynamics is fundamental in the analysis and design of high-speed 

nanoscale spintronic devices[1]. Recently, ultrafast magnetism also emerged as prolific 

research field promising magnetic devices working up to the THz range[2,3,4] with low 

power, scalability and compatibility with CMOS electronics[5]. Magnetization dynamics in 

such devices is usually studied by solving the Landau-Lifshitz-Gilbert (LLG) equation 

discretized on a grid of computational cells with edges smaller than the exchange length. This 

equation is then reduced to a nonlinear many-body evolution problem in which the state 

variables are magnetization vectors defined on the grid. In this work, a novel approach is 

adopted where magnetization is expanded in terms of magnetic normal modes which, 

contrary to classical plane waves, do take into account proper boundary conditions for 

confined structures[6]. 

The LLG equation is rewritten as a system of coupled nonlinear ODEs where the unknowns 

are the amplitudes of the normal modes[7]. Then, nonlinear magnetization dynamics starting 

from an equilibrium driven by time-varying magnetic fields or spin-torques can be 

quantitatively described by using a reduced number of normal modes. This is shown to occur 

in several magnetic systems relevant to applications such as magnetic nanodots and magnonic 

waveguides. The aforementioned normal modes model (NMM) permits describing spatially-

nonuniform and nonlinear magnetization dynamics with a far reduced complexity compared 

to full micromagnetic simulations. Moreover, for a given magnetic structure, it allows to 

study far from equilibrium steady-state regimes as function of amplitude, spatial distribution 

and time-variation of the external excitation without having to repeat full-scale simulations 

for each set of excitation parameters. Several examples of the application of NMM to relevant 

micromagnetic systems will be discussed. 

 

[1] B. Dieny et al., Opportunities and challenges for spintronics in the microelectronics industry. 

Nature Electronics 3, 446-459 (2020). 

[2] Bigot, J.-Y. and Vomir, M. (2013), Ultrafast magnetization dynamics of nanostructures. 

ANNALEN DER PHYSIK, 525:2-30. 

[3] Zhang, W., Maldonado, P., et al. Ultrafast terahertz magnetometry. Nat. Commun. 11, 4247 

(2020).  

[4] Neeraj, K., Awari, N., et al. Inertial spin dynamics in ferromagnets. Nat. Phys. 17, 245–250 

(2021).  

[5] Makarov, A., Windbacher, T., et al. CMOS-compatible spintronic devices: a review. Semicond. 

Sci. Technol. 31 113006 (2016). 

[6] M. d’Aquino, C. Serpico, et al. A novel formulation for the numerical computation of 

magnetization modes in complex micromagnetic systems, J. Comp.Phys., 228 (2009), 6130-6149.  

[7] S. Perna, S., F. Bruckner, et al, Computational Micromagnetics based on Normal Modes: 

bridging the gap between macrospin and full spatial discretization, J. Magn. Magnet. Mater. 546, 

168683 (2022). 
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Analytic approach to the Stoner-Wohlfarth model 

Carlo Appino 

Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
 
 

A large class of magnetic materials, when subjected to an alternating magnetic field H, are 
often assimilated to an ensemble of “particles”, described by the Stoner-Wohlfarth (SW) 
model. The behaviour of such a system is historically treated by adopting numerical 
procedures, a time-consuming approach, not effective when exploited in codes aimed to design 
electrotechnical devices [1]. For this reason, and for the importance of this topic from the 
fundamental viewpoint, we have worked out analytic formulas for hysteresis loop and energy 
losses of an ensemble of SW particles subjected to an alternating quasi-static magnetic field.  

In the “classical” SW model, each particle is characterized by an easy axis with anisotropy 
constant K, forming an angle j with H, and the equilibrium angle g of the local polarisation Js 
is obtained looking for the absolute minimum of the associated Gibbs free energy. In this work, 
we describe the properties of the assembly of particles by treating K, j, and g as random 
variables, with probability density functions f(K), g(j), and pH(g), where H = |H| acts as a 
parameter. Although H drives the Js equilibrium angles of the whole particles ensemble and 
triggers the irreversible rotations at the same time, we show how standard statistical methods 
allow one to separately treat the two processes, ending with an analytical expression for pH(g), 
starting from the knowledge of f(K) and g(j). The J(H) constitutive equation, the hysteresis 
loop and the energy loss are obtained after integration of pH(g) upon the whole particle 
assembly. The predicting capability of the analytical approach is measured against the results 
of the numerical method, as illustrated in the example shown in Figure 1. The theory is 
eventually generalized to dynamic magnetization regimes, whatever field history. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

__________________________________ 

[1] de Campos, M. F., Sampaio da Silva, F. A., Perigo E. A., de Castro, J. A.,          
“Stoner- Wohlfarth model for the anisotropic case”, JMMM, 345 (2013), 147-152.	 

 

Figure 1: Agreement between the hysteresis loops obtained via numerical 
procedure and the ones given by the analytical approach proposed in this 
work, after assuming g(j) = constant and   f(K)  =  (2/<K>)2 K exp(-2K/<K>). 
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Curvilinear spin-wave dynamics beyond the thin-shell 
approximation 

Lukas Körbera,b, Roman Verbac, Jorge A. Otálorad, Volodymyr Kravchuke, Jürgen 
Lindnerb, Jürgen Fassbendera,b, and Attila Kákayb 

a Helmholtz-Zentrum Dresden - Rossendorf, Dresden, Germany 
b Technische Universität Dresden, 01062 Dresden, Germany 

c Institute of Magnetism, Kyiv 03142, Ukraine 
d Departamento de Física, Universidad Católica del Norte, Avenida Angamos 0610, Casilla 

1280, Antofagasta, Chile 
e Institut für Theoretische Festkörperphysik Karlsruher Institut für Technologie, 76131 

Karlsruhe, Germany 

Magnetic systems with curved surfaces can inherit a variety of static and dynamic effects that 
are absent from systems with flat surfaces made of the same material. The frequency 
nonreciprocity of spin waves that results from these emerging magnetochiral effects has been 
shown to be a bulk phenomenon of dipolar origin and is connected to a curvature-induced 
symmetry breaking in the magnetic volume pseudo-charges, as shown in numerous 
fascinating publications. For this magneto-dipolar symmetry breaking to occur in media with 
homogeneous material parameters, roughly speaking, the system formed by the wave vector k 
of the spin wave and the magnetic equilibrium state m0 within the cross section perpendicular 
to the propagation direction must exhibit some sense of chirality. This is the case, for 
instance, for the spin waves propagating along Bloch walls in thin magnetic media with 
perpendicular-to-plane magnetic anisotropy [1] or the for magnetostatic surface spin waves in 
antiferromagnetically coupled bilayers [2] when the propagation direction is perpendicular to 
the magnetization in the layers. In both cases the system of m0 and k exhibit a handedness 
and the spin-wave propagation is nonreciprocal due to dynamic dipolar fields.  

Such effects have primarily been theoretically researched up to this point for thin shells, 
where it is reasonable to assume that the spatial profiles of the spin waves are uniform along 
the thickness. Here, using a finite-element dynamic-matrix technique, we study the change in 
the spin-wave spectrum from thin to thick curvilinear shells at the example of magnetic 
nanotubes in the vortex state. Higher-order radial modes, that are strongly hybridized and 
resemble the perpendicular-standing waves in flat films, start to arise as the thickness of the 
film increases. We find a curvature-induced non-reciprocity of the mode profiles along with a 
rising dispersion asymmetry. This is explained by taking into account the inhomogeneity of 
the emergent geometric volume charges along the thickness of the shell, which is a general 
illustration for thick curvilinear shells. This asymmetry in the mode profiles caused by the 
curvature also results in non-reciprocal hybridization, which can aid in the propagation of 
unidirectional spin waves. In addition, we demonstrate how curvature enables nonlinear 
three-wave splitting of a higher-order radial mode into secondary modes that can also 
propagate unidirectionally. We think that our research not only advances knowledge of the 
spin-wave dynamics in curvilinear magnetic systems but also promotes these systems for 
novel magnetic applications. 

[1] Y. Henry, et al., Physical Review B 100 (2019), 024416. 
[2] V. Sluka et al., Nature Nanotechnology 14 (2019), 328. 
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Many-Particle Quantum Hydrodynamics Method in the Tasks of 

Theoretical Description of the Magnetoelectric Effect in the 

Multiferroics Type II 
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a M.V. Lomonosov Moscow State University, Faculty of Physics, Leninskie Gory, Moscow, 

Russia 
b Theoretical Physics Laboratory, Nuclear Safety Institute, 

Russian Academy of Sciences, B. Tulskaya 52, 115191 Moscow, Russia 

 
 

 The challenge of developing materials that combine electrical and magnetic properties is 

intriguing from both a fundamental and an applied point of view. As information technology consumes 

an increasing percentage of the world's energy resources, there is a need for multifunctional materials 

that can reduce the energy consumption of microelectronic devices. Promising in this direction is a 

special class of materials known as magnetoelectric multiferroics, which combine the functions of 

ferromagnetism and ferroelectricity in one phase. An important problem is the construction of a 

microscopic model for describing the magnetoelectric effect in multiferroics II type, in which the 

electric polarization arises as a result of a certain magnetic ordering. The method of quantum many-

particle hydrodynamics is used, which makes it possible to study the physical collective non-

equilibrium properties of systems using the many-particle Schrödinger equation, which takes into 

account the contribution of interactions in the system, the action of external fields, and by determining 

the operators of particle number density, magnetic moment density, current density and magnetic 

moment flux, density electric dipole moment and polarization flux. This method makes it possible to 

pass from the description in the configuration space to the description in the real physical space in the 

language of field functions of various tensor dimensions. The method makes it possible to take into 

account the mechanisms of momentum, polarization, spin, and energy relaxation. 

 In more detail, there are three main types of microscopic description of ferroelectricity of 

spin origin: symmetric spin exchange interaction between the neighboring spins, antisymmetric spin 

exchange interaction and spin-dependent metal-ligand hybridization. The symmetric exchange 

interaction or the exchange-striction mechanism can induce striction along a specific crystallographic 

direction. We have considered the mechanism of the occurrence of polarization in the context of the 

phenomenon of magnetostriction as a result of exchange interactions, which leads to a distortion of the 

crystal lattice. We had constructed a theoretical model for describing the dynamics of polarization and 

proposed mechanisms for its control. This may be especially important in the problems of creating 

energy efficient devices.  

 The antisymmetric exchange interaction can be described in the context of inverse 

Dzyaloshinskii–Moriya model. Electrical polarization produces under the influence of spin-orbit 

interaction and can be determined as the relativistic correction to the exchanges under the influence of 

spin-orbit coupling. In the spin current model of description of the magnetoelectric effect in 

multiferroics the spin current flows between spins and electrical polarization is produced in the 

direction perpendicular to both the spin polarization and the direction of the spin current. We applied 

the method of many-particle quantum hydrodynamics and showed that a uniform polarization can 

indeed arise as a result of a spin current, taking into account the spin-orbit interaction. 

 

The work of MIT was supported by the Russian Science Foundation under the grant 22-72-00036. 

 

 

[1]      Pavel A. Andreev and Mariya Iv. Trukhanova, EPL, 132, 56002 (2020). 

[2]   Mariya Iv. Trukhanova, Pavel Andreev, Progress of Theoretical and Experimental   

Physics, 2020, Issue 4, 043I01 (2020). 
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Sub-nT detectivity in anisotropic magnetoresistances based on 
La2/3Sr1/3MnO3 thin films 

L.G. Engera, S. Flamenta, O. Rousseaua, I. N. Bhattia, B. Guilleta, M. Lam Chok Singa, V. 
Pierrona, S. Lebargya, J.M. Diezb, A. Verab, I. Martinezb, R. Guerrerob, L. Perezb,c, P. Pernab, 

J. Camarerob, R. Mirandab, M. T. Gonzalezb, L. Méchina 

a Normandie Univ, UNICAEN, ENSICAEN, CNRS, GREYC, 14000 Caen, France 
b IMDEA Nanociencia, Campus de Cantoblanco, 28049 Madrid, Spain 

c Dept. Fisica de Materiales - Universidad Complutense de Madrid, Av. Complutense s/n 
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Corresponding author: laurence.mechin@ensicaen.fr 
 

The detectivity of a magnetic sensor is defined as the ratio of its intrinsic noise to its 
sensitivity. If the signal to be measured is in the low frequency region, Anisotropic 
Magnetoresistance (AMR) sensors become competitive when compared to Tunnelling 
Magnetoresistance (TMR) and Giant Magnetoresistance (GMR) technologies, due to lower 
1/f noise, even if they do not reach same sensitivity values. Additionally, AMR sensors can 
be of much simpler fabrication, not requiring the stacking of several thin films. We will 
present results obtained with AMR sensors patterned in 30 to 60 nm thick epitaxial 
La2/3Sr1/3MnO3 (LSMO) thin films, deposited on 4°, 6° or 8° vicinal SrTiO3 (STO) substrates 
by pulsed laser deposition. Wheatstone Bridge design was used in order to get rid of common 
perturbations, such as temperature drift (figure 1-a). The use of a vicinal substrate, which 
presents a surface miscut angle regarding to the crystallographic plane, was used to induce 
uniaxial anisotropy with an easy magnetic axis along the step edge directions [1].  

The measured AMR curves could be compared to the expected behaviour considering 
the Stoner-Wohlfarth model for coherent magnetization reversal. In order to achieve a higher 
sensitivity, thus lower detectivity, several parameters were considered, such as LSMO film 
thickness, LSMO deposition temperature, vicinal angle of the substrates and design of the 
electrical contacts and of the Wheatstone bridges. As shown in figure 1-b), the lowest 
measured detectivity at 310K was 1.5 nT∙Hz-1/2 at 1 Hz and 200 pT∙Hz-1/2 at 1 kHz in a single-
layer sensor without using any performance enhancing techniques such as magnetic flux 
focusers or modulation techniques [2]. Such AMR sensors are promising for biomedical 
applications where small size devices are needed at low frequency (Figure 1-c).  

 
 a) 

 
      b) 

 
c) 

Figure 1: a) Optical microscope photograph of a Wheatstone bridge patterned in LSMO thin 
films; b) Measured detectivity on optimized LSMO AMR sensors at 310 K versus applied 
voltage; c) View of the devices, comprising two LSMO AMR sensors in a gradiometric 
configuration and one LSMO AMR sensor as reference, mounted on a dedicated printed 
circuit board.  

 

[1] P. Perna et al., Adv. Funct. Mater., 27, 1700664 (2017) | doi: 10.1002/adfm.201700664. 
[2] L.G. Enger et al., IEEE Transactions on Magnetics 58 (2) 4001204 (2022) | doi: 
10.1109/TMAG.2021.3089373. 
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A proof-of-concept thermomagnetic generator for the harvesting of 

low-grade waste heat  

Francesco Cuginia,b, Lorenzo Galloa,b, Davide Olivieria, Chiara Coppia,b, Simone 

Fabbricib, Franca Albertinib, Massimo Solzia,b 

a University of Parma, Parma, Italy 
b Institute of Materials for Electronics and Magnetism - CNR, Parma, Italy 

The harvesting of waste heat is a key goal for the transition to a sustainable and circular 

economy that requires the design of new technologies. The thermomagnetic power-generation 

is a promising solution for the recovery of low-grade waste heat from sources at temperatures 

below 100 °C, which represents more than 60% of civil and industrial waste heat [1,2]. 

Thermomagnetic motors and generators exploit magnetic materials to convert thermal energy 

into more usable mechanical or electrical energy [3,4]. Even if the concept of this technology 

has been already proposed in the late 19th century, its potentiality for the harvesting of heat 

near room temperature has been recognized only in the last decade, in the wake of the intense 

research on magnetocaloric materials for magnetic refrigeration.  

In this talk we present a proof-of-concept laboratory-scale prototype of thermomagnetic 

generator. It is based on the “Curie wheel” concept and exploits a rotor of an active 

thermomagnetic material to generate mechanical energy from thermal heat. A second 

conversion to electrical energy can be achieved by an alternator. The rotor, a hollow cylinder, 

is made of an epoxy-based composite material that incorporates powder of a suitable active 

thermomagnetic material (e.g. a Heusler alloy with a Curie temperature just above room 

temperature) and it is enriched with graphene to promote the heat exchange with the thermal 

sources. The geometric configuration of the device and the spatial distribution of the 

magnetic field were optimized to increase the efficiency of the generator and minimize the 

required mass of the active magnetic material. The generator works on a wide temperature 

range from room temperature to around 80 °C, with a maximum of the performance 

corresponding to the magnetic critical temperature of the active magnetic material. 

 

 

 

Figure 1: (a) photography and sketch of the thermomagnetic generator prototype.  

 

[1] A. Kitanovski, Adv. Energy Mater. 10 (2020) 1903741. 

[2] D. Zabek, F. Morini, Therm. Sci. Eng. Prog. 9 (2019) 235–247. 

[3] D. Dzekan et al., APL Mater. 9 (2021) 011105. 

[4] R. A. Kishore, S. Priya, Renew. Sust. Energ. Rev. 81 (2018) 33–44.  
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Visible light effects on photostrictive/magnetostrictive PMN-PT/Ni 

heterostructure 

Deepak Dagura,b, Vincent Polewczyka, Aleksandr Yu. Petrova, Pietro Carraraa,c, 

Marta Brioschia,c, Sara Fioria, Riccardo Cucinia, Giorgio Rossia,c, Giancarlo 

Panaccionea, Piero Torellia, and Giovanni Vinaia 

a Istituto Officina dei Materiali (IOM)-CNR, Trieste, Italy 
b Department of Physics, University of Trieste, Trieste, Italy 

c Department of Physics, University of Milan, Milan, Italy 

Tuning the interfacial properties of a multiferroic heterostructure via fully optical means 

by exploiting the photovoltaic/photostrictive effect of the ferroelectric component is a 

reversible and fatigueless method for modifying the magnetic response of magnetostrictive 

ferromagnets [1–3]. In this study, we present the effects of 405 nm visible-light illumination 

on both the ferroelectric and ferromagnetic responses of (001) PMN-PT/Ni heterostructure. 

By combining electrical, structural, magnetic and spectroscopic measurements, we show 

that light illumination above the ferroelectric bandgap energy induces a photovoltaic current 

(see fig. 1a), while the triggered photostrictive effect in PMN-PT induces a reduction of the 

coercive field of the interfacial magnetostrictive Ni layer (see fig. 1b). We firstly report a 

light-induced variation in the Ni orbital magnetic moment, direct signature of the 

photostrictive effects on Ni, obtained via sum-rule analysis of x-ray magnetic circular 

dichroic (XMCD) measurements (see fig. 1c). The observed effects are maximized when 

PMN-PT presents both in-plane and out-of-plane ferroelectric domains, and are strongly 

reduced once polarized out-of-plane, proving the central role played by in-plane ferroelectric 

domains [4]. 

These results shed light on the delicate energy balance that leads to sizeable light-induced 

effects in multiferroic heterostructures, while confirming the need of spectroscopy for 

identifying the physical origin of interface behaviour.  

 

[1] V. Iurchuk et al., Phys. Rev. Lett. 117 (2016), 107403. 

[2] X. Zhang et al., Appl. Phys. Lett. 116 (2020), 132405. 

[3] M. Zheng et al., Phys. Rev. Appl. 9 (2018), 44039. 

[4] D. Dagur et al., Advanced Materials Interfaces, under review. 

 

 
Figure 1: (a) Photocurrent measurement, (b) magnetic hysteresis loop and (c) XMCD 

spectra at Ni L2,3 edges of PMN-PT/Ni heterostructure under 405 nm light illumination. 
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Room-temperature magneto-ionic control of ON-OFF 

ferromagnetism in bimetallic FeCo nitrides 

Zheng Maa, Monalisha Pedaa, Xavi Rubioa, Eva Pellicera, Enric Menéndeza, Jordi Sorta,b 

a Departament de Física, Universitat Autònoma de Barcelona, Cerdanyola del Vallès, Spain 

b Institució Catalana de Recerca i Estudis Avançats (ICREA), Pg. Lluís Companys 23, 

Barcelona, Spain 

      As information technologies consume an ever-growing percentage of global energy 

resources, there is an urgent need for low-power microelectronic and spintronic devices to 

reduce energy demands. Relying on the use of electric fields instead of currents to manipulate 

magnetic properties, voltage control of magnetism (VCM) holds great potential to allow 

spintronics to decrease power. In this context, voltage-induced ion (O2−, H+, Li+, F− or N3−) 

motion to modulate magnetism (magneto-ionics) has revolutionized VCM since this approach 

allows for a voltage-driven modulation of magnetic properties to an extent never reached by 

any other magnetoelectric means [1]. For instance, voltage-driven ON-OFF ferromagnetism 

through the controlled transport of structural N ions in paramagnetic CoN [2] has been 

achieved, taking advantage of the formation of an electric double layer (EDL) at the film-

electrolyte interface. In the present work, we first explore the magneto-ionic effects in 

nitrides of soft Fe-based bimetallic FeCo. FeCo (bcc, 30-35 at.% Co) and sputtered FeCoN 

(less than 12 vol.% N2) show excellent soft magnetic properties with considerable saturation 

magnetization, MS (up to around 1900 emu/cm3) [3]. We demonstrate significant 

improvements of magneto-ionic properties in sputtered 50-nm FeCoN (50% N2/50% Ar). For 

instance, upon electrolyte-gating for 28 minutes, the maximum change of MS for FeCoN (35 

at.% Co) is nearly seven-fold higher than that for single-metallic CoN (740 emu/cm3 versus 

110 emu/cm3).  

      On the other hand, neuromorphic computing (NC), which emulates the biological neural 

network, is considered for the low-power implementation of artificial intelligence (AI). So 

far, most of the proposed neuromorphic devices are based on redox-based resistive memories 

or memristors, where the resistance is tuned. Most importantly, usage of electric current in 

such resistive devices consumes a lot of additional energy due to Joule heating. In this work, 

the magnetization of the FeCoN system has been modulated by applying voltage pulses for 

spin-based NC. We have realized non-volatile multilevel states in the proposed magneto-

ionic system for analog computing. Moreover, synaptic plasticity and memory behavior of 

human brain has been mimicked in the FeCoN system through magnetic measurements. This 

research highlights the great potential of magneto-ionics for spin based neuromorphic 

systems.  

 

[1]    M. Nichterwitz, et al., APL Mater. 2021, 9, 030903. 

   [2]    J. de Rojas, et al., Nat. Commun. 2020, 11, 5871; J. de Rojas, et al., Phys. Rev. Appl. 

2021, 16, 034042.  

   [3]    G. Scheunert, et al., Appl. Phys. Rev. 3, 011301 (2016); N. X. Sun, S. X. Wang, IEEE 

Trans. Magn. 2000, 36, 5. 
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Non-linear modeling of a multi-layer cantilever energy harvester in 
periodic steady state working conditions 

Carmine S. Clementea, Daniele Davinoa, Vincenzo P. Loschiavoa, Ciro Visoneb 

a Dept. of Engineering, University of Sannio, 82100 Benevento, Italy 
b Dept. of Electrical Engineering and Information Technology, University of Naples Federico 

II, 80125 Naples, Italy 

Vibration Energy Harvesters (VEHs) [1] play a key role in the wide spreading of low-
power consumption electronics, which mainly constitute the Internet of Things (IoT) world. 
Stable vibration source can be exploited by cantilever beams equipped with magnetostrictive 
materials. Among them, one of most promising is Galfenol. It is an Iron-Gallium alloy that 
shows high magnetic saturation, low hysteresis, low bias magnetic field and very good 
mechanical properties. However, the magneto-mechanical coupling shows non-linearity [2].  

Magnetostrictive cantilever beam energy harvesters are generally composed by two or 
more layers, typically a substrate (often Aluminum) and the active material [3]. As shown in 
Fig.1, a pickup coil is wounded around the structure and provides an output voltage when the 
material is deformed, by means of Villari effect and Faraday’s law.  

A preliminary issue in the design of a cantilever harvester is the study of the magneto-
elastic beam response, considering the different materials and all geometrical and physical 
parameters affecting its behavior. This would allow to optimize the device’s performances, 
e.g. in terms of electrical converted power. The aim of this work is to provide a simple and 
robust model of the cantilever’s dynamics, through the analysis of the Euler-Bernoulli (E-B) 
equation with damping: 

 
where E is the Young’s modulus, I the moment of inertia, θ and κ are the coefficients of 
viscous and Kelvin-Voight damping, respectively, while m(z) represents the beam’s linear 
mass density. The solution of E-B equation provides the beam displacement w(z,t) and then 
the stress experienced by the magnetostrictive beam. The calculated stress is then used 
through a non-linear fully coupled model of Galfenol, to obtain the time-varying 
magnetization and then the output voltage. Experimental measurements, performed with an 
electrodynamic shaker, have been compared with the corresponding simulations, aiming to 
improve the optimization of cantilever beam harvester design.  

 

[1] S. P. Beeby et al., Meas. Sci. Technol. 17 (2006), 175-195. 

[2] J. Atulasimha and A. B. Flatau, Smart Mater. Struct. 20 (2011), 1-15. 

[3] V. Apicella et al., J. Magn. Magn. Mater. 475 (2019), 401-407. 

                  

Figure 1: Left: 3D sketch of the N-turns coil wounded around the 
cantilever. Right: multi-layer cantilever cross section in the x-y plane. 
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Magnetic shape memory Heusler compounds: a class of 

multifunctional materials for harvesting and sensing applications 

Simone Fabbricia, Francesca Casolia, Franca Albertinia, Ciro Visoneb  

a IMEM-CNR, Parma, Italy 
b University of Naples, Naples, Italy 

Magnetic shape memory Heusler compounds have been extensively studied for their 

multifunctional properties associated to their reversible martensitic transformation. The 

martensitic transformation is accompanied by remarkable changes of magnetization and 

lattice parameters, and can therefore be reversibly induced by applying an external stimulus 

such as a change in temperature, a tensile/compressive stress or a change in magnetic field.  

The interplay between the structural and magnetic degrees of freedom gives rise to 

functional phenomena such as magnetocaloric effects [1], elastocaloric effects [2], and 

magnetoelastic effects, the latter both induced by magnetic field (magnetic field induced 

shape memory [3] and magnetic superelasticity [4]) and induced by a mechanical stress 

(stress induced magnetization changes) [5]. 

Concerning the magnetization discontinuity (M), the class of metamagnetic NiMnX 

based Heusler compounds (X being a p-group element such as Ga, In, Sn) shows the most 

promising values when transforming from a weak-magnetic phase to a strongly ferromagnetic 

one: peak M values up to above 100 emu/gr [6] have been observed in quaternary 

NiCoMnIn compounds. On the other hand, metamagnetic Heuslers have shown poor 

mechanical properties, their brittleness being a limitation for their cyclic performance under 

mechanical stress [7]. 

Recently, the family of all-transition-metals Heusler compounds NiCoMnTi have 

attracted attention as they couple remarkable values of M (close to the best performing 

NiCoMnIn ones) with better mechanical properties and fatigue resistance to the cyclic stress 

[8]. Such materials show therefore a strong potential for magnetoelastic operation. 

In this talk we will review the physical properties of this class of materials and discuss 

their potential application as energy harvesters from dispersed heat and/or very slow 

mechanical vibrations. The mechanism based on the abrupt change of the magnetization at 

the first order phase transition is extremely promising as it yields to high output voltage 

pulses even when the driving force/vibration changes at low frequencies. This overcomes the 

frequency limitations shown by other magneto-mechanical harvesting principles solutions 

that work well above source frequencies of 10 Hz and generally show, a narrow band 

response [9]. 

 

[1] J. Liu et al., Nature Mat., 11 (2012) 620-626 

[2] F. Xiao et al., Acta Mater., 96 (2015) 292-300 

[3] K. Ullakko, et al., Appl. Phys. Lett., 69 (1996) 1966-1968 

[4] R. Kainuma, et al., Nature, 439 (2006) 957 

[5] I Suorsa et al., J. of Appl. Phys., 95, (2004) 8054 

[6] T. Gottschall et al., Appl. Phys. Lett., 106 (2015) 021901 

[7] G. D’Silva, et al., Eng. Fract. Mech., 247 (2021) 107655 

[8] Z. Guan et al., Appl. Phys. Lett., 119 (2021) 051904 

[9]  D. Davino et al., IEEE Trans. on Mag., 48 (2012) 3096-3099 
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An early equivalent circuit of a magnetoelectric composites device 

Carmine S. Clementea, Vincenzo P. Loschiavoa, Francisco Ambìab, Jhordan Chavezb, 

Daniele Davinoa, Elie Lefeuvreb 

a Department of Engineering, University of Sannio, Benevento, Italy 
b University of Paris-Saclay, C2N Lab., Palaiseau, France 

Several energy harvesting (EH) techniques have been developed during the years with the 

aim to recover small quantities of energy continuously produced through natural phenomena 

or human activities, but normally unexploited [1]. Almost all of them involve smart materials 

able to transform the available surrounding energy, typically mechanical, thermal, etc., into 

electrical energy. 

Magnetoelectric (ME) composites, coupling different layers of piezoelectric and 

magnetostrictive materials, are capable of transmitting power in a wireless manner. They 

appear as one of the most promising wireless power transfer (WPT) technologies since, when 

the device dimensions become small, ME composites can deliver power densities higher than 

other more common techniques (e.g., inductively coupled coils) [2]. The operation of such a 

technology could therefore have a tremendous impact on the so-called Implantable Medical 

Devices (IMDs), such as pacemakers, which are normally supplied by batteries that need a 

periodical replacement [3]. 

An accurate modeling of a magnetoelectric composites device represents a crucial stage 

for the development and improvement of this technology. A few challenges, however, such as 

the complex hysteretic behavior due to the coupling of different materials, have to be faced in 

order to accurately describe the behavior of such composites. 

In this study, we will provide for a ME composites mockup an early lumped parameters 

equivalent circuit (Fig. 1) taking into account the nonlinear behavior of the magnetostrictive 

material [4]. The modeling reliability will be assessed comparing the simulation results with 

the experimental ones. 

 

The research activity is funded by the Programme PHC Galilée (Partenariat Hubert 

Curien franco-italien) within the project SUPRA (2022 – G22_49). 

 

[1] L. Mateu, F. Moll, Proc. SPIE 5837, VLSI Circuits and Systems II, (30 June 2005). 

[2] G. Rizzo, et al., 13th International Symposium on Medical Information and 

Communication Technology (ISMICT), 2019, pp. 1-4. 

[3] T. Rupp, et al., Materials 12 (2019), 512.  

[4] C. S. Clemente, et al., J. Intell. Mater. Syst. Struct., pp. 1–14, Jan. 2017. 

 

Figure 1: Conceptual schematic of a magnetoelectric lumped parameters equivalent circuit 

integrating magnetoelastic nonlinear coupling [4]. 

6.12 Session - Sensing and Harvesting devices employing multi-functional materials 6 ABSTRACTS

158



6.13 Session - Skyrmions 6 ABSTRACTS

6.13 Session - Skyrmions

159



Tuning the coexistence regime of incomplete and tubular skyrmions 

in ferro/ferri/ferromagnetic trilayers 

Andrada-Oana Mandrua, Oguz Yildirima, Riccardo Tomasellob, Yaoxuan Fenga, 

Giovanni Carlottic, Silvia Tacchid, Pegah Vaghefia, Anna Giordanoe, Tanmay Duttaa, 

Giovanni Finocchioe, Hans J. Huga 

a Empa - Swiss Federal Labs for Materials Science and Technology, Dübendorf, Switzerland 
b Politecnico di Bari, Bari, Italy 

c University of Perugia, Perugia, Italy 
d IOM - Istituto Officina dei Materiali, Perugia, Italy 

e University of Messina, Messina, Italy 

Room-temperature magnetic skyrmions may be considered as ideal information carriers 

due to their small size and possibilities of easily transporting them. Zheng et al. [1] proposed 

the initial idea about encoding information in two soliton states as opposed to just one. They 

describe a racetrack device in which a train of skyrmion tubes and chiral bobbers (representing 

the 1s and 0s) can be moved through a nanostripe and read along the track. This is advantageous 

compared to the ('classical') case of just one skyrmion, which can cause large error rates due to 

the fact that it is very problematic to maintain the skyrmion distribution along the track. The 

difficulties with the two soliton states in the system described in [1] is that they appear at low 

temperature and in single-crystalline materials, making their implementation in a device quite 

challenging. A step forward in these respects was achieved with our previous study [2], by 

observing two distinct skyrmion types in the same ferro/ferri/ferromagnetic (FM/FI/FM) 

trilayer sample (Fig.1) at room temperature and in multilayers that would allow for an 

immediate integration in current technologies. The two types represent an incomplete skyrmion 

(present in the FM layers only) and a tubular skyrmion (present in all three layers). 

This first study [2] addressed only a limited range of the magnetic parameters that could 

otherwise be obtained in such systems. Furthermore, applications of such a platform containing 

two types of skyrmions requires having a good control over the skyrmion type and density. 

Relying on this well-established trilayer system, we expand the range of magnetic parameters 

and find that by changing the Fe sublayer thickness in the FM layers  (and therefore the overall 

magnetic properties of the FM layers and, ultimately, of the trilayers), we can tune the system 

from hosting mainly incomplete skyrmions only to hosting mainly tubular skyrmions only, 

with a wide coexistence range in between (Fig. 1). Accompanying micromagnetic simulations 

reveal the full range of stability for the two skyrmions types, along with their spin profiles. 

 

[1] F. Zheng et al., Nat. Nanotechnol. 13 (2018), 1-7. 

[2] A.-O. Mandru et al., Nat. Commun. 11 (2020), 6365. 

 

Figure 1: Trilayer schematics and MFM data showing the three regimes of skyrmion stabilization. 
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Non-equilibrium heating path for the laser-induced nucleation of 

metastable skyrmions 

P. Olleros-Rodrígueza , M. Strungarub, S. Rutab, P. Gavriloaeac, P. Pernaa, R. 

Chantrellb, and O. Chubykalo-Fesenkoc 

a IMDEA Nanoscience Institute, Madrid, Spain. 
b Physics Department, University of York, UK 

c Instituto de Ciencia de Materiales de Madrid, CSIC, Spain 

The use of magnetic skyrmions in technological applications is constrained by the ability 

to nucleate, stabilize and manipulate them. Small skyrmions are frequently metastable states, 

so that at remanence either the saturated or the stripe domain states are present and the 

skyrmion nucleation is not easily accessible. Nucleation of skyrmions in ultrathin films 

composed of transition and high spin-orbit metals by ultra-fast femtosecond laser pulses has 

been very recently reported both experimentally and theoretically [1,2], albeit under applied 

field, i.e. when skyrmion are the ground state of the system.  

In the present work we explore the nucleation of magnetic skyrmions in realistically 

parametrised Pt/Co/Heavy-Metal magnetic trilayers via atomistic simulations by ultrafast 

heating produced by a femtosecond laser pulse. Quasi-static simulations by increasing 

temperature above the Curie one and cooling the system down produce a stable state in the 

form of stripe domains. However, we report that ultrafast heating at zero field with specific 

duration can create non-adiabatic processes leading to the nucleation of unstable magnon 

droplets, similar to the formation of supercooled ice droplets in the gas state. Then, the 

subsequent rapid energy removal provides the conditions for the creation and quenching of 

the skyrmion topological protection. The interplay between different processes corresponds 

to a specific excitation window which can be additionally controlled by external fields. The 

results are contrasted with longer-scale heating leading to a phase transition to the stable 

states. Our results provide insight into the dynamics of the highly non-equilibrium pathway 

for spin excitations and pave additional routes for skyrmion-based information technologies. 

 

  

[1] S. G. Je et al Nano Lett. 18 (2018) 7362 

[2] F.Buttner et al Nat. Mater. 20 (2021) 30. 

 

 

Figure 1. (a) Sketch of the modelled cobalt-based magnetic trilayer in the initial magnetic state; (b.1) Ground 

state after a zero-field cooling process; (b.2) Temperature profile of the simulated zero-field cooling process; 

(c.1) Skyrmion lattice nucleated following an ultrafast and far-from-equilibrium laser induced process; (c.2) 

Temperature profile during the simulated laser pulse.   

. 
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Figure 1: Frequency response of each 

individual layer of the SAF along with 

that of the total system plotted in red. 

Figure 2: radius variation of the skyrmions 

in each layer when driven by a sinusoidal 

driving field at the frequency of the first 

two peaks in Fig. 1. 

Breathing modes of skyrmion strings in a synthetic antiferromagnet 

Christopher Barkera, Eloi Haltza, Thomas Moorea, and Christopher H Marrowsa 

a School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom 

Skyrmions are topologically protected vortex-like sin structures that have been observed 

in magnetic multilayers possessing an interfacial Dzyaloshinskii-Moriya interaction [1]. 

Theoretical studies have suggested a greatly increased velocity of skyrmions propagating in 

synthetic antiferromagnets (SAFs) when driven by spin-orbit torques [2], and their existence 

has recently been observed [3]. While Skyrmions have been proposed as potential 

information carriers in racetrack memory devices, their high frequency excitations also bear 

interest. It was recently shown that in compensated SAFs the radio frequency breathing mode 

of a skyrmion splits into in-phase and out of phase modes [4].  

In this work we investigate the breathing modes of skyrmion strings in a SAF multilayer 

where each magnetic layer is coupled antiferromagnetically to the one above and below it by 

means of numerical simulations using MuMax3 [5]. The extension of the skyrmion string 

along the z-axis results in further degeneracy of the breathing modes as shown for a 

multilayer with four magnetic layers in Fig. 1 and a lowering of the frequency of the first out-

of-phase mode. The radius variation of the modes is shown in Fig. 2  These features show 

little variation with applied magnetic field, but similarly to the work in [4] show systematic 

variation with the strength of the RKKY interaction. The addition of multiple magnetic layers 

is a better representation of an experimentally realistic stack design, and lowers the frequency 

of the out-of-phase mode to be more feasibly observable for skyrmion sensing applications. 

 

  

 

[1] W. Jiang et al., Physics Reports 704, 1-49 (2017) 

[2] R Tomasello et al., J. Phys. D: Appl. Phys. 50 325302 (2017) 

[3] W. Legrand et al., Nature Materials 19, 34 (2020) 

[4] M. Lonsky et al., Physical Review B 102, 104403 (2020) 

[5] A. Vansteenkiste et al., AIP Advances 4, 107133 (2014) 
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Non-collinear three-dimensional textures in magnetic multilayers: 

Hatching of skyrmionic cocoons 
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F. Godela, A. Vecchiolaa, K. Bouzehouanea, C. Donnellye, F. Büttnerb, N. Jaouenc, 

V. Crosa, A. Ferta 

a Unité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767, Palaiseau, France 
b Helmholtz-Zentrum Berlin, 14109 Berlin, Germany 

c Synchrotron SOLEIL, L’Orme des Merisiers, 91192, Gif-sur-Yvette, France 
d Swiss Light Source, Paul Scherrer Institut, 5232 Villigen, Switzerland 

e Department of Physics, Cavendish Laboratory, University of Cambridge, JJ Thomson Ave, 

Cambridge CB3 0HE, United Kingdom; Max Planck Institute for Chemical Physics of Solids, 

01187 Dresden, Germany 

Two-dimensional magnetic textures such as skyrmions or chiral domain walls were 

mostly under focus for the last decade, but recently interest has surged for more complex 

objects which display an inhomogeneous behavior over the vertical dimension. Interesting 

examples include bobbers which could become remarkable assets for the development of 

logic devices [1] or the recently observed hopfions [2] or even different skyrmions phases [3].  

In this study, we engineer and explore aperiodic metallic multilayers stabilizing new 

magnetic textures, which we named skyrmionic cocoons [4]. At low magnetic field, they 

resemble tubular skyrmions but upon an increase of the out-of-plane field, they shrink and 

disappear in the outer layers becoming elongated ellipsoids. By carefully tuning the thickness 

of each magnetic layer, it is possible to observe concomitantly two distinct objects in a single 

sample, as shown by the strong difference in the magnetic force microscopy (MFM) contrasts 

in Fig. 1. X-ray holography confirms the MFM observations and provides information about 

the averaged magnetization through the layers, and allow the cocoon-cocoon interaction to be 

observed. Finally, their 3D nature was recently confirmed using laminography.  

Combining all these observation techniques with magneto-transport as well, we can 

reliably compare our experimental observations with micromagnetic simulations, displaying 

these new 3D textures. The existence and field-dependent behavior of such textures could 

represent interesting possibilities for potential applications. 

 
Figure 1: Cocoons and skyrmion tubes. (a) Experimental MFM phase maps displaying 

two types of textures. (b) Holography images showing alignment of cocoons before their 

fusion at lower field. Blue and red colours are associated to up and down magnetizations. 

(c) Corresponding micromagnetic simulations, evidencing the 3D nature of the cocoons and 

the skyrmion tubes (magnetization iso surfaces at mz = -0.8 are displayed in red). 
 

[1] F. Zheng et al. Nat. Nanotechnol. 13, 451 

(2018). 

[2] N. Kent et al. Nat. Commun. 12, 1562 

(2021). 

[3] A.-O. Mandru et al. Nat. Commun. 11, 

6365 (2020). 

[4] M. Grelier et al. arXiv: 2205.01172 (2022). 
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Over 1 km/s Current Induced Skyrmion Motion in Synthetic 

Antiferromagnets without Skyrmion Hall Effect  

Pham, Van Tuonga; Sisodia, Naveena; Urrestarazu-Larrañaga, Josebaa; Bairagi, 

Kaushika; Pelloux-Prayer, Johana; Buda-Prejbeanu, Liliana D. a; Pizzini, Stefaniab; 

Gaudin, Gillesa; Boulle, Oliviera 

  
a SPINTEC, GRENOBLE, France. 

b Institut Néel, Grenoble, France 

 

Skyrmions are topological spin textures which hold great promise as nanoscale bits of 
information in memory and logic devices [1]. The recent demonstration of room temperature 

skyrmions as well as their current induced motion in industry compatible sputtered thin films 

have lifted important roadblocks toward the realization of skyrmion based devices [2]. 
However, their development is impeded by a too low current induced velocity (about 100 

m/s) [3] as well as the skyrmion Hall effect, namely a motion transverse to the current 

direction due to their topological charge which can lead to their annihilation in tracks. 
Antiferromagnetic (AF) skyrmions allow these limitations to be lifted owing to their 

vanishing magnetization and net zero topological charge, promising fast dynamics without 

skyrmion Hall effect. In this presentation, we address the current induced dynamics of AF 

skyrmions in compensated synthetic antiferromagnets (SAF). Using magnetic force 
microscopy, we show that skyrmions can be stabilized in Pt/Co/Ru based SAF at room 

temperature [4]. We show that SAF skyrmions with cancelled net topological charges can be 

moved by current at velocities over 1 km/s without skyrmion Hall effect. Micromagnetic 
simulations and analytical models using experimental parameters show that this enhanced 

skyrmion velocity can be explained by the compensation of the topological charges as well as 

an enhanced spin orbit torque in the synthetic antiferromagnet. Our results open an important 
path toward the realization of logic and memory devices based on the fast manipulation of 

AF skyrmions in tracks. 

 

[1] A. Fert, V. Cros, and J. Sampaio, Nat. Nanotechnol. 8, 152 (2013). 

[2] A. Fert, N. Reyren and V. Cros, Nat Rev Mater 2, 17031 (2017). 

[3] Roméo Juge et al., Phys. Rev. Appl. 12, 044007 (2019) 

[4] Roméo Juge et al., arXiv:2111.11878 [cond-mat] (2021) 
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Skyrmion dynamics in ring-shaped synthetic antiferromagnetic 

racetracks  

Dimitris Kechrakosa, Riccardo Tomasellob, Faye Gemenetzic, Giovanni Finocchiod 

a Physics Laboratory, Department of Education, School of Pedagogical and Technological 

Education, Athens, Greece 
b Technical University of Bari, Italy 

c National Technical University of Athens, Athens, Greece 
d University of Messina, Messina, Italy 

 

 

Α racetrack memory where the information can be encoded in magnetic skyrmions seems 

to be a strong candidate for magnetic storage devices to succed the conventional hard disk 

drives. Elecrical current producing spin-orbit torques is a common means to drive skyrmions 

on a racetrack. Racetracks made of Synthetic Antiferromagnets (SAF), namely a pair of AF 

coupled FM layers, supress the so called Skyrmion Hall Effect, which consists of the 

transverse displacement of skyrmions and their eventual annihilation at the racetrack 

boundary.  

In the present work we implement fully numerical micromagnetic simulations [1] of the 

current-driven dynamics of skyrmions in SAF racetracks with a ring shape. Circular 

racetracks have technological potentials as shift-register devices [2]. Due to the lack of 

transverse displacement in SAF systems, the skyrmions are shown to follow a stable circular 

motion with constant frequency. We study the dependence of the kinematic frequency on the 

material damping constant, the applied current and the size of the ring-shaped racetrack. We 

demonstrate that for rings with inner and outer diametrs in the range of 100nm and 200nm, 

respectively and current density up to 300MA/cm2 a circular motion with frequency of 

approximately 0.5GHz is supported. Envisaged applications of the skyrmion in a ring-shaped 

racetrack as a periodic electrical pulse GHz generator is discussed. 

 
 

 

[1] A.Giordano, G. Finocchio, L.Torres, M. Carpentieri, B. Azzerboni, J.Appl.Phys.111 

(2012) 07D112 

[2]  Zhang, S.L., Wang, W.W., Burn, D.M. et al. Nat Commun 9 (2018) 2115  

 

 Figure 1: Number of of circles completed by the moving skyrmion as a function 

of time. The linearity of the data demonstrate the clock-functionality of the circular 

motion of skyrmions. Ring diameters are 460nm and 160nm. Different current densities 

applied are 50,100,150,200,250 and 300 MA/cm2. 
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Unconventional computing using topological spin structures 

Mathias Kläuia,b 

a Institute of Physics, Johannes Gutenberg University Mainz, 55099 Mainz, Germany 
b Centre for Quantum Spintronics, Norwegian University of Science and Technology, 7034 

Trondheim, Norway 

 

Novel spintronic devices can play a role in the quest for GreenIT if they are 

stable and can transport and manipulate spin with low power. Devices have been 

proposed, where switching by energy-efficient approaches, such as spin-polarized 

currents is used to manipulate topological spin structures [1,2].  

Firstly, to obtain ultimate stability of states, topological spin structures that 

emerge due to the Dzyaloshinskii-Moriya interaction (DMI) at structurally 

asymmetric interfaces, such as chiral domain walls and skyrmions with enhanced 

topological protection can be used [3-5]. Here we will introduce these spin structures 

ad we have investigated in detail their dynamics and find that it is governed by the 

topology of the spin structure [3]. By designing the materials, we can even obtain a 

skyrmion lattice phase as the ground state [4]. Beyond 2D structures, we recently 

developed also systems with chiral interlayer exchange interactions that lend 

themselves to the formation of chiral 3D structures [6]. 

Secondly, for ultimately efficient spin manipulation, we use spin-orbit torques, 

that can transfer more than 1ħ per electron by transferring not only spin but also 

orbital angular momentum. We combine ultimately stable skyrmions with spin orbit 

torques into a skyrmion racetrack memory device [4,5,7]. We furthermore use spin-

orbit torque induced skyrmion dynamics for non-conventional stochastic computing 

applications, where we have developed a skyrmion reshuffler device [8] based on 

skyrmion diffusion, which also reveals the origin of skyrmion pinning [9]. Such 

diffusion can be used for Token-based Brownian Computing and Reservoir 

Computing [10], which eventually opens a broad range of applications to the use of 

topological spin structures. 

[1] G. Finocchio et al., J. Phys. D: Appl. Phys., vol. 49, no. 42, 423001, 2016.  
[2] K. Everschor-Sitte et al., J. Appl. Phys., vol. 124, no. 24, 240901, 2018. 
[3] F. Büttner et al., Nature Phys., vol. 11, no. 3, pp. 225–228, 2015. 
[4] S. Woo et al., Nature Mater., vol. 15, no. 5, pp. 501–506, 2016. 
[5] K. Litzius et al., Nature Phys., vol. 13, no. 2, pp. 170–175, 2017. 
[6] D. Han et al., Nature Mater., vol. 18, no. 7, pp. 703–708, 2019. 
[7] K. Litzius et al., Nature Electron., vol. 3, no. 1, pp. 30–36, 2020. 
[8] J. Zázvorka et al., Nature Nanotechnol., vol. 14, no. 7, pp. 658–661, 2019. 
[9] R. Gruber et al., Nature Commun. vol. 13, pp 3144, 2022. 
[10]  K. Raab et al., arxiv:2203.14720; M. Brems et al., Appl. Phys. Lett. 119,  

132405, 2021. 
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Non-volatile and volatile resistive switching in complex oxide 

interfaces for neuromorphic functionalities  

A. S. Goossens, A. Jaman and T. Banerjee 

 Zernike Institute for Advanced Materials, University of Groningen, the Netherlands 

 

Designing materials and devices for energy-efficient hardware is a crucial aspect for 

developing novel applications and for computing schemes beyond von Neumann. Devices on 

complex oxide platforms, such as SrTiO3 (STO), bring in functionalities that are relevant for 

this purpose. These functionalities are largely derived from the temperature and electric field 

dependence of its dielectric permittivity. As a result, such devices possess transport 

characteristics that can be controllably changed by external stimuli such as temperature, 

voltage, current, electric and magnetic fields, and spin-orbit torque. In this context, we have 

exploited the rich phase space, intrinsic to complex oxides, to build devices capable of brain-

like physical computing. We will discuss two memristive device types, where tailoring of the 

energy landscape enables multistate resistance states.  

The first work is based on interface based memristive Schottky devices on 

semiconducting Nb-doped STO (Nb:STO) where we study their scalability, which is an 

important consideration for integration into novel architectures. We show the ability to 

achieve analogue switching with remarkably high resistive windows by downscaling, high 

endurance and low device and cycle-to-cycle variation integrated directly on a 

semiconducting platform. 

The second work will discuss a volatile memristor where phase transitions in a strained 

manganite La0.67Sr0.33MnO3 (LSMO) film is used to stabilize competing magnetic states in a 

network. Our results show Joule heating induced hysteretic resistive switching and a 

multilevel resistive switching in such structures. We found that these distinct resistive states 

are highly stable over time and possess minimal cycle-to-cycle variability.   

With rapid advances made in the palette of materials and devices available for neuromorphic 

hardware, our work highlights the importance of complex oxide interfaces in this direction.  
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Spin Hall nano-oscillator based Ising machines for combinatorial 

optimization 

Johan Åkermana 

a Physics Department, University of Gothenburg, 412 96 Gotthenburg, Sweden 

In my talk I will first briefly review the fundamentals of Ising Machines and describe 
different types of quantum and classical implementations. These range from D-waves 
Quantum Annealer, so-called Coherent Ising Machines based on Degenerate Optical 
Parametric Oscillators (DOPO), and most recently breadboard and PCB based LCR oscillator 
networks. I will then describe our recent progress in mutually synchronized nano-constriction 
based spin Hall nano-oscillator (SHNO) chains [1] and two-dimensional arrays [2] and the 
possibility of using them for Ising Machines. I will describe how we can generate different 
types of spin wave modes and control those with voltage cates [3, 4]. In our most recent 
work, we have now added memristive functionality to these SHNOs and demonstrated non-
volatile control of mutual synchronization [5] and how this can be used for neuromorphic 
computing. Using microwave current injection locking and phase-sensitive micro-Brillouin 
Light Scattering microscopy, such two-dimensional SHNO arrays can be efficiently phase-
binarized, which is a prerequisite for oscillator based Ising Machines, and solve MAX-CUT 
problems [6, 7]. 

  
 

[1] A. A. Awad et al, Nature Physics 13, 292–299 (2017) 

[2]  M. Zahedinejad et al, Nature Nanotechnology 15, 47 (2020) 

[3] H. Fulara et al, Science Advances 5, eaax8467 (2019) 

[4] H. Fulara et al, Nature Communication 11, 4006 (2020) 

[5] M. Zahedinejad et al, Nature Materials 21, 81 (2022) 

[6] D. I. Albertsson et al, Applied Physics Letters 118, 112404 (2021) 

[7]  A. Houshang et al, Physical Review Applied 17, 014003 (2022) 

 

Figure 1 a) A voltage-gated SHNO where the E-field controls the PMA of the CoFeB 
layer. b) A memristor-controlled SHNO where an additional memristor current adds or 
subtracts to the SHNO drive current [5]. 
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Ferroelectric control of the spin-charge conversion for ultralow 

power spintronics 

Salvatore Teresia, Aurélie Kandazogloua, Paolo Sgarroa, Maxen Cosset-Cheneaua, 

Cécile Grèzesa, Pablo Ilha Vaza, Théo Frottiera, Paul Noela, Sara Varottoa,b,c, 

Guillaume Prenata, Lorena Anghela, Riccardo Bertaccoc, Christian Rinaldic, Manuel 

Bibesb, Laurent Vilaa and Jean-Philippe Attanéa 

aUniversité Grenoble Alpes / CEA / IRIG/ SPINTEC, Grenoble, France. 
bUnité Mixte de Physique CNRS/Thales, Université Paris-Saclay, Palaiseau, France. 

cDipartimento di Fisica, Politecnico di Milano, Milan, Italy.  

 

We report a new approach to generate and detect spin currents by exploiting the 

interplay between spin-orbit effects and ferroelectricity, in two-Dimensional Electron 

Gases (2DEGS) appearing at oxides surfaces or interfaces [1], and in ferroelectric 

Rashba semiconductors [2]. While spintronics has traditionally relied on 

ferromagnetic metals as spin generators and detectors, efficient spin-charge 

interconversion enabled by spin-orbit coupling in non-magnetic systems has drawn 

considerable interest in recent years in a new field called spinorbitronics.  

Our results demonstrate that the spin-to-charge conversion, due to the spin-orbit 

coupling, can be controlled in sign in a remanent way, through the ferroelectric 

polarization. Such a control can lead to the emergence of a ferroelectric spintronics, 

which could result in a reduction of the power consumption of non-volatile spintronic 

devices by a factor of one thousand. It also provides a way for a non-destructive 

readout of ferroelectric states. 

This provides new opportunities for creating spin-based devices, such as the 

MESO transistor proposed recently by Intel [3], which relies on the writing of a 

magnetic information through magnetoelectric coupling, and of its reading by spin-

charge conversion. Indeed, by controlling directly the sign of the interconversion by a 

ferroelectric state, it is possible to merge in a single device its writing and reading 

blocks, and the need for reversing a magnetic state. 

In this presentation we will present the basic principle of the control of this spin-

to-charge conversion, report our results obtained on SrTiO3 2D gases and on GeTe, 

and discuss the perspective of this work. 

 
                        (b) 

 

 

 

 

 

 

 

 

 

Figure 1: Normalized current produced by spin-pumping: (a) by field induced 

ferroelectric states in a STO based 2D gas as a function of a back gate voltage through 

the STO substrate, and (b) for three different ferroelectric polarization states in GeTe.  
 
[1] P. Noel et al., Nature 580, 483–86 (2020). 

[2] S. Varotto et al., Nature Electronics 4, 740 (2021). 

[3] S. Manipatruni et al., Nature 565, 35–42 (2019). 
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Oral presentation 

Design and application of CMOS-compatible and high performance 

spintronic diodes in both ferro and antiferromagnets 

Giovanni Finocchio1, Mario Carpentieri2 

 
1University of Messina, I-98166, Messina, Italy 
2Politecnico of Bari, 70125 Bari, Italy 

 

Here we discuss, the applications of spintronic diodes for energy harvesting, sensors and RF 

detectors. We will show how to design devices taking advantage from the combination of the voltage 

controlled magnetic anisotropy (VCMA) and the spin-transfer torque to reduce the power consumption 

as much as possible. We found that the parametric excitation at 2f can reduce the current threshold to 

convert a low amplitude magnetization dynamics to large amplitude dynamic at zero bias field. The 

second part of the talk will discuss theoretical prediction on how VCMA can be used to excite linear 

and parametric resonant modes in easy-axis antiferromagnetic materials AFMs with perpendicular 

anisotropy, thus opening the way for an efficient electrical control of the Néel vector, and for detection 

of high-frequency dynamics. In particular, our work leads to two key results: (i) VCMA parametric 

pumping experiences the so-called “exchange enhancement” of the coupling efficiency and, thus, is 1-

2 orders of magnitude more efficient than microwave magnetic fields or spin-orbit-torques, and (ii) it 

also allows for zero-field parametric resonance, which cannot be achieved by other parametric pumping 

mechanisms in AFMs with out-of-plane easy axis. Fig. 1 clearly shows that the VCMA-driven 

parametric excitation is achievable in zero bias magnetic field, as also confirmed by the micromagnetic 

simulations. This is important both from a fundamental and practical point of view, since this behavior 

cannot be obtained by any other here-studied means. 

Therefore, we demonstrate that the VCMA parametric pumping is the most promising method for 

coherent excitation and manipulation of AFM order in perpendicular easy-axis AFMs. 

 

 
Fig. 1. Parametric excitation of the Néel vector x-component when the VCMA drive is 50 mT in an 

unbiased AFM (applied along the out-of-plane direction z-axis). The effect is now observed on the x-

component because Bx=0 mT, being x an in-plane direction.  

 

[1] Riccardo Tomasello, et al, Physical Review Applied 17, 034004 (2022). 

This work was supported under the project number 101070287 — SWAN-on-chip — HORIZON-CL4-

2021-DIGITAL-EMERGING-01.  
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Spin-orbit torque in epitaxial metals and oxides for field-free 

magnetization switching 

Makoto Kohdaa,b 

a Department of Materials Science, Tohoku University, Sendai, Japan 
b QUARC, National Institute for Quantum Science and Technology, Takasaki, Japan 

Spin-orbit torque (SOT) provides an energy efficient and electrically stable method of 

magnetization switching, generally arising from bulk spin Hall effect (SHE) and interfacial 

Rashba-Edelstein effect in heavy metal and ferromagnetic heterostructures. The requirement 

for efficient magnetization switching is to induce large spin current through these 

mechanisms. Much effort has been taken to find various material systems and 

heterostructures to this aim.  

Platinum (Pt) is a representative material for large spin Hall angle. Comprehensive 

studies have been conducted to enhance the spin current generation and the application of 

magnetization switching. In these studies, polycrystalline structures have been focused on 

SiO/Si substrates. Recently, one avenue of study for enhancing SOT has been through 

epitaxial growth. Enhanced spin current generation and low current density for magnetization 

switching have been revealed through epitaxial Ta/CoFeB [1] and Au/Fe4N systems [2]. In Pt, 

the spin-orbit susceptibility has been calculated to be highly anisotropic in the Pt(111) surface 

[3]. This naturally leads to the question of how the spin current generated in epitaxial 

structures is affected by crystallographic orientation and, further, the possibility of efficient 

magnetization switching. I will present the current-direction dependent spin Hall 

magnetoresistance (SMR) in epitaxial Pt/Co system [4] and anisotropic SOT through crystal-

orientation engineering in epitaxial Pt/Ti/CoFeB structures on MgO(110) substrates [5]. 

Epitaxial Pt shows anisotropic features in [001] and [1-10] direction on both SMR and 

Hamonic Hall measurements. The spin Hall angle and the damping like torque are 20 % 

larger when current is applied along the [001] direction as compared to [1-10], resulting from 

the anisotropic SHE in crystal orientations.  

Based on the epitaxial growth of non-magnetic and ferromagnetic layers, orientations of 

spin current polarization are controlled to demonstrate field-free magnetization switching. In 

SHE, spin orientation along y-axis is contributed to SOT, requiring the additional symmetry 

breaking for field-free switching. I will present two examples of field-free switching based on 

epitaxial structures [6,7]. We use epi-Co/non-magnet/ferromagnet magnetic trilayers, where 

the bottom Co is epitaxially grown on MgO(110) substrates. Because an easy axis in a bottom 

epitaxial ferromagnet layer is tilted from a top layer, we show that all the three polarizations 

(x, y and z-polarized spin currents) can be exploited in this system to demonstrate field-free 

switching [6]. Another way to demonstrate field-free switching is to use an epitaxially-grown 

collinear antiferromagnetic RuO2. In spin-split band in antiferromagnets, spin-splitter effect is 

theoretically predicted to generate an unconventional spin current generation. In RuO2(101), 

all the three polarizations contribute to the SOT, demonstrating the field-free switching.  

I acknowledge for Prof. B-G. Park, Prof. K-J. Lee, and Dr. J-C. Ryu for fruitful 

collaborations. 

 

[1] H. Gamou et al., Phys. Rev. B 99, 184408 (2019).  [2] H Li. et al., Appl. Phys. Lett. 114, 

092402 (2019). [3] N. H. Long et al., Phys. Rev. B 94, 180406(R) (2016). [4] R. Thompson 

et al., Phys. Rev. B 101, 214415 (2020). [5] R. Thompson et al., Phys. Rev. Applied 15, 

014055 (2021). [6] J.-C. Ryu et al., Nature Electronics 5, 217-223 (2022). [7] S. Karube et al., 

Phys. Rev. Lett. 129, 137201 (2022). 
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Spin-charge interconversion in Tellurium-based chalcogenides 
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Paolo Sgarroa, Cécile Grèzesa, Nicolas Sebea, Pierre Noeb, Jessy Pattersonb, Françoise 
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Te-based chalcogenides were strongly investigated in the last years in spintronics due to their 

large spin-orbit coupling that permits the onset on topological properties such as in Sb2Te3, 

with possibilities of large spin-charge interconversion efficiencies. Furthermore, a big 

advantage of these materials is the possibility to deposit them on a large-scale using 

magnetron sputtering. The combination of a good spin-to-charge interconversion efficiency 

and large resistivity makes tellurides a good alternative to heavy metals to realize the read-out 

block of the MESO device [1]. The final goal is to achieve the 100 mV output necessary for 

spin-logic application. Alternatively, the inverse effect (charge-to-spin interconversion) can 

be useful in SOT applications.  

There are mainly two ways of increasing the spin-charge interconversion output signal. By 

scaling device dimensions [2] and through the optimization of the spin injection [3]. Up to 

now, all these studies have been done in heavy metals. Our work instead focused on applying 

these results to Te-based materials (Sb2Te3, GeTe). One of the biggest difficulty for their use 

is to be able to nanopattern them without altering their physical properties, and to control the 

origin of the measured signal. 

I will present the all-electrical measurement of the spin to charge interconversion in large-

scale grown Sb2Te3 and GeTe using nanodevices, which correspond to the read-out block of 

the spin-logic devices.    

 

[1] Manipatruni, S. et al. Nature 565, 35–42 (2019).  

[2] Pham, V.T., et al. Nat Electron 3, 309–315 (2020).  

[3] Pham V.T., Cosset-Chéneau M. et al. Phys. Rev. B 103, L201403 (2021). 

 

Figure 1. Left: Temperature dependence of the interconversion signal on Sb2Te3. Right: 

Nano patterned devices used for the measurement of the interconversion. 
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Non volatile electric control of Spin-Orbit Torques in Metal/SrTiO3-based 

Two-Dimensional Electron Gases  
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Salvatore Teresia, Pablo Ilha Vaza, Stephane Auffreta, Ariel Brenaca, Manuel Bibesc, 

Guillaume Prenata, Laurent Vilaa and Jean-Philippe Attanéa  

 

aUniversité Grenoble Alpes / CEA / IRIG/ SPINTEC, Grenoble, France 
bDepartment of Materials, ETH Zurich, 8093 Zurich, Switzerland 

cUnité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, Palaiseau, France 

 

Spin-Orbit Torque (SOT) has gained increasing interest in the recent developments of spintronics, due 

to its versatility, which opens to a rich variety of applications. In contrast to Spin Transfer Torque, the 

spin current originates from the spin-orbit coupling in a neighboring material and is transferred to a 

ferromagnet, opening to the possibility of a fast and energy efficient electrical control of the 

magnetization. Due to the interplay between non-volatility and easy electrical integration, SOT is 

considered very promising for information technologies, through its use in the SOT-MRAM. In the 

present SOT technologies, which rely on a heavy metal to generate the spin current, the sign and 

amplitude of the spin-charge interconversion is univocally set by the stack, not allowing dynamical 

reconfigurations. Recently, it has been observed that the metal/SrTiO3 based two-dimensional electron 

gas (2DEG) features a large and gate-tunable Rashba-Edelstein effect [1] and, moreover, that the 

interconversion can be controlled in a non-volatile way [2]. In addition, the possibility of a remanent  

control of the properties of the 2DEG can bring to many interesting low-power applications. 

In the present work, we report the possibility of obtaining a non-volatile electrical control of the 

properties of a 2DEG formed by Ta deposition at the surface of SrTiO3. By applying a back-gate voltage, 

we achieved a remanent control of the sheet resistance with an extremely large contrast (1130%). This 

effect can be interesting for a non-volatile transistor, like a Fe-FET. Subsequently, we showed that the 

Anomalous Hall effect can also be controlled in a non-volatile way. A large AHE is observed in the high 

resistive state, meaning that a small amount of current is injected in the 2DEG from the ferromagnet. 

The modulation of the AHE can be exploited for neuromorphic computing architectures. Finally, we 

showed that it is possible to electrically control the SOT using a back-gate voltage, both in sign and 

amplitude. This provides a possibility to achieve a non-volatile control of the SOT in SrTiO3 based 

2DEG. These results can open to a new generation of reconfigurable logic devices. 

 

Figure 1: Gate voltage dependence of the: a) sheet resistance, b) Anomalous Hall Effect and c) Spin-

Orbit Torque. 

 

[1] D. C. Vaz et al., Nature Materials, 18, 1187–1193 (2019). 

[2] P. Noel et al., Nature 580, 483–86 (2020). 
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A spin transfer torque magnetic tunnel junction implemented as a 
magnetic sensor 

Hugo Nicolasa, Ricardo C. Sousab, Ariam Mora-Hernándezb, Ioan-Lucian Prejbeanub, 
Luc Hebrardc, Jean-Baptiste Kammererc, Joris Pascala 

a School of Life Sciences, University of Applied Sciences, Muttenz, Switerzland 
b Spintec, French Atomic Energy and Alternative Energies Commission, Grenoble, France 

c ICube, University of Strasbourg, Strasbourg, France 

Magnetic random-access memories (MRAMs) are often based on magnetic tunnel 
junctions (MTJs) and are using the spin transfer torque effect (STT) to change the orientation 
of the magnetization of a soft ferromagnetic layer (free layer) by applying a specific voltage 
across the junction. This leads to a change of resistance allowing the MTJ to be set in two 
different resistive states called parallel (P) for low resistance and antiparallel (AP) for high 
resistance. However, the energy required to reverse the magnetization of the free layer from 
one state to another (P  AP or AP  P) is not only related to the voltage applied across the 
junction but also to the external perpendicular magnetic field (Figure 1a) [1]. Therefore, when 
an external magnetic field is applied, the critical voltages are modified, either increased or 
decreased depending on the direction of the magnetic field. 

To operate the MTJ as a magnetic sensing unit, a triangular voltage of ± 1.6 V at 200 kHz 
is applied across the junction. When the voltage reaches the critical voltage required to flip 
the magnetization of the free layer, the resistance of the junction is drastically changing 
within tens of nanoseconds. As a result, the current through the MTJ undergoes a major 
discontinuity. This current is continuously monitored using a shunt resistor. We then pass the 
resulting signal through a high-pass filter to extract these discontinuities and detect the 
switching events. Because of the periodical triangular signal used, the time between each 
event will be directly proportional to the switching voltages, and thus to the external 
magnetic field. The time between each reversal is monitored by converting this information 
into a pulsed-width-modulated signal (PWM). By filtering the PWM signal, one can finally 
extract an output voltage proportional to the switching voltages and so to the magnetic field. 
This voltage is then sampled by a 24-bits sigma-delta analog-to-digital converter (ADC). 

The achieved performances of the prototype (Figure 1b) reach a dynamic range as high as 
± 46 mT with a sensitivity of 11.59 mV/mT, a bandwidth of 400 Hz, for a total power 
consumption of 28 mW. However, the presented magnetometer still exhibits a large noise 
level almost completely induced by the stochastic behaviour of the junction. The dimension 
of the junctions offers the possibility to create unreached high-density arrays of sensing units 
with tens of sensing units per square micrometres. 
 

[1] D. A. A. Timopheev, R. Sousa, M. Chshiev, L. D. Buda-Prejbeanu, and B. Dieny, 
“Respective influence of in-plane and out-of-plane spin transfer torques in magnetization 
switching of perpendicular magnetic tunnel junctions”, Physical review B, vol. 92, 
September, 2015, 10.1103/PhysRevB.92.104430. 

   

Figure 1: Phase diagram of a perpendicular MTJ showing both parallel (blue) and 
antiparallel (red) states (a), signal processing electronics diagram (b) 

(a) (b) 
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Spin-to-charge conversion in perpendicular magnetic anisotropy 

multilayers 

Misbah Yaqooba, Fabian Kammerbauerb, Arnab Boseb, Hassan Al-Hamdoa,      

Vitaliy Vasyuchkaa, Gerhard Jakobb, Mathias Kläuib and Mathias Weilera 

 
a Fachbereich Physik and Landesforschungszentrum OPTIMAS, TU Kaiserslautern, 67663 

Kaiserslautern, Germany 
b Institut für Physik, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany 

      Over the last decade, spin-orbit torques (SOTs) have attracted significant research activity 

since they are promising for ultrafast and energy efficient spintronic devices. SOTs can be 

used to electrically control the spin orientation, while inverse spin Hall effect enable 

electrical detection of spin dynamics. This approach has been established as an important 

building block for applied spintronic phenomena ranging from magnetic memory devices to 

novel spin-based computational approaches. Typically, SOTs are generated in bilayers of 

ferromagnets and heavy metals such as Pt.  

      Here, based on theoretical predictions [1], we study the spin-to-charge conversion in 

ferromagnetic materials with high spin-orbit interaction. In particular, we chose perpendicular 

magnetic anisotropy (PMA) multilayers of Co-Ni and Co-Pt. We investigate the spin 

dynamics and SOTs [2] of corresponding purely metallic ferromagnetic thin film in-plane 

anisotropy (IPA) / PMA hybrid systems using vector network analyzer ferromagnetic 

resonance spectroscopy (VNA-FMR). In our experiments, we excite spin dynamics in the 

IPA CoFeB layer and inductively detect the generated electrical currents in the PMA layers. 

 

 

                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
      As shown in Figure 1, we observe substantial damping-like SOTs in both PMA layers. 

The SOTs in Co-Ni/Cu/CoFeB are comparable to those observed in Pt/CoFeB [3] and 

Pt/NiFe [4] heterostructures using the same technique and similar layer thicknesses. We 

discuss the evolution of the SOTs with CoFeB thickness and PMA layer composition.  

 

[1] A. Davidson et al., Phys. lett., A 384, 126228 (2020).  

[2] A. J. Berger et al., Phys. Rev. B 97, 94407 (2016).  

[3] M. Meinert et al., Phys. Rev. Appl. 14, 064011 (2020).  

[4] A. J. Berger et al., Phys. Rev. B 98, 024402 (2018). 

Figure 1: (a) Schematic view of hybrid thin film stack. (b) Measured thickness 

dependent damping-like spin-orbit torque conductivity [1] for SiO2/seed layer/[Co-

Ni]/Cu/CoFeB/capping layer and SiO2/seed layer/[Co-Pt]/Cu/CoFeB/capping layer. 

(a)                                       (b) 
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Pattern recognition with magnons 

Katrin Schultheiss  

Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany 
 

Within the last decade, spintronics and magnonics have demonstrated an impressive 
development in the experimental realization of Boolean logic gates. However, the exponential 
growth of data and the rise of the internet of things are pushing the deterministic Boolean 
computing of von-Neumann architectures to their limits or simply consume too much energy. 
Moreover, conventional Boolean computer architectures are likely to remain inefficient for 
certain cognitive tasks in which the human brain excels, such as pattern recognition, 
particularly when incomplete or noisy data are involved.  

One of the most generic and abstract implementations of brain-inspired computing schemes 
is reservoir computing, which uses the nonlinearity and recurrence of a physical system to 
separate patterns of time series data into distinct manifolds of a higher dimensional output space. 
In this presentation, I will demonstrate the experimental realization of pattern recognition based 
on reservoir computing using magnons. 

Recently, we reported on the nonlinear scattering of magnons in vortices in micron-sized 
NiFe discs [1] which we learned to control and stimulate by means of other magnons [2]. Now, 
we utilize these phenomena to employ magnons for pattern recognition without relying on 
magnon transport in real space. I will present a comprehensive overview of experimental results 
and numerical simulations demonstrating the capabilities and advantages of magnon reservoir 
computing in reciprocal space. 
 

[1] K. Schultheiss, et al. Physical Review Letters 122, 097202 (2019)  

[2] L. Körber, et al. Physical Review Letters 125, 207203 (2020) 
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Low-loss nanoscopic spin-wave guiding in continuous YIG films 

Huajun Qina, Rasmus B. Holländera, Lukáš Flajšmana, Sebastiaan van Dijkena 

a Department of Applied Physics, Aalto University, Finland 

Magnonics based on the transfer of angular momentum in the form of spin waves 

provides a promising technology for wave-based information processing [1] and 

neuromorphic computing [2]. A key challenge in realizing a viable spin-wave technology is 

the connection of multiple computational units into integrated magnonic circuits, which 

requires a scalable materials platform for low-loss spin-wave transport. Conventionally, 

magnonic waveguides are fabricated by patterning ferromagnetic metal or YIG films into 

narrow conduits. The spin-wave decay length in fully patterned nanoscopic waveguides is 

typically limited to a few m.  

Here, we introduce a new spin-wave waveguiding structure consisting of a continuous 

YIG film and ferromagnetic metal nanostripes patterned on top [3]. In this hybrid structure, 

dipolar coupling between the two magnetic materials defines nanoscopic spin-wave 

transporting channels within the YIG film, along which spin waves propagate with low loss. 

We demonstrate spin-wave decay lengths of 20 m in 160-nm-wide waveguides at small 

magnetic bias fields. Moreover, we show that spin waves are efficiently guided through 

magnetically induced bends in the continuous YIG film (Figure 1). The combination of low-

loss scalable transport and efficient redirection of spin waves in our hybrid waveguiding 

structures provides a new strategy for the implementation of low-loss magnonic devices and 

integrated circuits without YIG nanopatterning.        

 

[1] A. Mahmoud et al., J. Appl. Phys. 128 (2020), 161101. 

[2] A. V. Chumak et al., IEEE Trans. Magn. 58 (2022), 0800172. 

[3] H. Qin, R. B. Holländer, L. Flajšman, S. van Dijken, Nano Lett. 22 (2022), 5294-

5300. 

 

Figure 1: Long-distance spin-wave transport along straight and Y-shaped nanoscopic 

waveguides made of a continuous YIG film and ferromagnetic metal nanostripes patterned 

on top. 
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             Surface Acoustc Waves (SAW) have been proposed to dynamically control Spin 

Waves (SW) propagation and even to generate SWs, in order to implement reconfigurable 

and energy efficient magnonic devices. Indeed, SAW technology is mature and widely used 

in today's sensors, filters and microwave circuitry, notwithstanding the lack of tunability of 

SAW transducers. For this reason a multitude of them are currently integrated in modern 

devices (e.g. mobile phones).  

Recently, the so-called SAW induced Ferromagnetic Resonance (SAW-FMR) has 

been observed by Weiler et al. [1], Thevenard et al [2], and Duquesne [3] in Ni, GaMnAs and 

Fe thin films, respectively, by exciting SAWs in the GHz and sub-GHz regime in 

piezoelectric media. The SAW-FMR interaction is often described by taking into account 

only the uniform FMR mode. However this approximation is rather crude, and it misses out 

the wealth of modes that can be excited in a ferromagnetic (FM) material. 

            Here, we study SAW propagation in a Fe thin film epitaxially grown on a 

piezoelectric GaAs substrate. The surface acoustic wave (SAW) velocity and absorption 

show a dependence on the external magnetic field in amplitude and direction. The observed 

angle dependence can be described only by taking into account the spin wave dispersion. In 

our frequency range (below GHz) the resonant magnetoelastic coupling is effective only in 

the backward configuration. To interpret this dependence on the magnetic field angle, a 

phenomenological approach to the relative change in SAW velocity is implemented with the 

calculated spin wave dispersion curves.   

             Our study permits to envisage SAW-based magnonic devices where a single IDT 

provides the energy needed to activate magnetization dynamics and SW propagation in 

hundreds if not thousands of magnonic waveguides, in a Joule heat free manner 

   

 

 [1] M. Weiler, et al., Physical Review Letters 622 106, 117601 (2011). 

 [2]    P. Kuszewski et al. Physical Review Applied 10, 34036 626 (2018). 

 [3]    J.-Y. Duquesne et al. Physical Review Applied 12, 024042 (2019) 
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Coupling between magnetism and lattice in Quasi-2D vanadium 

trihalides 

Karel Carvaa, Dávid Hovančíka, Krishna K. Pokhrela, Alberto Marmodorob, Jiří 

Pospíšila 

a Charles University, Faculty of Mathematics and Physics, DCMP, Ke Karlovu 5, 121 16 

Prague 2, Czech Republic 
b Institute of Physics ASCR, Na Slovance 2, CZ-18221 Prague, Czech Republic 

Systems where two-dimensional (2D) layers bound by van der Waals (vdW) interaction 

possess magnetic order are highly interesting for high-tech magnetic, magneto-electric and 

magneto-optic applications in nanostructures. Due to their intrinsic magnetocrystalline 

anisotropy, several vdW magnets could be thinned down to nanoscale thickness, while still 

maintaining magnetic order. A prominent example of such materials are transition metal 

trihalides, in particular CrI3, a first atomically thin ferromagnet, realized in 2017 [1]. 

Here we study trihalides VI3 and VBr3. VI3 is a ferromagnet whose monolayer critical 

temperature is even slightly higher than that of bulk,  TC = 60 K .VBr3 is  layered 

antiferromagnet, similarly to the intensively studied CrI3. VI3 exhibits a rather unusual 

magnetic anisotropy [2]. First-principles calculations show its strong connection to the lattice, 

namely they reproduce the magnetic anisotropy only if lattice distortions present at VI3 low 

temperature phase are taken into account [3]. The calculations also revealed a plausible 

explanation for the strong coupling between lattice and magnetism: an exceptionally large 

orbital momentum on V atoms. The spin-orbit interaction is apparently of very high 

importance in this system.  

Furthermore we perform a complex investigation of lattice and magnetic excitations of 

VI3 by employing the synergy of DFT calculations of phonon modes, infrared, terahertz, and 

Raman spectroscopies on bulk single crystals at low temperatures. The transition to the long-

range ferromagnetic order is accompanied by the observed variations of phonons frequencies 

induced by the strong magnetoelastic coupling. Two additional modes emerging below TC 

may be ascribed to magnons, and dramatically soften at temperatures where a second lattice 

distortion has been reported in the literature. Unusual magnon properties were also observed 

by neutron spectroscopy [4]. These findings suggest the possibility of controlling magnetic 

anisotropy in this system by selective occupation of specific lattice modes. In this way spin 

wave spectra are also strongly modified. 

 

[1] B. Huang, et al., Nature 546 (2017), 270  

[2]     A. Koriki et al., Phys. Rev. B 103 (2021), 174401. 

[3]     L. M. Sandratskii and K. Carva, Phys. Rev. B 103 (2021), 214451 

[4]     H. Lane et al., Phys. Rev. B 104 (2021), L020411 
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Ferromagnetic resonance in single and multi-layered crescent-shaped 
ferromagnetic nanorods 

 
Hanna Reshetniak 1, Uladzislau Makartsou 1, Nikodem Leśniewski 1, Mateusz Gołębiewski 1, Mathieu 

Moalic 1, Paweł Gruszecki 1, Maciej Krawczyk 1 
 

1Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, 
Uniwersytetu Poznańskiego 2, 61-614 Poznań, Poland 

Spintronic devices operating on spin waves (SW) can be more efficient than oxide semiconductors 
due to their high frequencies and low energy cost. Therefore, SW based technology may prove to be 
more powerful than CMOS devices due to its intrinsic characteristics [1]. Magnetic field is the 
primary stimuli controlling magnetism and SW dynamics. Thus, the study of the influence of the 
magnetic field on ferromagnetic nanostructures with different geometries is critical for modern 
technologies, especially for the development of 3D-magnonic circuits, where the geometric 
constraints generate a strong relationship between the fields of demagnetization, exchange and bias. 

Recently, it has been experimentally demonstrated that the 3D network formed from crescent-shape 
nanorods (CSN) is promising for development of 3D ferromagnetic systems for various applications 
[2]. As yet, CSN-s have not been investigated for their effect on SW spectra and manipulations in 
relation to magnitude and magnetic field orientation. Unusual results make our analysis relevant for 
future investigations and applications. In particular, we show that there are edge/anti-edge localized 
modes, bulk SW mode and hybridized modes Fig. 1. For strong magnetic fields with magnitude 
higher than 1000 mT, we observe a transition from hybrid modes Fig. 1b and c to edge localized and 
anti-edge localized modes Fig. 1d. When an additional magnetic layer is added to the CSN, the 
magnetostatic coupling between the elements leads to additional modes splitting, Fig. 2. For 
magnitudes over 1000 mT, we can also observe some anti-edge localized modes for the bottom layer 
and bulk modes for the top layer over 1000 mT. We showed, that the SW spectra in CSN-s can be 
controlled by the magnitude of the external magnetic field, and thus can support 3D magnonic circuits 
at nanoscale, which operate at a wide range of frequencies, offer multimode operation, and promise 
nonreciprocal effects. 

The research has received founding from the NCN Poland, project no 2020/39/I/ST3/02413. 

 

Fig. 1: FMR spectra 
for monolayer CSN 
(a),  magnetization and 
two-highest modes for 
difference magnitude 
of external magnetic 
field (b), (c), (d). 

Fig. 2: FMR spectra 
for belayer CSN (a),  
magnetization and two 
highest modes for 
difference magnitude 
of external magnetic 
field (b), (c), (d). 

[1] A. Mahmoud, et al., Introduction to spin wave computing, J. Appl. Phys. 128, 161101 (2020). 
[2] A. May, et al., Realisation of a frustrated 3D magnetic nanowire lattice. Commun. Phys. 2, 13 (2019). 
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Magnonic devices as  hardware accelerators for neuromorphic 
computing 
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Research on magnonic computing devices have grown explosively in the recent years, 

largely driven by the prospect of beyond-Moore computing devices that may be realized [1]. 
Recently, the utilization of machine learning techniques for inverse design made it possible to 
design magnonic scatterers for relatively complex computing or signal processing functions 
[2][3]. Our talk aims to explore the potential of these devices for neuromorphic (edge-AI) 
application. 

First we introduce the inverse design methodology and show use cases for computing and 
radio-frequency (RF) processing applications. We assume that almost any interference-based 
computing function that fits in a roughly A=(100 l)2 area (where l is the wavelength) can be 
designed by this method, and such magnonic scatterers are functionally equivalent to an 
artificial neural network (ANN) with a few-ten neurons. 

The computing performance is only limited by magnon physics and a number of tradeoffs 
must be considered. For example, small l-s reduce footprint but result in large I/O overhead. 
Strong nonlinearities increase computing power, but reduce dynamic range and the memory 
capacity. Damping and thermal noise limits scalability. 
 

 
Figure 1. A magnonic scatterers with parametric amplifiers (red areas) in between – one 
example of a scalable magnonic ANN accelerator. 

 
A crucial question for magnonic application is that, given the limitations imposed by 

physics and practical considerations, can one envision applications that are attractive as 
beyond-Moore devices?  

We benchmark small neural magnonic networks against a functionally equivalent CMOS 
realization, and photonic and electronic ANN accelerators. Initial results indicate that 
magnonic ANN accelerators can be highly competitive but only if spin wave amplifiers can 
be added in between computing units (such as in Fig 1). Reconfigurability of the network and 
a regular layout is also a big plus.  
 

[1]   Mahmoud, Abdulqader, Florin Ciubotaru, Frederic Vanderveken, Andrii V. Chumak, 
Said Hamdioui, Christoph Adelmann, and Sorin Cotofana. "Introduction to spin wave 
computing." Journal of Applied Physics 128, no. 16 (2020): 161101. 

[2] Papp, Ádám, Wolfgang Porod, and Gyorgy Csaba. "Nanoscale neural network using 
non-linear spin-wave interference." Nature communications 12, no. 1 (2021): 1-8. 

[3]   Wang, Qi, Andrii V. Chumak, and Philipp Pirro. "Inverse-design magnonic 
devices." Nature communications 12, no. 1 (2021): 1-9. 
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b) Paul Scherrer Institut, Forschungsstrasse 111 5232 PSI Villigen, SH, Switzerland 

c) Max Planck Institute for Chemical Physics of Solids, Nöthnitzer Str. 40, 01187 Dresden, Germany 

Spin waves are one of the most interesting candidates for the development of high-speed and low-

power information carrier device and of systems for computing and signal processing [1]. Moreover, 

following the trend of nanoelectronics, harnessing the third dimension is one of the most desired 

capabilities [2]. Until now, however, spin waves have only been studied with 2D time-resolved 

techniques, and the visualization with nanoscale resolution of their 3D dynamical behavior still 

represents a major challenge [3,4]. 

 In this framework, we exploit the innovative Soft X-Ray Laminography (SoXL) method, 

present at the PolLux beamline (X07DA) of the Swiss Synchrotron Light Source [5]. The SoXL is a 

synchrotron-based technique that allows to obtain the three-dimensional time-resolved reconstructions 

with nanoscale resolution of the magnetization dynamics of thin samples. In the SoXL setup the 

Laminography rotation axis is tilted respect to the incoming x-rays beam, as shown in Fig.1 (left). The 

projections obtained at the different Laminography rotation angles are analyzed with an iterative 

reconstruction algorithm, which allows to recover the components of the magnetization [6,7]. Here, we 

focused on CoFeB/NiFe-based synthetic antiferromagnetic (SAF) structures for the emission and 

propagation of spin waves, which are emitted from spin textures of magnetic Landau domains stabilized 

via shape anisotropy in nanopatterned geometric features. The SoXL technique allowed to reconstruct 

for the first time the sequence of 3D time-resolved images of propagating spin-wave modes inside the 

fabricated SAF samples and to study the variation of their localization in the z-direction and their 

interference features. In Fig. 1 (right) an example of the 3D magnetic reconstruction for a single frame 

shows the propagating spin waves for both top CoFeB and bottom NiFe layers.  

This work represents an important step towards the possibility to study and control three-

dimensionally the spin waves emission and propagation for the development of innovative 3D 

nanomagnonic devices for the next generation computing architectures. 

  
Fig. 1 Left: simplified scheme of the SoXL setup [4]. Right: 3D magnetic reconstruction of the investigated 

Landau domain. Only half of the top CoFeB and bottom NiFe layers are shown, to highlight the three-

dimensionality of the sample. In black (red) the static in plane magnetization vectors for the CoFeB (NiFe) layer 

are represented, while the red and blue colors represent the maximum and minimum value of the angle between 

the in plane dynamic and static vectors of the magnetization.  

 

References: 

[1] E. Albisetti, S. Tacchi, R. Silvani et al., Adv. Mater. 2020 Vol. 32, p. 1906439 (2020). 

[2] G. Gubbiotti, “Three-Dimensional Magnonics: Layered, Micro- and Nanostructures”, Jenny Stanford Publishing Pte. Ltd., 

2019. 

[3] C. Donnelly, S. Finizio, S. Gliga et al., Nature Nanotech. 2020 Vol. 15, p. 356 (2020). 

[4] P. A. Popov et al., Journal of Magnetism and Magnetic Materials 2019 vol. 476, p. 423 (2019). 

[5] K. Witte et al., Nano Letters 2020 vol. 20, p. 1305 (2020).  

[6] C. Donnelly et al., New Journal of Physics 2018 vol 20, no.8 (2018). 

[7] S. Finizio, C. Donnelly et al., arXiv preprint arXiv:2111.13533 2021. 
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Magnetic nanopatterning of YIG films via direct laser writing for 

magnonics 

Valerio Levatia, Davide Girardia, Matteo Vitalia, Marco Madamib, Silvia Tacchic, 

Valeria Russod, Andrea Li Bassid, Daniela Pettia, Edoardo Albisettia 

a Physics Department, Politecnico di Milano, Milan, Italy. 
b Physics Department, Università di Perugia, Perugia, Italy 

c CNR-IOM, Perugia Italy 
d Department of Energy, Politecnico di Milano, Milano, Italy 

 

Spin waves (SWs) are propagating perturbations in the spin lattice of magnetic ordered 

materials. The low energy consumption related to their propagation as well as their rich 

phenomenology make SWs a promising candidate for next-generation data processing and 

transmission. Magnonic crystals represent the main building blocks for both digital and 

analog spintronic devices. In this context, the interaction of SWs with engineered spin 

textures can be exploited to design new functionalities for unconventional computing [1].  

Among the systems which are currently under study in magnonics, Yttrium iron Garnet 

(YIG) certainly plays a major role, mainly because of its peculiar optical and magnetic 

properties, such as the lowest Gilbert damping ever measured. That allows SWs to propagate 

in YIG crystals up to few millimetres preserving their coherence, which is essential for 

interference-based devices [2]. On the other hand, the patterning of YIG films with 

conventional lithography is a difficult task, due to the uncontrolled deterioration of their 

unrivalled magnetic properties.  

In this work, we make use of direct laser writing to achieve effective patterning of 1 um-

thick YIG crystals via local tunable modifications in their crystalline structure and chemical 

composition. The static magnetic properties of patterned squares, stripes and dots is studied 

by means of Kerr (fig. 1) and Magnetic Force Microscopy. A tunable change in the magnetic 

domain configuration is obtained by changing the patterning conditions. By means of Raman 

spectroscopy, we monitored the corresponding changes in the composition and structure of 

the films.  Finally, micro-Brillouin Light Scattering (-BLS) measurements on patterned 

structures revealed a tunable change in the dispersion of propagating spin waves. These 

results show how this new patterning approach, called phase nanoengineering, holds promise 

for the design and implementation of novel magnonic devices. 

 

[1] D. Petti et al., J. Phys. D: Appl. Phys. 55 (2022), 293003. 

[2] P. Pirro et al., Nat Rev Mater 6 (2021), 1114–1135.  

 

Figure 1: Top row: squares patterned with different laser powers show a different optical 

contrast. Bottom row: Kerr images of the same squares prove the modification of the 

magnetic properties upon laser patterning. 
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Moore-ruled down-scaling of magnetic bits in new-generation memories hampers 

deterministic switching and calls for new techniques for magnetization manipulation. 

Acoustic control of magnetism is a promising pathway for energy-efficient control of 

magnetism in materials and devices, e.g. in thin film ferromagnetic planar heterostructures, 

where Surface Acoustic Waves (SAW) can drive spin-wave (SW) precession by inverse 

magnetostriction, thanks to the degeneracy of SAW and SW dispersion in the few gigahertz 

and inverse micron [1].  

We observe magneto-acoustic coupling in Nickel thin films (8-14 nm) deposited on 

amorphous and crystalline substrates. We employ a 300 fs, high repetition rate laser (NFFA-

SPRINT, [2]) in a four-wave-mixing approach (Transient Grating spectroscopy [3], Fig.1a). 

Two near-IR pump pulses thermally excite SAWs; a third time-delayed pulse detects either 

the acoustic (diffraction) or the magnetic transient oscillations (Faraday rotation, Fig.1b).  

Tuning external magnetic field, the condition of SAW-driven ferromagnetic resonance 

(FMR) is reached: the time-dependent magneto-elastic field balances the Gilbert damping, 

allowing SW precession to last long after its natural damping. We systematically compare 

these results to standard FMR measurements performed on the very same samples (Fig.1c), 

obtaining full consistency [4], a result explained in terms of flatness of the SW dispersion in 

the addressed systems.  

 

[1] W.Yang and H.Schmidt, Appl. Phys. Rev. 8, 021304 (2021) 

[2] R.Cucini et al. Struct. Dyn. 7, 014303 (2020) 

[3] J.Janušonis et al. Sci. Rep. 6.1, 1-10 (2016) 

[4] P.Carrara et al. in review 

 

Fig.1 a) Setup sketch. b) Faraday rotation traces. c) Comparing SAW-FMR and FMR 
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Thermal laser patterning of YIG structures for magnonics 
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The realization of high-quality structures for spin waves is of overwhelming importance 
for the integration of magnonic devices. In case of Yittrium Iron Garnet (YIG), integration 
poses serious problems due both to substrate issues (so far excellent properties are obtained 
only on Gadolinium Gallium Garnet - GGG) and to thermal budget issues, as deposition 
temperatures largely exceed the maximum temperature (400°C) compatible with CMOS. 

In this work we describe a different approach to fabrication of YIG single crystal structures, 
by laser induced local crystallization of amorphous YIG films deposited at room temperature 
on GGG. At variance with previous works employing uniform post-annealing to obtain low-
damping free-standing structures [1], our method does not expose the whole wafer to high 
thermal budgets, thus solving one of the bottlenecks related to YIG integration. Starting from 
amorphous YIG films grown by PLD at room temperature, a 405 nm laser with nominal spot 
size of 1.2μm is used for patterning an arbitrary shaped region by inducing crystallization. 
Electron Back Scattering Diffraction measurements show the crystallization of the irradiated 
regions, allowing the determination of the local crystal orientation which ends to vary 
according to the laser dose. In figure 1a we report the EBSD image of a 20 µm circular dot 
patterned in a 100 nm thick amorphous YIG film, showing a full crystallization with the 
expected (111) orientation. The corresponding time-resolved MOKE signal upon excitation 
with a microwave signal at 2 GHz is displayed in Figure 2b, showing a FMR-like line-shape. 
From the fitting of the linewidth vs. frequency we obtained a damping coefficient lower than 
5x10-3, whose evaluation is strongly affected by non-uniform propagating modes. 

Noteworthy, our technique allows for a wide tunability of the magnetic and 
morphological properties of patterned areas, as shown in the example reported in Figure 
1c,d for thinner YIG films (65 nm). Laser irradiation induces crystallization (and MFM 
contrast) associated to a corrugation with valleys perpendicular to the writing direction. 
A more detailed analysis of damping and propagation lengths in patterned magnonic 
structures will be presented at the conference. 
 

[1] F. Heyroth et al., Phys. Rev. Applied 12, 054031 (2019) 

 

Figure 1: a, b) EBSD and TR-MOKE signal from a patterned circular dot on 100 nm thick 
YIG. c,d) topography and MFM signal from a square patterned area on a 65 nm thick YIG. 
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Spin waves emission caused by critical domain wall dynamics in 

almost compensated ferrimagnets 

Roman Khymyna, Roman Ovcharova, Boris Ivanovb,c, Johan Åkermana 
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b Institute of Magnetism NASU and MESU, Kyiv, Ukraine 

c Radboud University, Institute for Molecules and Materials, Nijmegen, Netherlands 

Topological spin structures, such as domain walls (DW) and skyrmions, have intriguing 

features and can play a key role in spintronics. In both ferromagnets (FM) and 

antiferromagnets (AFM), a DW, driven by applied torque, behaves like a solid particle, which 

can be described by collective variables: DW position and the angle of the magnetic order 

vector, albeit the dynamic properties are dramatically different. For an AFM, the DW energy 

as a function of its momentum is the same as that of a standard relativistic particle (fig. 1) 

because of the Lorentz invariance of the AFM dynamics [1]. For FMs, the gyrotropic 

dynamic term couples two degrees of freedom that slows down an FM DW and results in the 

periodic dependence of the DW energy on momentum (fig. 1 a). 

We demonstrate that the DW dynamics in ferrimagnetic (FiM) materials near the spin 

compensation point is entirely different from the FM and AFM cases [2]. The dispersion law 

for FiM DWs exhibits two crossed branches with opposite group velocities (fig. 1 a), where 

each branch contains an endpoint [3]. Driven by a field-like torque, a FiM DW accelerates to 

a higher speed and momentum than its FM counterpart and can reach the endpoint. Wherein 

it falls into a region of instability, where the internal dynamics of the DW is excited, and the 

collective variables approach fails. 

We show by micromagnetic simulations that the dynamical state of a DW in this case 

covers a wide frequency range, far beyond the magnon bandgap of a FiM. In this way the 

FiM DW driven by external field-like torque acts as an efficient source of the spin waves 

(SW), propagating out of the DW region.  

 

[1] Bar'yakhtar, V. G., et al. (2006), Dynamics of Topological Magnetic Solitons: 

Experiment and Theory (Vol. 129), Springer. 

[2] Ivanov, B. A., et al. (2020), Low Temperature Physics, 46(8), 841-850. 

[3] Galkina, E. G., et al. (2019), JETP Letters, 110(7), 481-486. 

 

Figure 1: a) Dependence of the energy on momentum for a DW in FM, AFM (gray), and 

FiM near the compensation point (blue). Spectra of the dynamic state inside the DW (b) 

and magnons emitted outside (c). 
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Topological spin-wave edge modes in a moiré magnonic crystal 
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Moiré superlattices consisting of twisted layers of van der Waals materials [1] exhibit 
extraordinary electronic behaviours such as superconductivity and correlated topological 
states. The concept of moiré physics was recently applied in photonics to reconstruct 
photonic band structures providing novel functionalities such as magic-angle lasers. 
Magnons, quanta of spin waves, are collective excitations of magnetically ordered materials 
and can convey information without charge transport promising for low-power magnon 
computing. To date, moiré physics in magnonic systems has only been studied from a 
theoretical point of view [2]. In this work, we fabricated nanostructured moiré magnonic 
crystals based on low-damping yttrium iron garnet thin films. We report experimental 
observation of propagating spin waves at the edge of moiré unit cells using Brillouin light 
scattering spectro-microscopy. Spin-wave edge modes appear only around an optimal twist 
angle and are highly sensitive to the excitation frequency, which indicates their origin from 
mode hybridization with a moiré mini-flatband. Moiré spin-wave edge modes observed in 
this work, as the magnonic counterpart of the magic-angle electronic and photonic 
systems, open an emergent research direction of moiré magnonics. 

 
 
[1] Cao, Y. et al. Unconventional superconductivity in magic-angle graphene 
superlattices. Nature 556, 43-50 (2018).  
[2] Li, Y.-H. & Cheng, R. Moiré magnons in twisted bilayer magnets with collinear 
order. Phys. Rev. B 102, 094404 (2020).  

 
Figure 1. Spin-wave edge mode profiles at different twist angles. a-c, SEM images of moiré magnonic 
crystals with twist angles of 3°, 6°, and 9°, respectively. d-f, Spatial-resolved BLS measurement at a twist 
angle of 3°, 6°, and 9°, respectively. 
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Magnetic patterning of Co/Ni systems by plasma oxidation 
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Local tailoring of the magnetic properties without significant change in topography is 

required for a wide variety of spintronics and magnonics applications. During the last few 

decades, several techniques have been developed to locally modify the magnetic properties. 

Nowadays methods keeping a smooth surface that enable flexible tailoring of magnetic 

anisotropy are especially important. This applies in particular to materials with perpendicular 

magnetic anisotropy (PMA), low damping, and high spin polarization. The Co/Ni layered 

system belongs to this class of materials [1].  

Recently we demonstrated that the magnetic properties of a Co/Ni bilayer can be easily 

tailored by plasma oxidation (PO) [2]. This process does not influence the surface topography 

and grain size of the Co/Ni bilayer, while it is responsible for the formation of NiO and the 

reduction of the Ni thickness as was clearly detected by X-ray photoelectron spectroscopy 

measurements. Since both effects are responsible for the enhancement of PMA, the 

coercivity, magnetic anisotropy, and orientation of the easy axis can be tailored by a variety 

of oxidation time and thicknesses of the Co and the Ni layers. This enables the application of 

PO for magnetic patterning. Using Co/Ni bilayer with different thicknesses of Ni covered 

with a photoresist mask, we controlled the magnetic state of the matrix (areas protected 

against oxidation) as well as the properties of the oxidized areas. Based on this achievement, 

we fabricated 2D pattern with four different types of structures: i) squares with a non-

magnetic state embedded in areas with PMA, ii) squares and matrix have PMA with 

significantly different coercivities, iii) squares with PMA embedded in matrix with in-plane 

anisotropy, iv) both squares and matrix have in-plane anisotropies with different saturation 

fields. Taking into account that plasma oxidation is an easy to use, inexpensive technique, 

and commonly used for industrial applications, it might be a good alternative to other 

methods for magnetic patterning. 

 

This study was supported by OPUS National Science Centre Poland: UMO-

2019/33/B/ST5/02013 

 

[1] S. Andrieu, et al., Phys. Rev. Materials 2, 064410 (2018) 

[2]  B. Anastaziak, et al., Phys. Status Solidi RRL 16, 2, 2100450, (2022) 
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Magnonic band structures of CoFeB and CoFeB/Ta/NiFe meander-shaped films 

G. Gubbiotti1*, G. Talmelli2, C. Adelmann2, F. Ciubotaru2, E. Beginin3, S. Nikitov3, A. Sadovnikov3 
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*E-mail: gubbiotti@iom.cnr.it 

In magnonic crystals, a nanoscale periodic modulation of the magnetic properties allows for tuning the 

magnon band structure with permitted and prohibited frequency regions, as well as controlling related 

properties such as the group velocity or magnon interactions. The current state-of-the-art is focused on 

the understanding of magnonic band formation in planar 1D and 2D MCs which can be fabricated by 

standard nano-lithographic techniques. The recent interest in 3D MCs is driven by the potential for 

vertically integrated magnonic devices that may ultimately mimic the current development of 3D 

integrated microelectronic circuits.1 Meander-type ferromagnetic films and multilayers, grown on the 

top of periodically structured substrates, are candidates of such 3D MCs and represent a wide playground 

to study the emergent properties of spin waves in 3D systems. 

In this work, we present an experimental and micromagnetic study of the magnonic band structure in 

CoFeB and CoFeB/Ta/NiFe meander-shaped films. 2 , 3  We reveal the dispersion relations and the 

periodic character of several dispersive branches as well as alternating frequency bands, where spin 

waves are allowed or forbidden to propagate. For both structures, the mode crossing and the absence of 

a bandgap were observed at k=n/a (n is an odd number) and explained in terms of the gliding-plane 

symmetry of the sample. We found a narrower width of the magnonic band for the CoFeB/Ta/NiFe 

structure as compared to the CoFeB sample. An additional feature of the CoFeB/Ta/NiFe system is the 

presence of the three lowest frequency modes that exhibit a nondispersive character. 

The properties of the individual modes have been further characterized by the phase relation (in-phase 

or out-of-phase) between the magnetization oscillations in the two layers and their localization in the 

horizontal and vertical segments. The results show that the investigated structures behave as three-

dimensional spin-wave waveguides enabling thus the vertical spin-wave transport. Such 3D 

nanostructures thus form a key step towards multilevel magnonic architectures for signal processing. 

 

G.G. acknowledges support of PETASPIN Association (https://www.petaspin.com/). F.C., G.T. and 

C.A. acknowledge the support from European Union’s Horizon 2020 research and innovation 

programme within the FET-OPEN project CHIRON under grant agreement No. 801055. 

                                                 
1 A. Barman et al., J. Phys.: Condens. Matter 33 413001 (2021). 
2 G. Gubbiotti et al., Phys. Rev. Applied 15, 014061 (2021). 
3 G. Gubbiotti et al., Appl. Phys. Lett. 118, 162405 (2021). 

 

Figure 1: Comparison between measured (points) and simulated (color map) dispersion 

relations for (a) CoFeB and (b) CoFeB/Ta/NiFe meander structures. 
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Pt/Py nanowires on thin YIG as spin-transfer-torque spin-wave 
emitters  

F. Kohla, D. Breitbacha, B. Heinza, M. Schneidera, L. Scheuera, C. Dubsb, A. Hamadeha, B. 
Hillebrandsa and P. Pirroa 

 
aFachbereich Physik and Landesforschungszentrum OPTIMAS 

 Technische Universität Kaiserslautern, Germany 
bINNOVENT e.V. Technologieentwicklung, Jena, Germany 

Despite being discovered many years ago, the Spin Hall effect is to this day a subject of 
ongoing research as it allows control over the damping strength in magnonic systems [1,2].  
This effect provides the ability to drive coherent nonlinear auto-oscillations by application of 
simple DC currents. Since typical precession frequency in magnonic systems lie in the GHz 
regime, Spin Hall driven auto-oscillations represent a promising method for spin-wave 
emitters. Here, we report on the possible emission of spin-waves arising from an auto-
oscillation driven by spin-transfer-torque and the Spin Hall effect.  

The device under test consists of a few hundred nanometer wide and several micrometer 
long nanowires made from a material stack of Platinum (Pt)/Copper (Cu)/Permalloy (Py) 
placed on a thin magnetic film of yttrium-iron-garnet (YIG) magnetized by an externally 
applied magnetic field in the film plane. By applying an electric current to the nanowire an 
arising spin current due to the Spin Hall effect is injected from the Pt layer into the Py layer. 
The resulting spin dynamics in this layer as well as in the adjacent and neighbouring YIG can 
be probed by means of time- and space-resolved Brillouin-light-scattering spectroscopy. 
Micromagnetic simulations are used for further insights to the experimental observations. For 
increasing DC current density in the nanowire the thermal spin wave signal increases and will 
eventually reach the auto-oscillation threshold. Numerical simulations in MuMax3 show that 
emission of propagating spin-waves starts around this threshold. Different sized oscillators 
are compared concerning their respective emission spectra in frequency and wave vector 
domain. 

 

[1] Hamadeh, A. et al., Phys. Rev. Lett. 113, 197203 (2014). 

[2] Duan, Z., Smith, A., Yang, L. et al. Nat Commun 5, 5616 (2014). 

[3] Collet, M. et al., Nat. Commun. 7, 10377 (2016). 

[4] Evelt, M. et al., Phys. Rev. Appl. 10, 041002 (2018). 

a)        b) 

 

Figure 1: (a) Schematic picture of device under test. (b) Simulated spatial distribution of 
spin-waves at 6.3 GHz in the YIG film around the nanowire (center at x=0). 
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New communication protocols such as 5G, require high frequency data transmission and 

strong bandwidth selectivity [1].  

In this frame, magnonics offers the possibility of processing, encoding and transporting RF 

signals by exploiting the inherent flexibility of spin excitation [2]. However, this approach is 

limited by the difficulties in integrating magnonics circuits with traditional electronics and by 

the need of a bias magnetic field, which is usually achieved with power-hungry components. 

To overcome this problem, we have been investigating the possibility to combine  

integrated permanent magnets on top of micro-actuators with magnonic circuits; thus providing 

a zero-power bias field which can be reconfigured to tune the device RF performance. In this 

way we aim to realize highly selective, reconfigurable, energy efficient, and compact RF 

components. 

In this preliminary work, we set out to obtain tunability and reconfiguration of spin waves 

by varying the bias field through changing the position of permanent micro magnets patterned 

on top of the MEMS. The basic device outline is reported in Figure [3].  

 

                  
 

 
Figure 1: (Left) Schematic of the hybrid spin-wave - MEMS chip; (right) SEM image of micro-

actuator with an array of permanent magnets on top 

 

These activities will be the core of the recently granted M&MEMS European project [3]. 

The goal of the project is to provide a new generation of devices suitable for radio frequency 

communications and microwave signal processing. 

   

 

 

[1]     https://www.rfwireless-world.com/Terminology/5G-NR-Frequency-Bands.html 

[2]  P. Pirro, V. I. Vasyuchka, A. A. Serga, and B. Hillebrands, Advances in Coherent 

Magnonics, Nat Rev Mater 6, 1114 (2021). 

[3] https://mandmems.eu/ (EU Project 101070536 — MandMEMS) 
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Zero-field routing of spin waves in a multiferroic heterostructure 
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Abstract 

We report zero-field routing of spin waves in a multiferroic heterostructure comprising 

a ferromagnetic Fe film and a ferroelectric BaTiO3 substrate with fully correlated 

strain-coupled domains [Fig. 1(a)]. A regular alternation of magnetic anisotropy in the 

Fe film produces a back-and-forth rotation of uniform magnetization in zero magnetic 

field. Spin waves propagating across the domain structure are refracted at the magnetic 

domain walls because of abrupt changes in the dispersion relation and phase velocity. 

Using super-Nyquist sampling magneto-optical Kerr effect microscopy, we image the 

routing of spin waves and analyze the dependence of the effect on frequency and the 

propagation direction. We find that spin waves are routed efficiently by angles up to 

60° without measurable loss in amplitude. The experimental results are reproduced by 

micromagnetic simulations and theoretical calculations based on the modified Snell's 

law for magnonics. Our results open perspectives for voltage-controlled routing of spin 

waves. 

FIG. 1. (a) Schematic of the sample and measurement geometry. Strain coupling between a BaTiO3 substrate and a Fe film 

produces a fully correlated multiferroic domain structure. In the Fe film, domains with biaxial and uniaxial magnetic 

anisotropy alternate. Spin waves are excited by a microwave antenna in a c domain, and their transport is imaged using SNS-

MOKE microscopy in zero magnetic field. (b) MOKE microscopy image of the magnetic domain structure in the Fe film and the 

position of a microwave antenna patterned on top. The red arrows depict the direction of magnetization in the a and c 

domains. The dashed red box indicates the imaging area in SNS-MOKE microscopy measurements. (c)–(e) SNS-MOKE 

microscopy images of spin-wave transport across a c-a-c domain structure recorded at 9.5 GHz (c), 10.5 GHz (d), and 11.5 GHz 

(e). The solid lines mark the location of magnetic domain walls. Arrows depict the direction of spin-wave propagation.  
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Correlation between lattice distortion around Pd atom and 
magnetic properties for Pd-doped FeRh alloys 

Takafumi Miyanaga 
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It has been known that the chemically ordered phase of the FeRh alloy near the equiatomic 

composition undergoes a phase transition from an antiferromagnetic (AFM) to a 
ferromagnetic (FM) phase at around Tp=370 K. Upon heating beyond a critical temperature 
Tp, FeRh undergoes an isotropic lattice expansion and the Fe as well as the Rh spins align 
ferromagnetically.  

Recently it was reported that there is a discrepancy between 1st nearest neighbor of Fe-Rh 
and that of 2nd nearest Fe-Fe (or Rh-Rh) expected value as bcc structure by the XAFS 
analyses for FeRh alloy [1,2].  This suggests that local distortion along <111> direction exist 
for FeRh alloy. 

On the other hand, when small portion of Rh atoms are replaced by Pd atoms, the 
magnetization increases and Tp shifts to lower temperature [3].  This is quite attractive from 
the viewpoint of industrial application as a magnetic refrigerator because there is large MCE 
in FeRh and FeRhPd alloys near room temperature [4].  In this paper we study the Fe and Pd 
K-edge XAFS and discuss about correlation between lattice distortion around Pd atom and 
magnetic properties for FeRhPd alloys. 

Fe49.7Rh47.4Pd2.9 and Fe48.3Rh46.8Pd4.9 alloys were made by the Plasma Arc Melting method. 
To obtain the crystallographically ordered structure a heat treatment was applied for 24 hours 
at 1273 K and then the sample was slowly cooled down. The Fe K-edge XAFS were obtained 
at BL9C in KEK, Tsukuba with transmission mode. The Pd K-edge XAFS were obtained at 
BL11S2 in Aichi SR center and NW10A in PF-AR in KEK with fluorescence mode. XAFS 
analyses were performed by Athena and Artemis code [5]. 

The local distortion is found in the wider range temperature also in FeRhPd not only near 
Tp as found in FeRh alloy.  The substitution of Rh for Pd leads to another local distortion of 
the crystal lattice (tetragonalization), resulting in a decrease in the distance between the Fe 
atoms that are in the nearest neighbor of Pd. The presence of the local tetragonalization 
around Pd atoms and a decrease in the exchange interaction between the nearest Fe atoms 
leads to a decrease in the phase transition temperature, Tp [6].  

 

[1] T. Miyanaga, et al. J. Phys. Conf. Series 190, (2009) 012097.  
[2] Y. Wakisaka, et al. Phys. Rev. B, 92, (2015) 184408. 
[3] J.S. Kouvel, J. Appl. Phys, 37, (1966) 1257.                   
[4] V.I. Zverev, et al., Appl. Phys. Lett, 108, (2016) 192405.  
[5] B. Ravel and M. Newville, J. Synchrotron Radiat., 12(4), (2005) 537.  
[6] A.S. Komlev, et al. J. Alloys Compd., 898, (2022) 163092. 
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Controlling magnetic anisotropy in nickel films on LiNbO3  

Scott A. Mathews and Joseph Prestigiacomo 

 US Naval Research Laboratory, Washington, DC, USA 

Elemental nickel thin films deposited on LiNbO3 and subsequently annealed at low 

temperature exhibit a number of unusual magnetic properties. These properties include: an 

extremely well-defined magnetic anisotropy [1], hysteresis branch crossings, negative 

Barkhausen jumps, and Stoner-Wohlfarth behaviour [2]. Previous works have attributed the 

magnetic anisotropy to magnetoelastic coupling between the film and the substrate, where the 

mis-match in coefficient of thermal expansion (CTE) generates a well-defined strain [3]. In 

this work, we confirm the role of CTE in determining the magnetic anisotropy by measuring 

magnetic properties as a function of temperature. We demonstrate that the magnitude of the 

anisotropy field can be tuned by changing the anneal temperature and/or the operating 

temperature. This provides a system in which a well-defined magnetic anisotropy can be 

tailored to specific applications. In particular, we show that the thermally induced anisotropy 

can be used to compensate anisotropy from other sources (for instance, shape anisotropy).  

 

 

 

[1] S. A. Mathews, et al., IEEE Transactions on Magnetics, vol. 57, no. 12, pp. 1-4, 

(2021), Art no. 6000504, doi: 10.1109/TMAG.2021.3115945. 

[2] S.A. Mathews, et al., Sci Rep 10, 15141 (2020). https://doi.org/10.1038/s41598-020-

72233-x. 

[3] S. A. Mathews et al., IEEE Transactions on Magnetics, vol. 55, no. 2, pp. 1-4, Feb. 

(2019), Art no. 4001304, doi: 10.1109/TMAG.2018.2860936. 

  

Figure 1: a) M vs. H loops for angles from 0° to 90° and b) coercivity as a function of 

angle, for nickel on LiNbO3 at room temperature.  

a) b) 
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Topological boundary constraint in artificial magnetic colloidal ice 
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The effect of boundaries and how these can be used to influence the bulk behaviour in 

geometrically frustrated systems are both long-standing puzzles, often relegated to a 

secondary role. In this talk, I will investigate boundary effects in a geometrically frustrated 

system, namely an artificial colloidal ice (ACI). The ACI recently emerge as a microscale 

soft matter analogue of a frustrated nanoscale spin ice system. The artificial colloidal ice is 

realized by confining interacting paramagnetic colloids to a lattice of gravitational double 

wells [2]. With this system, both via numerical simulations and “proof of concept” 

experiments, I will demonstrate that boundaries can be engineered to control the bulk 

behaviour in a colloidal artificial ice [3]. I will also show that an antiferromagnetic frontier 

forces the system to rapidly reach the ground state (GS), as opposed to the commonly 

implemented open or periodic boundary conditions. Further, strategically placing defects at 

the corners may be used to generate novel bistable states, or topological strings, which result 

from competing GS regions in the bulk. The presented results could be generalized to other 

frustrated micro- and nanostructures where boundary conditions may be engineered with 

lithographic techniques. 

 

[1] A. Ortiz-Ambriz and P. Tierno, Nature Comm. 7, 10575 (2016). 

[2] Ortiz-Ambriz, C. Nisoli, C. Reichhardt, C. J. O. Reichhardt, and P. Tierno, Rev. Mod. 

Phys. 91, 041003 

(2019). 

[3] Carolina Rodríguez-Gallo, Antonio Ortiz-Ambriz, and Pietro Tierno, Phys. Rev. Lett. 

126, 188001 (2021). 
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The effect of aging on the temperature dependence in nanocrystalline 
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Rania Saoudia, Laurent Morela, Marie Ange Rauleta 

a Univ Lyon, Université Claude Bernard Lyon 1, INSA Lyon, Ecole Centrale de Lyon, 

CNRS, Ampère, UMR5005, Villeurbanne, France 

Nanocrystalline materials are soft magnetic materials which are basically amorphous 

ribbons partially crystalized[1].  B-H hysteresis loops can be tailored by applying different 

annealing treatments. A flat hysteresis loop (F-type) is obtained by applying an annealing 

with transverse magnetic field while a square hysteresis loop (Z-type) is obtained by applying 

a longitudinal magnetic field. Applying no field during the thermal annealing allows us to 

obtain a round B-H loop (R-type). 

Due to their attractive magnetic properties, nanocrystalline materials are used in many 

applications these days. However, the operating conditions of electrical systems expose these 

magnetic components to high temperatures and decreases their magnetic properties over time.   

In the first part of this work, we compare magnetic behavior of two nanocrystalline 

materials (R-type and Z-type) at different measuring temperatures. The measuring 

temperatures ranges chosen (-55°C to 125°C) are operating temperatures for most of 

electrical systems.  The temperature dependence of the magnetic properties is explained 

basing on an important aspect specific for nanocrystalline materials; the size of FeSi grain 

which is much smaller than the ferromagnetic correlation length. 

 

The second part was devoted to the aging impact on the temperature dependence behavior 

in Z-type nanocrystalline materials (Fig.1). The aging phenomena is explained using the 

different magnetic anisotropies existing in the material as explained in [2]. 

[1] Y. Yoshizawa, S. Oguma, K. Yamauchi, New Fe-based soft magnetic alloys 

composed of ultrafine grain structure, J. Appl. Phys. 64 (1988) 6044–6046. 

[2] A. Lekdim, L. Morel, M. Raulet, Magnetic ageing study of high and medium 

permeability nanocrystalline FeSiCuNbB alloys, J. Magn. Magn. Mater. 428 (2017) 

260–268. 
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Figure 1: Coercive force evolution of Z-type nanocrystalline materials during aging at 200 

°C versus measuring temperature. 
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b Institute of Ceramics and Glasses, Spanish Research Council, Madrid, Spain 
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We present a study of the processing of NdFeB powders obtained from recycling waste 

permanent magnets. The rare-earth permanent magnets, in particular the NdFeB ones, are key 

elements of many technologies involved in the Green Transition. On the other hand, there is a 

world-wide monopole in the supply of rear-earths and magnets by the Republic of China. 

Considering these two points the development of routes for recycling rare-earth magnets is an 

issue of high social and economic importance. In the case of NdFeB magnets, Hydrogen 

Processing (HP) is one of the most promising techniques to obtain fine powders from waste 

magnets. However, there are several endeavors related to the elimination of the coating, the 

decrepitation process, the selection of the powders, contaminations, oxidation and the further 

production of the magnet. [1,2] 

We have investigated processing the NdFeB powders obtained by HP of waste magnets. 

These powders were subject to a soft-oxidation and further to different mechanical milling 

processes, jet milling and high energy ball milling (HEBM). These milling processes were 

combined to get almost micrometric powders, the size required to obtain high performing 

magnets. The oxidation process opens a different recycling route with respect to the 

conventional one: oxidized powders are not pyrophoric and can be easy managed and 

transported. Initial oxidized powders are composed of polydisperse particles of hundreds of 

microns of size. XRD characterization indicates the only presence of the 2:14:1 phase. EDX 

studies show the presence of Fe oxides, Nd, Pr and Dy oxides and other minor oxides that 

indicate the presence of different elements. The specific magnetization, 130 Am2/kg, is 

smaller than the bulk and the coercive field is negligible. The Jet milling process gives rise to 

the particle size reduction to below hundreds of microns, decreasing the specific 

magnetization (115 Am2/kg) but the coercive field increases (0,15T). HEBM of these two 

types of samples gives rise to powders with particles with sizes of tens of microns. The 

magnetization decreases with the milling times while the coercive field increases with 

intermediate milling times. The influence of the different milling processes will be discussed 

considering the ensemble of structural, morphological and magnetic properties.    

This work was supported by the EU KIC EIT-Raw Materials project n. 20090 “Intelligent 

and Sustainable Processing of Innovative Rare-Earth magnets” (INSPIRES).[3]  

 

[1] C. Burkhardt et al. Mater. Proc, 5 (2021) 87. 

[2] C. Burkhardt et al. J. Mater. Sci. Eng. B 10 (2020) 125-133  

[3]  www.inspires-magnet.eu 
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Study of spin-reorientation and spin-phonon coupling in modified SmFeO3 
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The study of fundamental magnetic phenomena in rare earth orthoferrites attained a lot of research 

attention in the last few decades. Spin reorientation exhibited by this system makes it an interesting 

candidate for spintronic devices. In this current work, we have demonstrated the tuning of spin 

reorientation transition temperature (TSR) towards room temperature in SmFeO3 by Cr doping. The 

SmFe1-xCrxO3 (x = 0.0, 0.1, 0.3, and 0.4) samples were synthesized by the solid-state reaction 

method, and the structural refinements carried out on the x-ray diffraction patterns of the samples 

revealed that the samples were crystallized in orthorhombic structure with Pbnm space group. The 

magnetic measurements performed in this system confirmed the antiferromagnetic ordering and 

the Neels temperature (TN) shows a systematic decrease with an increase in Cr doping. Due to the 

dilution of magnetic interactions with Cr doping, the TSR  shows a decreasing trend with Cr doping. 

Interestingly x = 0.4 sample shows TSR near room temperature and Raman studies performed on 

this sample revealed spin-phonon coupling near TN. In addition, the compound also exhibited 

negative magnetization and compensation temperature which makes this system a suitable 

candidate for spin-switching applications. 
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Soft magnetic powder alloys have a great importance in the most demanding global 

industries, such as electrotechnical, defense, medical, aerospace and automotive industries. 

The manufacture of complex components from such material is an industrial process during 

which their magnetic properties are adjusted to the requirements for use by various methods 

and changes in production parameters. 

The physicists and material scientists in many laboratories over the world expect 

significant possibility for improvement the magnetic properties of this group of materials [1]. 

Since the decisive magnetization process in soft magnetic powder compacted materials is the 

domain wall displacement it is expected that reducing of obstacles for domain walls 

displacement will lead to better soft magnetic properties of these materials. Powder particles 

prepared by milling have significant surface irregularities acting as domain wall displacement 

obstacles, so particle rounding can improve the soft magnetic properties.  

The aim of this study was to examine the effect of mechanical treatment by grinding on 

differential, reversible and irreversible permeability and quasi-static energy losses of ring 

samples made from compacted iron powder of two different sizes. 

A series of four samples was prepared. The samples A and B were prepared from powder 

fraction of 63 µm – 125 µm, while samples C and D were prepared from powder fraction of 

200 µm – 400 µm. Samples B and D underwent mechanical treatment to obtain more 

spherical shape of particles. All samples were annealed after compaction to reduce of the 

defects introduced at milling, surface smoothing and compaction. 

To exclude other aspects influencing the resulting magnetic properties of all samples (as 

the shape of the particles), all results were presented in internal magnetic fields. The 

demagnetization factor (needed for calculation of demagnetization field) was determined 

from measured anhysteresis curves. The differential relative permeability µdiff was calculated 

from the initial magnetization curve and experimental values of reversible permeability µrev 

allow to express the irreversible permeability µirrev = µdiff  - µrev [2]. The hysteresis losses 

were measured on DC-hysteresisgraph. 

By analysing of the results, we can assume that the surface particles treatment before 

compaction has two opposite influences. The positive influence is the reduction of surface 

irregularities acting as obstacles for domain walls displacement and the negative one is the 

introduction of stress fields in surface layers hindering the ease domain wall movement (due 

to large magnetostriction of iron). We found that effect of surface smoothing was more 

positive on samples prepared from smaller powder particles, because of its greater relative 

surface layer volume, for example, the material prepared from smoothed particles exhibits 

differential relative permeability of 638 in comparison with material prepared from non-

smoothed particles (µdiff = 423). 

[1] J.M.D. Coey, Magnetism and magnetic materials, Cambridge University Press, New 

York, 2009 

[2] Z. Birčáková, P. Kollár, M. Jakubčin, J. Füzer, R. Bureš, M. Fáberová. Journal of 

Magnetism and Magnetic Materials Vol 483 (2019) 183-190 
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