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Shaping the future: energy-efficient magnetic memory and neuromorphic technologies
Jordi Sort"?, Zhengwei Tan', Nicolau Lopez!, Zheng Ma', Monalisha Peda’, Julius de Rojas’, José L. Costa-

Krimer®, Alberto Quintana®, Eva Pellicer!, Josep Nogués®>, Enric Menéndez!
!Departament de Fisica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
’ICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain
3IMN-Instituto de Micro y Nanotecnologia (CNM-CSIC), 28760 Tres Cantos, Madrid, Spain
*Institut de Ciéncia de Materials de Barcelona (ICMAB-CSIC), Bellaterra 08193, Spain

SCatalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST, Campus UAB, Bellaterra,
08193 Barcelona, Spain

Controlling magnetism with voltage has an enormous potential to boost energy efficiency in nanoscale magnetoelectric
devices since the use of electric fields (instead of magnetic fields or electric currents) minimizes Joule heating effects
and reduces the overall device power consumption. In recent years, we have demonstrated the possibility to induce
reversible, non-volatile changes in the magnetic properties (coercivity, remanent magnetization and saturation
magnetization) of nanoporous films consisting of metal alloys (e.g., CuNi, FeCu) or oxides (e.g., FeO,, CoFe;Os), by
applying an electric field through a liquid electrolyte gate at room temperature [1,2]. In addition, we have made
significant progress in the field of magneto-ionics (i.e., voltage-driven ion transport in magnetic materials), which has
traditionally relied on controlled migration of oxygen or lithium ions. Here, I will show that voltage-driven transport of
nitrogen ions can be also triggered at room temperature in transition metal nitride (CoN, FeN, CoMnN and CoFeN) films
via liquid electrolyte gating [3,4]. Nitrogen magneto-ionics can induce reversible ON-OFF transitions of ferromagnetic
states at faster rates and lower threshold voltages than oxygen magneto-ionics. This is due to the lower activation energy
needed for ion diffusion and the lower electronegativity of nitrogen with cobalt, compared with oxygen. Remarkably,
and in contrast to oxygen magneto-ionics, nitrogen transport occurs uniformly through a plane-wave-like migration front,
without the assistance of diffusion channels, which is particularly interesting for the implementation of multi-stack
memory devices. Furthermore, we will show that both oxygen and nitrogen magneto-ionics can be used to emulate some
important neuromorphic/synaptic functionalities (spike amplitude-dependent plasticity, spike duration-dependent
plasticity, long term potentiation/depression). By tuning ion cumulative effects of DC and pulsed voltage actuation (at
frequencies in the range 1 — 100 Hz), learning, memory retention, forgetting and self-learning by maturity (post-
stimulated learning) can be mimicked. The latter can serve as a logical function for the device to decide between self-
learning or forgetting emulation, at will, post-voltage input. This constitutes a novel approach to emulate some specific
neural functionalities (e.g., learning under deep sleep), that are challenging to achieve using other classes of materials
currently employed for neuromorphic computing applications.
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Orbitronics, from present to future with orbit currents induced by charge/spin currents,

FMR or light for torques or TeraHz emission.

Albert Fert ', Henri-Yves Jaffrés !
! Unité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767 Palaiseau, France
To start in the usual situation of orbit currents generated by charge currents, I will present experiments [1]
showing the strong enhancement of the current-induced torques on the Co layer of a Pt/Co bilayer by the
addition of an Al layer on Co (Al protected from oxidation). The enhancement is predominant for the FL torque,
up to factor of 9. The interpretation [2] comes from ab-initio calculations showing large Co orbital moments
in the interfacial Co layer with a helical texture similar to the spin texture on the surface of topological
insulators (see Fig.1). The calculation of the resulting torques leads to a good agreement between the calculated
and experimental torques.

Fig.1. Helical locking of orbit moment L (arrows) with momentum k in Brillouin zone in the plane of the Co
layer at the interface with Al and in a small energy range close to Fermi energy. A similar texture between
spin 8 and k in the plane is of much smaller amplitude.

In another set of experiments [3] on light-induced teraHz emission by NM/F bilayers (NM = nonmagnetic
metal, deposited on glass substrate, F = ferromagnetic metal or alloy), we show that, in contrast with results
for other ferromagnets, Ni leads to large teraHz signals with the same polarity for NM = Pt, Ta, W and also a
large teraHz signal for Cu. After measurements of the Anomalous Hall Effect (AHE) contributions on Ni single
layers, we can rule out an explanation of our results by AHE and ascribe the teraHz signals of the NM/Ni
bilayers to a significant light-induced production of orbit current by Ni followed by the predominance of
Inverse Orbit Hall Effect (OOHE) on Inverse Spin hall Effect (ISHE). This property of Ni is consistent with
ab-initio calculations and FMR-induced orbit currents with Ni.
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Permanent Magnet Alternatives:
An Effective Strategy for Mitigating Supply Chain Risks?

Thomas A. Lograsso "
! Critical Materials Institute, Ames National Laboratory, 134 Wilhelm Hall, Ames IA 50014

*lograsso@ameslab.gov

Substitutions are at the heart of the clean energy transition. While most people think substitution is about a
finding a replacement material as good as the one that is critical, in fact, this is just one aspect of the
substitution strategy. Substitution, the replacement of one item for another, can be applied at four levels.
First is element-for-element substitution. This can be total replace a critical element with one that is readily
accessible in the quantities needed. Second is a material-by-material substitution. This is what is commonly
thought of when substitution is thought of i.e., an “drop in” alternate that is better, cheaper, and less reliant on
critical materials. History tells us this is a rare case indeed. Third is a process-by-process substitution and is
often associated with manufacturing innovations that are driven by lowering costs through energy reduction,
reduced material usage or environmental improvements. The Critical Materials Institute has led the United
States efforts to develop substitute permanent magnets with reduced or no rare earth content. Our approach is
three-fold. We look to substitute for the rare earth elements with select elemental substitutions that reduce the
critical rare earth content while retaining magnetic anisotropies. We look for other alternative formulations
that make use of “abundant rare earths” and iron. This strategy targets magnet performance between the rare
earth magnets and non-rare earth magnets, i.e., the so-called gap magnet. Our third approach is to utilize
advanced manufacturing for process improvements that can maximize magnetic performance while minimize
wastage.
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A new spin on neural networks

J. Grollier, CNRS, Thales, Université Paris-Saclay, Palaiseau, France

Neuromorphic computing aims to accelerate artificial intelligence and reduce its power consumption by a
factor of 100 by drawing inspiration from the architecture of the brain. This ambitious undertaking requires
inventing new materials for synaptic and neural functions, and assembling these nanodevices into systems
capable of running state-of-the-art machine learning algorithms. The challenges are to densely integrate and
connect hundreds of millions of neural and synaptic components, and have them compute and learn with high
accuracy and low energy despite device imperfections. An emerging branch of research studies how such
physical neural networks can be assembled by leveraging physical principles, and how they could learn to
perform cognitive tasks by directly using physical principles, such as energy minimization.

In this talk, I will provide an overview of the challenges of neuromorphic computing, explain why spin-based
systems could help solve these challenges, and detail our recent progress towards this goal. [ will focus on two
examples that illustrate how we can exploit the multifunctionality of spintronic devices to form hardware neural
networks that can be efficiently scaled up. In the first one, the vectors of information are nanoscale moving
skyrmions that mimic neuro-transmitters. In the second one, we exploit radio frequency signals and frequency
multiplexing to enhance the network’s connectivity.
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Current-induced magnetization switching of ferromagnets, ferrimagnets and
noncollinear antiferromagnets

Pietro Gambardella

Department of Materials, ETH Zurich, Honggerbergring 64, 8093 Zurich, Switzerland

Spin-orbit coupling allows for efficient transfer of angular momentum between lattice, orbital, and spin degrees
of freedom in magnetic heterostructures. This in turn enables unprecedented control over magnetization
reversal and domain wall motion in a variety of materials and devices [1]. Illustrative examples include 3-
terminal magnetic tunnel junctions, in which the combination of spin-orbit torques, spin transfer torque, and
voltage control of magnetic anisotropy leads to sub-ns magnetization reversal with very narrow switching
distributions [2,3], current-induced domain wall and skyrmion motion in insulating magnetic layers [4,5], and
the possibility to perform logic operations using current-driven domain walls [6,7]. Further, spin-orbit torques
provide a practical means to investigate fast spin dynamics in materials with antiferromagnetic interactions.
Time-resolved measurements of current-induced magnetization switching of rare-earth transition-metal
ferrimagnetic alloys performed by Hall effect [8] and x-ray imaging [9] show that an electric current excites
the magnetization of the different sublattices asynchronously in time and inhomogeneously in space depending
on the strength of the antiferromagnetic coupling. This behavior originates from the unequal transfer of angular
momentum from the current to the rare-earth and transition-metal sublattices, which leads to a master-agent
type of dynamics akin (but different) to that observed for ultrafast optical excitations. The electrical
manipulation of chiral antiferromagnetic order in a topological antiferromagnet such as Mn3Sn, instead,
proceeds via a two-step demagnetization-remagnetization process that lasts several tens of ns and is governed
by the temporal overlap of current-induced heating and spin-orbit torques generated by a Pt or W layer adjacent
to it [10]. These results illustrate advantages and limitations of electric currents for the manipulation of spin
textures in different magnetic materials.
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Magnetic hyperthermia in combination with other anti-tumoral therapeutic
approaches: from the preparation of the magnetic nanomaterials to their preclinical
studies
Teresa Pellegrino
Italian Institute of Technology, via Morego 30, 16163, Genoa, Italy

In Magnetic hyperthermia (MHT) magnetic nanoparticles act as heat transducers to convert magneto-energy
into heat when exposed to alternating magnetic fields (AMF). At AMF of clinical use (100 kHz and up to
24kA/m) and the magnetic actuation of the nanoparticles has no tissue-depth attenuation enabling to activate
magnetic nanoparticle located at deep tumor sites. This provides more selective heat treatment with less side
effects which, furthermore, can be combined with other therapeutic approaches to couple toxic effects towards
cancer cells.

This talk aims to provide an overview of our last five years research efforts to combine MHT with
chemotherapy, intrinsic nanoparticle cytotoxicity, internal radiotherapy and more recently immunotherapy. I
will first focus on the latest progress on non-hydrolytic methods for the preparation of magnetic nanoparticles
and our strategies to assemble them in well-defined nanostructures with the aim of optimizing their heat
performance in MHT. Then, I will introduce thermo-responsive polymer coated magnetic nanoplatforms as
drug carriers platform for doxorubicin with MHT heat-mediated drug release mechanism. Finally, I will present
our magnetic nano systems for combining MHT with internal radiotherapy or for dual therapy based on
magneto-thermia and photo-thermia. Throughout the presentation, I will discuss our preclinical results to
evaluate the magnetic hyperthermia efficacy and bio-distribution for some of the best performing materials we
are developing.
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Development of high performance permanent magnets;
elements criticality, new demands, and extrinsic magnetic properties

H. Sepehri-Amin*, Xin Tang, J. S. Zhang, A. Bolyachkin, T. Ohkubo, K. Hono
National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, 305-0047, Japna

*h.sepehriamin@nims.go.jp

Permanent magnets are widely used in green energy conversion applications. They therefore play an important
role in achieving net-zero CO; emissions in our society. In order to maintain sustainable production of
permanent magnets in the long term, it is necessary to eliminate the dependence of permanent magnets on
critical elements such as Dy and to diversify the use of rare earths while maintaining sufficiently high coercivity
and energy product in the magnets.

We will first present our fundamental research on the coercivity mechanism of Nd-Fe-B based permanent
magnets which has provided us guideline to develop high coercivity Dy-free Nd-Fe-B magnets for applications
in hybrid/electric vehicle traction motors and wind turbine generators. We will show how grain
boundary/interface engineering in the hot formed Nd-Fe-B magnets has resuled in a high coercivity of 2.5 T, a
remanent magnetisation of 1.32 T and excellent thermal stability of the coercivity [1]. Furthermore, it is
discussed how the emergence of new applications for the permanent magnets has opened up new requirements,
i.e. moderate room temperature coercivity and flat first order reversal curves for their applications in variable-
magnetic-force motors, which can be achieved by reducing the grain size and using light rare earths in the hot-
deformed (Nd,Ce,La)-Fe-B permanent magnets [2].

In the second part of the talk, we will discuss the potential of Fe-rich SmFe > based magnets [3], and the current
challenges to realise these materials as new permanent magnets [4-5].We will show our recent success in
realising a sufficiently large coercivity of 1.0 T in rare earth lean SmFe> based anisotropic sintered magnets
(Fig. 1) assisted by machine learning [6]. Based on detailed microstructural characterisations, modelled thin
films and micromagnetic simulations, the optimal microstructure that can lead to higher coercivity and
remanent magnetisation in the SmFe12-based magnets will be discussed.
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Figure 1: Realizing coercvity in anisotropic Sm(Fe,Ti,V)>-based sintered magnets; demagnetization curves of SmsgFers s Tis.
xVsGagsAl, at. % (x=0-3) sintered magnets, and backscattered electron (BSE) SEM image, high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) image, and superimposed STEM-EDS maps of Sm and Fe showing the overal
microstructure of the magnet with coercivity of 1.0 T.
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Spin Manipulation based on Orbital Angular Momentum
YoshiChika Otani'*, Junyeon Kim?®

' Center for Emergent Matter Science, RIKEN, Wako, Saitama, Japan
2 Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba, Tokyo, Japan

*yotani@riken.jp: yotani(@jissp.u-tokyo.ac.jp

A novel platform for spin manipulation based on orbital angular momentum (OAM) is preparing the next
spintronics innovation. We could create a nonzero OAM at surfaces and interfaces with structural inversion
asymmetry or in centrosymmetric bulks, similar to how spins are generated by the inverse spin Galvanic effect.
These generation mechanisms, however, are unrelated to the spin-orbit coupling (SOC) strength, highlighting
the distinction from spin generation mechanisms. Several recent experimental reports suggest that the nonzero
OAM could be used for highly efficient spin manipulation. These reports show light metal elements can also
be used for OAM-induced spin manipulation.

Furthermore, the collaborative spin manipulation by the OAM and the spin angular momentum (SAM)
reveals a new mechanism. Here we review so far reported experimental and theoretical new findings, including
our works on OAM-induced or OAM-assisted spin manipulation. All these new findings indicate that the
OAM-induced spin manipulation opens the door to novel spintronics in terms of mechanism and materials.

Acknowledgments
JK and YO appreciate the financial support from JSPS KAKENHI (Grant No. 19K05258 and 19H05629).

13


mailto:*yotani@riken.jp

SEMY-PLENARY SESSIONS 13y[M5

Single nuclear spin, a fascinating platform for quantum experiments
Franck Balestro. Néel Institut - CNRS, France

The realization of a universal quantum computer is one of the major scientific objectives of the 21st century,
as its promises are revolutionary: inviolable cryptography, higher computing power, simulation processes
inaccessible to conventional technologies ... Its principle is based on qubit, a two-level quantum system, a
quantum analogue of the classical bit. Today, the challenge is to increase the number of qubits in interaction
to achieve more complex and more efficient quantum information protocols. In this context, molecular
magnets of nanometric size are of major interest. The information is carried by the direction of magnetization
which is multiple, unlike conventional magnets which have only two. They thus make it possible to have d-
states quantum devices or qudits. These multi-level devices could the processes involved in the manipulation
of quantum spin more efficient. The use of these would also simplify some computational tasks, and thus the
circuits required to realize a quantum computer

In this context, it is possible to fully control a multilevel system based on a single molecular magnet. Proving
that it is possible to read-out and manipulate the four-level spin of the terbium nucleus of a molecule was a
first step to show the long decoherence time of a single nuclear spin which is by nature strongly isolated from
its environment.

Among those properties, superposition of states and phase interference are two fundamental mechanisms from
which quantum computing can benefit. We explored these properties by applying interference protocols
involving the phases of the four nuclear spin states. A first measurement makes it possible to know the
coherence time of the coherent superposition of a quantum system. Applied to a coherent superposition of
three nuclear spin states, this protocol can be generalized to any given qudit. Using another protocole in a
physical system that evolves adiabatically and cyclically, one can highlight, a phase that depends on the entire
evolution during a cycle.

14
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New Frontiers in Nanoscale Magnetism: Towards Three Dimensional

Materials and Devices
Amalio Ferndndez-Pacheco’”*

! Instituto de Nanociencia y Materiales de Aragon, CSIC-University of Zaragoza, C/Pedro Cerbuna
12, 50009, Zaragoza, Spain
2 SUPA, School of Physics & Astronomy, University of Glasgow, G12 800, Glasgow, UK
*amaliofp@unizar.es

The expansion of nanomagnetism to three dimensions provides exciting opportunities to explore new physical
phenomena and opens great prospects to create 3D magnetic devices for green computing technologies [1-3].

In this talk, I will present some of our recent works dedicated to the investigation of three dimensional artificial
magnetic materials, including multilayered and complex-shaped geometries. The talk will give an overview of
the new methods we have developed to fabricate [4,5] and characterize [6,7] these nanomaterials, and some of
the new functionalities obtained. This includes the creation of localized spin textures, topological defects and
stray fields exploiting a combination of geometrical effects and inter-element interactions [8-10], the
automotive 3D motion of domain walls [11], an unconventional angular dependence of magnetotransport
effects in 3D circuits [12], and the generation of chiral spin interactions across interlayers via interfacial effects
in synthetic antiferromagnetic multilayers [13].

Acknowledgements
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High performance spintronic devices from microwave technology to computing
Giovanni Finocchio'
! University of Messina, Viale F. Stagno D’Alcontres 31, Messina, Italy
*gfinocchio@unime.it

In this talk, I will present recent advances achieved in the development of spintronic microwave detectors,
oscillators and amplifiers based on magnetic tunnel junctions (MTJs). I will review the main applications of
those devices for computing including the realization of Ising machines based on probabilistic computing with
p-bits. The spintronic technology takes advantage of the manipulation of the electron spin together with its
charge. This technology potentially combines important characteristics such as ultralow power needs,
compactness (nanoscale size) and it is CMOS-compatible. Spintronics has different success stories such as the
head read for magnetic hard drive and the recent spin-transfer-torque magnetic random access memories. The
latter are realized with MTJs which are devices composed by two ferromagnets separated by a ultrathin
isolating material. The resistance of this device depends on the relative orientation of the magnetization of the
two ferromagnets and in particular the configuration where the magnetization are parallel or antiparallel can
code the binary information. Together with memory developments, which are already in the market and
integrated within the CMOS processes by main foundries (INTEL, SAMSUNG, GlobalFoundries), MTJs can
be used for the development of auto-oscillators and very high efficient detectors. In detail, I will show the
applications of spintronic diodes based on MTJs for energy harvesting, sensors and RF detectors and what it is
expected to achieve in the next three years for integration with CMOS-technology. I will also present,
theoretical predictions on how voltage controlled magnetocrystalline anisotropy (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 electrical
detection of THz dynamics. [1] In particular, I will focus on 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) zero-field parametric
resonance, which cannot be achieved by other parametric pumping mechanisms in AFMs with out-of-plane
easy axis.

The latter part of the talk will focus on probabilistic computing which is one direction to implement Ising
Machines. Probabilistic computing is a computational paradigm using probabilistic bits (p-bits), unit in the
middle between standard bit and g-bits. I will show how to map hard combinatorial optimization problems
(Max-Sat, Max-Cut, etc) into Ising machine and how to implement those in spintronic technology. [2] [3]
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Complex magnetic order arises due to the competition of different magnetic interactions. Often the dominant
interaction is the isotropic pair-wise exchange between neighboring atomic magnetic moments. With additional
sizable contributions from the Dzyaloshinskii-Moriya-interaction or from the exchange between more distant
neighbors any length-scale spin texture ranging from ferromagnetic to antiferromagnetic order can form. Spin-
polarized scanning tunneling microscopy (SP-STM) is well suited to investigate complex magnetic order down
to the atomic scale [1].

Recently we have investigated prototype antiferromagnetic states in hexagonal magnetic layers, ranging
from collinear via coplanar to non-coplanar [2]. In such systems higher-order exchange interactions can play a
role for the formation of the magnetic ground state as they can favor either multi-q states or uniaxial states
depending on the sign. In such systems we have experimentally observed a new type of antiferromagnetic
domain wall with perpendicularly oriented nearest neighbor magnetic moments in it’s center [3]. Also nano-
scale two-dimensionally modulated magnetic states can arise due to higher-order magnetic interactions at zero
magnetic field [4,5]. In such systems these higher-order interactions also can also stabilize collinear
counterparts of nanoskyrmion lattices, reminescent of nano-scale ferrimagnets [5]. The balance between these
different magnetic interactions creates endless possibilites for complex magnetic order, either as magnetic
ground state or at magnetic defects such as domain walls, possibly having an impact not only on static magnetic
order but also on dynamical properties and response to currents.
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Figure: SP-STM measurements of different atomic- or nano-scale magnetic states; arrows and colors indicate the direction of atomic
magnetic moments.
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“One-twelve” magnets with compositions RFe12-xTx (R = Rare earth, T = transition metal) are under
intense investigation as potential rare earth-lean permanent magnets [1]. The transition metal T is added in
order to stabilize the magnet in bulk, and randomly substitutes Fe atoms. These substitutions break the point
symmetry at the rare earth site, such that different rare earth atoms are subject to different crystal field
potentials, depending on the number and proximity of T dopants. Since the crystal field determines the
magnetocrystalline anisotropy, this phenomenon means a nominally crystalline material may nonetheless
contain a distribution of rare earth atoms with inhomogeneous single-ion anisotropies.

In order to understand and quantify this effect, we have carried out first-principles calculations of crystal-
field coefficients in compositionally-disordered systems, using a numerically stable method developed
previously [2]. We have found that these high-level calculations can be represented by a model which is
sufficiently simple that it can be incorporated into large-length scale simulations and statistical analyses. As
such, our work provides a route to achieving more realistic simulations of magnetization reversal and domain
wall propagation in magnets where the crystalline symmetry is disrupted by substitutional defects.
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Figure 1: Effect of T-doping on the single ion anisotropy of the rare earth. Arrows represent the easy directions of magnetization,
which coincide with the (energetically-favourable) dark blue regions.
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Ferrimagnets [1] and then in particular for this contribution; layered synthetic ferrimagnets based on
heterostructures of Co and Gd bear promise for bridging the gap between volatile information in the photonic
domain and non-volatile information in the magnetic domain [2,3]. The layered nature of the synthetic
approach allows for strong spin-orbitronic effects and single pulse all-optical switching (AOS), the engineering
of these, and hence new ways to address the underlying physical mechanisms at play.

In this talk I will introduce the material system, discuss growth considerations and then expand on a few
detailed studies. Specifically, I will (i) discuss the relevant effects that should be taken into account when
designing synthetic ferrimagnets based on Co and Gd for spintronic applications [4,5]. (ii) Introduce our results
on fast current-induced domain wall motion up to 2 km/s in quad-layers [6]. This will then be combined with
work on (iii) single shot AOS focusing on the relatively low threshold fluence and ion irradiation studies [7,8].
(iv) Finally, I will give an outlook of where we think the synthetic ferri-magnetism field is heading and
elaborate on ongoing studies to characterise the interfacial Dzyaloshinskii-Moriya interaction of these systems
for chiral magnetism. All these components will be discussed from a materials engineering viewpoint.

Our studies establish Co/Gd-based synthetic ferrimagnets to be a unique material platform which opens up
many routes of inquiry into the underlying competing mechanisms and its applications [1].

References

[1] Y. Zhang, X. Feng, Z. Zheng, Z. Zhang, K. Lin, X. Sun, G. Wang, J. Wang, J. Wei, P. Vallobra, Y.Hu, Z
Wang, L. Chen, K. Zhang, Y. Xu, W. Zhao, Appl. Phys. Rev. 10, 011301 (2023)

[2] H. Pezeshki, P. Li, R. Lavrijsen, M. Heck, E. Bente, J. van der Tol, B. Koopmans, Accepted at Phys. Rev.
Appl. (2023)

[3] F.E. Demirer, Y. Baron, S. Reniers, D. Pustakhod, R. Lavrijsen, J. van der Tol, B. Koopmans,
Nanophotonics 0165 (2022)

[4] T.J. Kools, M.C. van Gurp, B. Koopmans, R. Lavrijsen, Appl. Phys. Lett. 121, 202405 (2022)

[5] T.J. Kools, Y.L.W. van Hees, K. Poissonnier, P. Li, B. Barcones Campo, M.A. Verheijen, B. Koopmans,
R. Lavrijsen, In-Preparation (2023)

[6] P. Li, T.J. Kools, B. Koopmans, R. Lavrijsen, Adv. Elec. Mater. 9(1), 2199-160X (2022)

[7] P. Li, J.W. van der Jagt, M. Beens, J. Hintermayr, M.A. Verheijen, R. Bruikman, B. Barcones, R. Juge, R.
Lavrijsen, D. Ravelosona, B. Koopmans, Appl. Phys. Lett. 121, 172404 (2022)

[8] Y.L.W. van Hees, B. Koopmans, R. Lavrijsen, Appl. Phys. Lett. 120, 252401 (2022)

[9] L. Wang, H. Cheng, P. Li, Y. Liu, Y.L.W. van Hees, R. Lavrijsen, X. Lin, K. Cao, B. Koopmans, W. Zhao,
PNAS 119(24) (2022)

19



27" August to 1t September

2023

SYMPOSIUM 01.

MAGNETIC MATERIALS FOR ENERGY APPLICATIONS.
S1. INVITED ORAL PRESENTATIONS

PABLO ALVAREZ-ALONSO
Potential of Magnetic Shape Memory Ribbons

in Magnetic Refrigeration 21
LLUIS MANOSA

Cross-coupling Contribution to the Multicaloric Effect

in Magnetic Materials 22

OLGA MIROSHKINA
Impact of Chemical Disorder on Magnetic and Vibrational Properties
of Magnetocaloric Heusler alloys: First-Principles Insight 23

ALEXANDER KOVACS

Experiments and simulations for physics-informed

machine learning to design neodymium-iron-boron

permanent magnets 2/




SYMPOSIUM 01. INVITED ORAL PRESENTATIONS 13y[MS

Potential of Magnetic Shape Memory Ribbons in Magnetic Refrigeration

P. Alvarez-Alonso’*, R. Lépez-Anton®, J.P. Camarillo’, D. Salazar’, V.A. Chernenko®

! Departamento de Fisica, Universidad de Oviedo, C/Calvo Sotelo, 18, Oviedo, Spain.
2 Departamento de Fisica Aplicada, Universidad de Castilla-La Mancha, Av. Camilo José Cela, 10,
Ciudad Real, Spain.
3 Universidad Auténoma de Zacatecas, Ramon Lopez Velarde 801, Col. Centro, Zacatecas, Mexico.
*BCMaterials, Barrio Sarriena s/n, Lejona, Spain.

*alvarezapablo@uniovi.es

Magnetic refrigeration is an ecoalternative to gas compression/expansion refrigerant technology that is on
the final stage to be economically competitive for end-user applications and already available for industrial
processes. It is based on the magnetocaloric effect (MC), that is, changes in isothermal entropy/adiabatic
temperature in MC materials associated with the application of a magnetic field [1]. Although other caloric
effects, such as the elastocaloric effect, are interesting for solid-state refrigeration purposes, the MC effect has
concentrated the main interest of the scientific community until now [2].

Among the candidates as MC refrigerants, Magnetic Shape Memory Alloys (MSMAs) are outstanding
functional materials that can experience large MC effect associated with the thermo-magnetically driven
martensitic transformation that they undergo [3]. In particular, giant MC effects have been achieved in Heusler-
type Ni-Mn-X (X=Ga, In, Sn) alloys, leading them to the podium of the MC materials [4]. Although in recent
decades MC materials were thoroughly investigated in bulk form to discover their fascinating properties and
develop applications for energy harvesting, actuators, or sensors, scientific and technological interest is
currently focused on materials with unconventional geometries such as thin films [5]. In this sense, engineering
MSMA in ribbon shape is a successful strategy to manufacture low-cost specimens showing both good
mechanical properties and fast heat exchange as a result of the increase in surface-to-volume ratio.

In this work, we will uncover the advantages and remarkable potential of Ni-Mn-based Heusler-type ribbons
for magnetic refrigeration. We will summarize our latest results comparing their properties with those of the
bulk counterparts, paying special attention to the influence of the specific microstructure of the ribbons on their
magnetic properties.
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Multicaloric effects result from the application or removal of diverse external fields and they are enhanced in
materials with strong coupling between different degrees of freedom. Such a response is synergic when the
monocaloric effects are both conventional (or both inverse) while it is non-synergic when one of the
monocaloric effects is conventional and the other is inverse. Importantly, in all cases the multicaloric properties
do not result from the simple addition of the monocaloric data because there is a contribution from the interplay
between degrees of freedom (cross-coupling term). We will analyse the contribution of such a cross-coupling
term to the multicaloric isothermal entropy change in both synergic and non-synergic materials. We will first
discuss several model examples and then we will illustrate the realistic situation for prototype
magnetostructural materials with synergic and non-synergic magnetocaloric and mechanocaloric effects [1-4].
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The development of high performance magnetocaloric materials is one of the major challenges for magnetic
refrigeration technology, which is considered as an efficient and ecologically friendly alternative to gas
refrigeration. The promising class of materials for magnetic cooling devices is multifunctional Heusler alloys.
Consisting mostly of abundant elements, they possess many multifunctional properties, which depend strongly
on chemical and anti-site disorder.

We investigate the vibrational properties and complex magnetic ordering mechanisms in magnetocaloric
Ni-Mn-(In,Sn) Heusler alloys with different variants of transition-metal atoms distribution by means of density
functional theory (DFT), which provides an accurate and efficient characterization of the relation between
structure, magnetism, and electronic properties in these materials. Through the large-scale DFT calculations
combined with NRIXS and Méssbauer spectroscopy, we were able to disentangle the vibrational contributions
of the main group element in a near-stoichiometric NioMnSn [1]. We showed the evidence that the inversion
of optical modes at I involving the displacement of Ni and the heavier Sn atoms, which was predicted
previously for other Ni-Mn-based Heusler compounds, is also a characteristic property of NizMnSn. Sn partial
vibrational density of states (VDOS) are found to be sensitive to magnetic and chemical disorder on the
transition metal site, which results in a distinctive redistribution and broadening of the Sn-VDOS.

Another example of the impact of the partial disorder can be found in Ni-Mn-In system, where Mn-excess
atoms are introduced on Ni and main-group-element sublattices. Together with Sn-doping, this positional
disorder leads to increasing magnetic inhomogeneity, which results in an effective magnetic decoupling of 4a
and 4b sublattices and different magnetic ordering temperatures for them [2]. Increasing Sn content in Ni-Mn-
(In,Sn) weakens ferromagnetic (FM) Ni-Mn exchange and strengthens antiferromagnetic (AFM) Mny,-Mna,
coupling due to the increasing valence electron concentration. Thus, we found that the revealed composition-
dependent competition of the effective FM and AFM coupling between the sublattices can be tuned by the
variation of the main-group element in combination with the modified 3d metal atoms distribution and be
employed to control the magnetization of the transition metal sublattice. These results show the possibility of
fine-tuning of Heusler materials properties via redistribution of the transition metal atoms caused by deviation
from the stoichiometry and anti-site disorder, increasing the range of their potential applications.
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Rare-earth elements such as neodymium, terbium, and dysprosium are critical to the performance of permanent
magnets which are embedded into hybrid and electric traction motors or wind turbines. To address the supply
risk of those elements, we use machine-learning techniques to search for magnetic materials with less
neodymium content and no terbium or dysprosium content [1]. During this search it is intended that the
performance of the magnet will be preserved.

We developed machine-learning methods to aid materials design by integrating physical models to bridge the
length scale gap from atomistic to micrometer-sized granular microstructures in 2-14-1 permanent magnets.
We use data assimilation to combine data from experiments and simulations to create machine-learning models
capable of optimizing the chemical composition and microstructure of the magnet. We demonstrate (i) a model
predicting temperature dependent intrinsic material properties based on their chemical composition and (ii)
another model predicting the coercive field dependence based on measured x-ray diffraction patterns.

We apply partial-least squares regression, a well understood method similar to principal components analysis,
that aid in understanding and interpreting the outcomes of machine learning predictions [2,3]. A variable
importance factor [4] is computed to demonstrate how specific design variables influence the magnetic
properties.

High-throughput x-ray diffraction measurements on compositionally graded sputtered films were analyzed
with partial least squares regression and the most important peaks for coercivity highlighted. We demonstrate
how high-performance Nd-lean magnets can be realized and characterized using machine learning models.
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Monocrystalline Smji..Zr(Fe,Co)12-,Ti, particles of the ThMni> crystal structure prepared via calcium
reduction of mechanically activated metal oxides at 1200 °C [1] had been recently shown to develop a record-
high room-temperature coercivity of 16.3 kOe [2]. Curiously, these high coercivity values are only attainable
if the ThMni2-type compound (1:12) forms in a Sm-depleted environment following a primary (a-Fe) solid
solution. If, on the other hand, the same 1:12 compound is preceded by a Sm-enriched phase of the TbCuy type
(or a high-temperature phase of the ThoNii7 type [3]), the coercivity in the particles of a similar size reaches
only half of the above value. In this work, products of a partial reduction synthesis, collected after 15-50% of
the time required for the reduction to complete, were subjected to TEM characterization to better understand
the difference in the 1:12 phase obtained via slightly different processing routes that ultimately led to the same
particle morphology but large differences in coercivity. The 1:12 phase formation in the Sm-depleted
environment has been confirmed to occur at the expense of the primary (a-Fe) phase [see Figure (a)]. In
contrast, the 1:12 phase forming alongside the Sm-enriched 1:7/2:17 hexagonal phase initially emerges as very
Ti-rich. Its evolution in this case involves major changes in the chemical composition that may result in an
imperfect crystal structure. A TEM image of particles annealed for 8 seconds indicates that the formation of
1:12 phases is preceded by the 1:7/2:17 phase [see Figure (b)].
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Figure: TEM characterization of Sm-Zr-Fe-Co-Ti nanoparticles produced via incomplete reduction diffusion: (a) superimposed Fe
and Sm element maps of particles reduced for 30 s in Sm-depleted environment — showing 1:12 particles growing at the expense of
(a-Fe) particles; (b) TEM image of particles reduced for 8 s in Sm-rich environment — showing coexisting particles of a-Fe, 1:12 and
1:7/2:17 phases.
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SmFe2-based compounds possess promising intrinsic magnetic properties, even superior to those of Nd>Fe14B
phase at elevated temperatures. However, the challenge is to demonstrate that those intrinsic properties can be
further developed into practically relevant extrinsic ones by proper processing. Our previous work has shown
that hydrogenation disproportionation desorption recombination process can be employed for preparation of
ultrafine-grained SmFei2-based alloys [1]. Here we demonstrate for the first time that milling under high
pressure hydrogen (HPRM in evico magnetics high pressure vial) can be used to obtain even further grain size
reduction via reversible hydrogen absorption-desorption process.

The starting alloys were SmFe11Ti doped with Co, Ga, V and Cu aimed to enhance both the intrinsic and
extrinsic magnet properties. Milling was carried out at 450 rpm under a hydrogen pressure of 100 bar for 5 h
with 10 mm balls and ball-to-powder ratio of 10:1. This results in disproportionation of the SmFe2-based phase
into SmHy, Fe,Ti and a-Fe (Fig. 1a ‘as HPRM). Hydrogen desorption-recombination (DR) process was carried
out at 700 °C - 1000 °C temperatures for 30 min under continuous vacuum pumping. Depending on the
temperature, recombination leads to formation of a phase with ThMni2-type or TbCu7-type crystal structure.
Using subsequent nitriding treatment, it was attempted to obtain strong uniaxial anisotropy. However, Fig. 1b
shows that in the case of Sm(Feo.8C00.2)10.5Gao.2Cuo.3Ti composition, nitriding results in formation of a-Fe as
well as Sm203 and thus low coercivity. Further nitriding process optimization is necessary to avoid soft
magnetic phases as well as oxidation of the fine powders and thus obtain higher coercivities.
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The permanent magnet market, at the current state, is essentially split into two types of materials. On one
end we have cheap but low performing ferrite magnets, on the other end we have the more expensive and better
performing rare earth (RE) magnets. RE magnets play a key role in the transition from fossil fuels towards
renewable energy alternatives, since they are largely used in electric motors, generators and energy converters.
However, more concerns have been risen regarding their supply risks, volatile prices and environmental impact.
One way to reduce the demand for critical materials is to develop a new class of cheap magnets, called “gap
magnets” [1], possessing intermediate properties, that could replace RE magnets in those application that do
not require extreme performances.

Since iron is one of the most abundant elements on Earth, iron-based magnets are desirable for this new
class of materials. FesSiB2 is a noticeable candidate due to its high saturation magnetization and Curie
temperature. However, its magnetic anisotropy energy is too low for practical applications. It has been reported,
both experimentally and theoretically, that the anisotropy energy can be tuned by chemical substitution of Si
or Fe with other elements [2,3]. We synthesized and characterized polycrystalline samples of FesSiB, with
different levels of Ge, Re and Cr substitutions. Here we report on the main magnetic properties of these
compounds, such as Curie temperature, saturation magnetization and anisotropy field as measured by
magnetometry, Singular Point Detection (SPD) and Nuclear Magnetic resonance experiments. The effect of
chemical substitutions on the magnetic properties and their dependence on doping levels will be discussed. In
particular, we show that the temperature dependence of the anisotropy field measured by SPD from RT down
to 77 K indicates that this compound does not have an easy axis of magnetization at high temperature, as
commonly reported in literature [4], but rather an easy plane or easy cone configuration.
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Material optimisation for environmentally friendly caloric applications, such as magnetic refrigeration and
thermomagnetic energy harvesting, may be brought about by the use of magnetocaloric materials presenting
magnetostructural first-order phase transitions, FOPTs. While these materials exhibit large entropy and
adiabatic temperature changes linked to their magnetic-field driven FOPT, in some cases, such as in
La(Fe,Si)13 alloys, magnetization may present a significant relaxation with time at temperatures close to the
phase transition after an applied field is paused [1]. We have conducted a thorough characterization of this
phenomenon in a bulk Fe49Rh51 alloy by designing an experiment that carefully isolates the relevant
parameters involved, such as temperature, magnetic field intensity and magnetic field sweep rate. To this end,
for a set of temperatures below the AFM to FM transition, a magnetic field was applied at intensities close to
the critical field (onset of the AFM-FM transition), and the field sweep rate to reach a given value varied. Then,
after pausing the field at a certain value, the magnetization’s relaxation was measured as a function of time.

As shown in the Figure below, the relaxation time of Fe49Rh51’s magnetization in the AFM state was
observed to last over 1000 seconds when the field is driven at 70 mT/s. In contrast with the behaviour
previously observed in La(FeSi)13, Fe49Rh51 exhibits an increase in the magnetization’s relaxation time as
the magnetic field sweep rate increases. Lastly, we also report on the magnetization’s time derivative
immediately after the magnetic field is halted. It is shown that it exhibits a linear relation with the applied field
for a range of values past but near the critical field, as well as a sweep rate dependent saturation speed for
intensities surpassing this range.
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Figure: a) Profile of the magnetic field applied isothermally to an Fe49Rh51 sample in the AFM state, driven at different magnetic
field sweep rates. b) The resulting relaxation of magnetization over time. As the magnetic field sweep rate is increased, an increase
in relaxation time is observed.
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Controlling magnetism and magnetic properties by applying small voltages have been vigorously pursued in
magneto-electric actuation, spintronics, information processing and data storage due to its ultralow power
consumption. However, in ferromagnetic metals and alloys, which are core materials in important technologies,
the control of magnetic properties has been limited to the scale of atomic layers in surface/interface due to
strong electric field screening and the change of magnetism are usually small [']. Recently, we proposed the
concept of controlling magnetism through electrochemically-driven insertion/extraction of hydrogen atoms
into/from interstitial sites of metal structure. The uniqueness of this concept lies in controlling the absorption
and desorption of electrically neutral hydrogen atoms by means of electrochemical potentials. We showed that
by applying voltages of 1 V, the magnetocrystalline anisotropy and coercivity of Sm-Co permanent magnets
in micrometer-sized powders can be reversibly altered by more than 1 T [!i']. For the first time, voltage-
assisted and -controlled magnetization reversal has been achieved at room temperature in permanent magnets.
However, there are still challenges for this approach. Firstly, the aqueous electrolyte that provides hydrogen
atoms will be difficult to be integrated into devices. Secondly, the dynamics of the tuning process and the
mechanism behind the huge change of magnetic properties remain unclear. Targeting these challenges, in this
talk we have dispensed with the use of aqueous electrolyte and developed the solid-state electrochemical
system to realize the voltage-control of hydrogen insertion/extraction in a completely solid-state system. This
enabled us to reversibly manipulate the coercivity by a magnitude of more than 2 T and the switching time can
be reduced to milliseconds. Our work may take the voltage-control of magnetism truly beyond the field-effect
devices, which can enable the development of novel magnetoelectric devices

References:
[1] F. Matsukura, Y. Tokura, H. Ohno, Nature Nanotech.10, 209-220 (2015).
[2] X.L.Ye, H. Singh, H.B Zhang, H. GeBwein, M.R. Chellali, R. Witte, A. Molinari, K. Skokov, O. Gutfeisch, H.
Hahn, R. Kruk. Nature Comm. 11, 4849 (2020).
[3] X.L.Ye, F.K. Yan, L. Schaefer, D. Wang, H. GeBwein, W. Wang, M.R.Chellali, L. Stephenson, K.
Skokov, O. Gutfleisch, D. Raabe, H. Hahn, B. Gault, R. Kruk. Adv. Mater. 33, 2006853 (2021).

32



SYMPOSIUM 01. ORAL PRESENTATIONS 13y[MS

Cu-doped Sm-Co Alloy Nanopowder Prepared by Induction Thermal
Plasma Process
Kwangjae Park’, Yusuke Hirayama'", and Jian Wang'
! National Institute of Advanced Industrial Science and Technology (AIST), Nagoya, Japan

*hirayama.yusuke@aist.go.ip

For developing high-performance permanent magnets, particle size refinement is the one way to exploit the
potential of the compounds. The mechanical milling process and chemical synthesis method are widely used
to prepare fine rare-earth (RE) alloy particles [1, 2]. Among the various methods, the induction thermal plasma
(ITP) process [3], which is a gas evaporation process, is a unique method to prepare the RE alloy nanopowder
with sizes smaller than 300 nm.

In the previous study, the Sm-Co alloy nanopowder was successfully synthesized by the ITP process [4].
The anisotropic magnetic behavior and the particle formation mechanism of the Sm-Co nanopowder were
demonstrated by the experimental results and numerical analysis. Using this Sm-Co nanopowder as a starting
material, the isotropic nanocrystalline Sm-Co bulk magnet with a giant coercivity of 5.2 T and remarkable
thermal stability was successfully consolidated [5]. The outstanding magnetic properties resulted from the well-
organized microstructure with better crystallinity obtained by using the Sm-Co nanopowder. However, the
prepared Sm-Co “nanopowder” by the ITP process consists of only 36.7 wt% of the SmCos phase. In order to
increase the content of the SmCos phase and obtain the magnetically harder nanopowder, Cu doping into
SmCos is effective way since the solidus line of the SmCos phase is shifted to a lower temperature region by
doping Cu into the Sm-Co alloy [6]. Therefore, in this work, the third element Cu was doped to prepare the
Sm-Co nanopowder as close as single-phase by decreasing a composition distribution.

The Sm-Co-Cu nanopowder was prepared by the ITP process using the mixed raw powders in the ratio of
Sm:Co:Cu=1:4.5:0.5 at%. The X-ray diffraction (XRD) profile of the Sm-Co-Cu nanopowder indicates that
almost only the SmCos phase was detected as an alloy phase. From Rietveld refinement, the Sm-Co-Cu
nanopowders yielded a SmCos phase content of ~60 wt%, about 1.6 times that of the Sm-Co nanopowder
synthesized without Cu doping. Scanning transmission electron microscopic (STEM) observation clearly
showed the formation of the Sm-Co-Cu alloy particles. The coercivity of the Sm-Co-Cu nanopowder was
measured as 1.9 T at 300 K. The Sm-Co-Cu nanopowder magnetic aligned by an external magnetic field of 2
T displayed sufficient crystallographic orientation. In addition, the Sm-Co-Cu nanopowder has better
anisotropic magnetic behavior compared to that of the Sm-Co nanopowder without Cu doping. Based on the
results, we suggested that the ITP process has a high potential to prepare not only binary but also ternary RE
alloy nanopowder for developing high-performance permanent magnets.
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SmyFe17N3 compound is a promising candidate material that possesses high saturation magnetization, high
Curie temperature, and high anisotoropy field being a potential competitor for Nd-Fe-B magnets at elevated
temperatures. Although it has been said that this compound is extremely difficult to consolidate into bulk
magnets, we recently reported that high-coercivity SmoFe17N3 sintered magnets can be produced by
development of what is called low-oxygen powder metallurgical processes [1]. Quite recently, Toyota motor
corporation reported a possibility that saturation magnetization and anisotropy field can be improved by doping
of Ce, La and Co to SmoFe17N3 compound [2]. However, the saturation magnetization for Ce-free SmaFe17N3
is 1.51 T for SmyFe17N3 in the patent embodiment which is not as high as the already reported value (1.57 T)
in the liretrature. This is probably because the nitridation in the patent embodiments was carried out by nitrogen
gas. It is quite possible that nitridation is imperfect in that work since the nitriding ability of nitrogen gas is
inferior to that of ammonia. In this work, Ce-doped SmzFe17N; powder was nitrided by ammonia gas so that
the nitrogen concentration is precicsely controlled to exploit the full potential of the intrinsic properties of the
magnetic powder truly has.

Raw coarse Ce-doped SmoFei7 powder was supplied from Toyota motor corporation. A part of the powder
was nitrided by mixture gas of ammonia and hydrogen to produce (Smi.xCex)2Fe17N3 powder. The other part
of the powder was pulverized by jet-milling or ball-milling to reduce the particle size down to 1.3 ~ 3.0 um.
A part of the pulverized powders were subjected to magnetic alignment and direct current sintering. The
obtained pulverized fine powders and sintered magnets were subjected to the characterizations of laser-
diffraction particle size analyzer, oxygen-nitrogen analysis, scanning electron microscope (SEM), X-ray
diffractometry (XRD), vibrating sample magnetometer (VSM) equipped with superconductivity magnets with
maximum field of 90 kOe.

In both the properly nitrided coarse powder and fine powders, it was confirmed that Sm>Fe7N3 structure
was obtained by X-ray diffractometry. VSM measurements also revealed that the (Smo.sCeo.2)2Fe17N3 powder
exhibits the saturation magnetizatoin at room temperature is 169.9 emu/g, being superior to that of the
SmyFe7N3 compound (163 emu/g). Among the several pulverized powders, one of the powders exhibited Hc
= 8.4 kOe and (BH)max = 34 MGOe. However, it was found that the improved saturation magnetization by Ce
doping cannot be kept high after pulverization processes. In fact, the magnetization degradatiaon became more
serious when the pulverized powder was sintered. Consequently, the (BH)max of the sintered magnet exhibited
18 MGOe, which is not as high as the ones for dopant-free Sm>Fe7N3 magnets previously produced by our
low oxygen powder metallurgical processes [3]. Although the sequences of nitridation and pulverization was
changed to see if possible improvement of performance, it was found that the process route wherein pre-nitrided
coarse powder was pulverized by jet-milling was able to produce the powder having the highest (BH)max and
coercivity.
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Since the discovery of the fingerprint [1] of first-order thermomagnetic phase transitions (FOPT) in the
magnetocaloric response of materials, the so-called exponent n quantitative criterion, the community has been
applying it to evaluate their newly developed materials and performance [2]. This criterion is not limited to
any theoretical model, does not require a fitting procedure, enhancing its versatility and, at the same time,
eliminated the ambiguities encountered by the conventional methods when evaluating the order of phase
transition (such as the presence of thermal hysteresis, universal curve scaling, and Banerjee’s criterion). Aside
from addressing these limitations with the FOPT fingerprint, i.e. an overshoot of n>2 near the transition,
exponent n also achieves another breakthrough: identifying the critical point where the first-order crossovers
to second-order phase transition (SOPT). This is a crucial regime for many high-performance magnetocaloric
materials as it combines the advantages of both FOPT and SOPT, i.e., large MCE without hysteresis. A
different viewpoint on this advantage might contend that identifying the location of the borderline can be
difficult.

In this talk, we present the exponent n criteria to address the ambiguities faced in studying high-performance
La(Fe,Mn,Si);3H and Mn-Fe-P-Si magnetocaloric materials undergoing magnetoelastic transitions: (i)
exhibiting very low hysteresis [3] and (ii) with the presence of impurity magnetic phases near the FOPT [4],
respectively. For case (i), the least hysteretic sample has a strong resemblance to SOPT characteristics but
demonstrates a FOPT character according to the n criteria [1,5]: FOPT fingerprint of n>2 overshoot and n at
the transition temperature, Nipansition, P€low 0.4 (equals to 0.37). This slight difference in the ni apsition Values
denote close proximity to the critical point, which also explains the least hysteresis observed in the series.
These claims will be supported by complementary data. In case (ii), as n = 1 at ferromagnetic state, the
presence of magnetic impurities near the temperature range where FOPT occurs affects the overshoot
associated to the FOPT: the existence of an overshoot remains, but it reaches a different maximum value, as
demonstrated with numerical simulations.
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Spin Seebeck effect (SSE) [1] is referring the thermoelectric conversion via a magnon current in magnetic systems,
where a thermoelectric voltage is generated in a direction perpendicular to the temperature gradient. SSE has potential
to offer efficient thermoelectric devices because the transverse geometry of SSE enables to utilize waste heat from a
large-area source by greatly simplifying the device structure. However, for widespread application, the thermoelectric
conversion efficiency of SSE needs to be further improved. In this work, we show that the SSE substantially enhances
by oxidizing a ferromagnet in normal metal/ferromagnet/oxide structures. In W/CoFeB/AlOy structures, voltage-
controlled interfacial oxidation of CoFeB modifies the SSE, resulting in the enhancement of thermoelectric signal by
an order of magnitude. We describe a mechanism for the enhancement that results from a reduced exchange interaction
of the oxidized region of ferromagnet, which in turn increases a temperature difference between magnons in the
ferromagnet and electrons in the normal metal and/or a gradient of magnon chemical potential in the ferromagnet. Our
results will invigorate research for thermoelectric conversion by suggesting a promising way of improving the SSE

efficiency.
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Magnetoelectric (ME) heterostructured materials with strain-induced coupling between ferroelectric and
magnetostrictive components provides the larger converse ME coupling for low energy consumption
applications [1]. In this contribution we present the ME properties of crystalline FeGa films grown on PMN-
PT crystals with (110) and (001) cuts. FeGa alloys, around the galfenol composition, are interesting because
of their large magnetoelastic coupling, with low magnetic anisotropy values which tend to conceal strain-
induced effects. Crystalline layers are obtained at the growing temperature of 150 °C using a MgO buffer layer.
FeGa films on the (001) crystal surface grown on the (001) plane and display a large inverse ME coefficient
above 107 s/m [2], with the easy direction switching between in-plane [100] and [010] directions by the
application of an external electric field, which activates a uniaxial anisotropy (see Figure 1). The films
deposited on (011)PMN-PT display the (112) surface and an intrinsic uniaxial anisotropy where the sign
depends on the composition of the layer through the sign of the magnetoelastic stress B, and the residual strain.
The effect of the induced strain is weak and appears as minor modifications of the coercive field or the remanent
magnetization.
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Figure 1. Left: Squareness, Sk, as a function of the angle after applying a positive (0+) and negative (0-) pulse of electric field. Right:
Sk and the inverse ME coefficient as a function of the applied electric field.
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Significant progress has been made in recent years to improve voltage-driven ion motion rates and
cyclability, which are the two main bottlenecks to exploit the full potential of magneto-ionics. This has been
achieved by proper selection of moving ion species (0>, N°~, H*, F, etc.), target materials, heterostructure
designs, and voltage actuation protocols. However, room-temperature oxygen magneto-ionics is still too slow
for relevant applications. Improvements are still required to further increase oxygen motion speeds and to
reduce the required threshold voltages. In particular, for electrolyte-gated magneto-ionic films of tens of
nanometers in thickness, voltages of several tens of volts are often needed [1].

In this study, we demonstrate that oxygen motion in electrolyte-gated 15 nm-thick Co oxide film is
significantly increased via ‘electrolyte engineering’. In other words, we tune the composition of the electrolyte
instead of manipulating the Co oxide thin film or the working conditions, which is the most referenced pathway
to improved magneto-ionics in literature. In particular, potassium iodide (KI), potassium chloride (KCl) and
calcium tetrafluoroborate (Ca(BF4)), are added to anhydrous propylene carbonate (PC) to modulate the ionic
strength and, in turn, the electric field at the Co oxide/electrolyte interface by means of the built-in electric
double layer. Specially for Kl-containing PC, a 35-fold increase of the magneto-ionic rate is observed as
compared to plain PC, and importantly, under a relatively low bias voltage of —1.5 V [2]. The time evolution
of magnetization has been experimentally followed and quantified for each case. The formation of metallic Co
clusters upon negative biasing of the Co oxide film is probed by X-ray photoelectron spectroscopy. Ab initio
molecular dynamics simulations support the observed findings, namely that the effects observed for KI are
greater than for KCl, which is a result one would not expect a priori.
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First-order phase transition materials, such as all-d-metal Ni(-Co)-Mn-Ti Heusler alloys [1], are highly
promising candidates for energy-efficient solid-state refrigeration as large multicaloric effects can be achieved
upon driving the respective phase transition with an external stimulus. However, first-order materials suffer
from reduced cyclic caloric effects, mechanical failure due to large volume changes, and hysteresis losses.

In this work [2], we investigate the hysteresis losses at cryogenic temperatures using Ni(-Co)-Mn-Ti as a
model material system. We analyze the responses of the magnetic, structural and electronic subsystems to the
temperature- and magnetic field-induced martensitic transformation, showing an abnormally increased
magnetic hysteresis width at cryogenic temperatures (Fig. 1 (a)). Based on this, we reveal the detrimental effect
of hysteresis losses on the adiabatic temperature change, leading to substantial irreversible heating of the caloric
material (Fig. 1 (b)). Most importantly, this phenomenon is universal, it applies to any first-order material with
hysteresis, effectively limiting their utilization for gas liquefaction at cryogenic temperatures.
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Figure 1: (a) Temperature- and magnetic field-dependent phase diagram of Ni33.7C0148Mn3s 4Ti16.1 With austenite finish 4y, martensite
start M, thermal hysteresis width T, and magnetic hysteresis width Hpy. (b) Temperature dependence of the adiabatic temperature
change 47, in Nis37C0148Mn3s.4Ti161 measured with pulsed magnetic fields and determined with s(7) based on ¢, measurements
(4Tsmp) in a magnetic field change of 14 T. The estimated effect of dissipation losses is given by 474, The upper limit is neglecting
and the lower limit is considering adiabatic boundary conditions. The zero-field martensite to austenite transformation temperature
is given by T;or. The inset shows the magnetic field dependence of the measured adiabatic temperature change for a pulsed magnetic
field of 20 T at 15, 90, and 170 K.
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Nowadays, building thermalization is a widespread human necessity, accounting for 28% of energy-related
carbon dioxide (CO2) worldwide emissions.[1] These CO2 emissions are a major contributor to climate change,
which has become one of the biggest concerns of humankind.[2] Thus, the growing energy-saving and
environmental protection demand have prompted the development and implementation of more energy
efficient and environmentally friendly thermalization technology. In this regard, remarkable efforts have been
focused on the implementation of passive thermal regulation systems, that can be incorporated directly into
windows,[3] roofs, or walls of buildings and operate without the need for electricity.[4] Here, it is demonstrated
that the heat generated by the sun is sufficient to produce a partial spin transition in an spin crossover (SCO)
material. SCO materials exhibit a reversible transition, between the high spin and low spin electronic states
through the application of external stimuli such as temperature.[S] This SCO leads to a cooling effect with
respect to other materials, due to an increase in light reflection resulting from the color change (from pink to
white) and the energy absorption associated with the spin transition. In addition, when the material is cooled,
a dampening of the temperature decrease is produced due to the energy release associated with the spin
transition. Therefore, these materials can be used to reduce temperature fluctuations, and could potentially be
implemented for passive temperature control in buildings. Interestingly, SCO materials are remarkably stable
upon cycling and highly versatile, allowing for the design of compounds adapting the intended properties
(transition temperature and hysteresis) for the desired climatic conditions and comfort temperature.

- Figure 1. a) Compounds employed in the experiment: 1 (that displays
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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 [1]. 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. 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, 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. We chose to work around the second order transition because, 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. Finally, we reduced the compounds to powders and we
realized some rotor-shape functionalized graphene-based composites [3] to test them directly on a thermomagnetic
generator developed in situ.
The wide tunability of the magnetic interactions and critical temperatures of the synthesized Heuslers have
been investigated, revealing the potential 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 efficiency of the thermomagnetic generator will be also
discussed.
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Figure: (left) magnetic measurements of the three Heusler compounds NiMnSn (blue), NiMnlIn (red), NiMnCuGa(green). In the
left graph are reported the magnetic susceptibilities over temperature with an applied field of 10~ T, and in the right graph are
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materials tester.
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Magnetic refrigeration, one of the most promising alternatives to conventional cooling/heating technology,
makes use of magnetocaloric effect (MCE) which is maximized in materials that exhibit a strong
magnetovolume coupling associated with first-order phase transitions (FOPTs), such as Gds(Si,Ge)s and
La(Fe,Si)13 [1]. In order to optimize a magnetic heat pump efficiency, one approach is to enhance its frequency
—and for that the fundamental knowledge about the time required for the materials to undergo these FOPTs is
crucial. From recent litereature, it has been demonstrated that magnetic transitions can range up to 100s and
strongly depends on the sample shape, temperature and magnetic field [2]. Since FOPT transitions occur in
strong spin-lattice coupled materials, it is expected that, in parallel with the magnetization time-dependent
evolution, there must be a crystal structure time-dependent evolution.

In this work, we present for the first time (to the best of our knowledge) time-dependent evolution of the
cubic structure of a LaFe11.6Si1.4 sample across its magnetovolume transition probed by Synchrotron XRD as
a function of temperature, magnetic field, time, and direction of the transition. The time-scales and the
evolution profiles of the lattice parameter as a function of time (Figure 1 b)) are shown to strongly depend on
the field and temperature. Remarkably a strong asymmetry was also observed between the timescales of the
transition triggered by increasing field (typically few hundreds of seconds) versus decreasing field (below 1
second). Through free energy estimates of a compressible Ising model system [3], it is shown that this
assymetry correlates with the free energy barrier between stable and metastable states. In the field decreasing
process, this barrier is small, or even non-existent, in contrast to the field increasing process.
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Being driven by rapidly increasing demand for new high-tech and energy-efficient cooling devices, the
multi-stimuli responsive functional materials with a strong interplay between their structural, magnetic, and
electronic degrees of freedom have been recognized as a new family of promising materials for applications in
emerging alternative solid-state refrigeration technologies [1]. In this context, materials with a first-order phase
transition, where an application of the different generalized thermodynamic forces/fields is accompanied by
large discontinuities and abrupt changes in their conjugate variables are of particular interest. For rational
design of these materials, it is vitally important to know in detail, how different subsystems of the solid
interplay during the transition, which system triggers the phase transition and how this mutual entanglement
interaction can be responsible for the resulting magnetocaloric effect.

Our work shows a new pathway to disentangle the interplay between the structural, magnetic and electronic
degrees of freedom, and is the next step towards a complete understanding of the driving forces of the transition,
together with comprehension of the origin of thermal hysteresis in magnetic phase-change materials. We have
built several original experimental setups for simultaneous measurement of macroscopic physical properties
(magnetization, magnetostriction, resistivity, temperature change) in isothermal or adiabatic conditions [2],
[3]. These devices were used for study materials with first-order magneto-structural phase transitions, such as
La(Fe,Si)13 (Fig. 1), Heusler alloy, FeRh and RCo», where the quantitative determination of elastic and
magnetoelastic coupling constants is indispensable to understand the nature of field- and stress-driven phase
transformation.
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Figure 1: (a) field dependences of magnetization and (b) field dependences of magnetovolume effect, both measured simultaneously
on polycrystalline LaFe; 4Sii 6
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The current refrigeration technology, based on gas vapour-compression cycles, damages the ozone layer and
is reaching its technical limits of efficiency. On the other side, solid state refrigeration technology based on
magnetocaloric (MC) materials is one of the most promising green technologies to replace conventional
processes. In this way, Ni—-Mn-based Heusler alloys exhibiting both long-range magnetic ordering and
thermoelastic martensitic transformation (MT) have been intensively investigated over recent years due to their
magnetocaloric properties [1,2]. However, there are important challenges to solve such as the reduction of the
energy losses linked to both thermal and magnetic hysteresis and the achievement of reversible transformations
with even higher MCE. In this work, different strategies have been used to decrease the thermal hystéresis
(~15-20K) in NiMnInCo metamagnetic shape memory alloys. In particular, the composition,the long-range
ordering and size and microstructure of the particles will be analyzed.

The change of the chemical composition (adding Cu) combined with an adecuate thermal treatment to promote
long-range atomic ordering, decreases the thermal histérisis of bulk alloys from 20-15K to 6-7K [3]. This
chemical and structural modifications enhance the crystallographic compatibility between austenite and
martensite, bringing about a remarkable reduction of thermal hysteresis. Also, the ordering increases the
magnetization of the austenite without changing the transformation temperatures, doubles the sensitivity of the
transformation to magnetic fields (the Claussius-Clapeyron slope increases from 2.1 to 3.9 K/T), and improves
the magnetocaloric effect, the reversibility and finally, enhances the refrigeration capacity [3]. Subsequently,
microparticles have obtainded by hand crash. The high density of microstructural defects induced by grinding
have been recovered and quasi-monocrystalline particlles were obtained. This last step allow to reduce the
thermal hysteresis from 6K (Bulk) to 3K.
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Magnetic-shape-memory (MSM) Heusler compounds are promising for a variety of applications in
actuating, sensing, energy harvesting, spintronics and multicaloric cooling technologies. Multifunctionality of
these materials originates from a reversible martensitic phase transformation, which is typicaly accomponied
by some undesirable characteristics (e.g. thermal hysteresis and broad transition). Those prevent full
exploitation of MSM materials towards applications [1 and references therein].

Over the last decade, we have investigated martensitic phase trasformation of Ni-Mn-Ga MSM Heusler
films for gaining a comprehensive insight into the effects of different factors, processes and stimuli such as the
lateral size, film thickness, martensitic interfaces, twins and solid-state dewetting process on the phase
transformation of the material [1-5]. These can eventually help us designing the material with an optimal phase
trasformation characteristics.

In this study, we apply indentation forces by a Berkovich tip covering two orders of magnitude (0.1-10.0
mN) as the sources of explicit deformations in epitaxial Ni-Mn-Ga films on MgO(001) substrate. We evaluate
the nucleation, growth and annihilation of the martensitic phase in the nanometric and micrometric scales by
atomic/magnetic force microscopy imaging in temperature as a function of a series of indentation forces and
different distances from the indents. The focus of the work is to study the links between the indentation force
and the local impacts of the indents on the martensitic transformation route of the material.

We observe a local increase of the martensitic transformation temperature (up to around 5 K) as a function
of the applied forces that follows a non-linear regime, reaching a plateau by increasing the applied force. The
observed effect is local and almost disappears for distances longer than 500 nm from the deformed regions
around the indents called pile-ups beyond which the material transforms similarly to the pristine sample. The
local increase of transformation temperatures as a function of nanoindentation forces occurs in both the cooling
and the heating curves. Therefore, no considerable thermal hysteresis variation is observed in the transition of
the material. The major portion of the temperature increase is obtained at the martensite-fraction range between
zero to fifty percent, resulting in “broadening” of the transition close to the indents. The results are discussed
by highlighting the shear mechanism of the martensitic transformation and the pinning effect of the substrate
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The demand for small, lightweight, and autonomous power supply generators to sustain low-power wireless
sensor nodes, wearable devices, and implants has been continuously rising for more than one decade. At the
same time, as the cheapest, and most ubiquitous energy source available in anthropized environments is
ultralow waste heat (i.e. in a temperature range from 25°C to 80°C) [1], its efficient scavenging represents a
key, and urgent technological goal. Recently, a self-actuating thermomagnetic generator (TMG), using as an
active substance a 5 pm Heusler film, and working over a 138°C temperature difference, has been reported [2].
Its power-output of 118 mWecm™>, surpasses the state-of-the-art of small scale powering solutions, mostly
relying on thermoelectric generators [2].

Here we present a TMG prototype somewhat inspired by the one reported in [2] but scaled down in size,
and working over a smaller temperature gradient. Reducing the temperature difference while keeping a high
power output has been obtained through improved thermal management. Working over 20°C, at 100 Hz, we
estimate an available power of the order of 10 mWem™. From this standpoint the device is an excellent
candidate for ultralow heat harvesting. The size has been scaled down through optimization of the field source
making the device the smallest and lightest TMG prototype reported so far. To do this we used a thick, free-
standing, flexible, Gd film [3], jointly with a patterned NdFeB hard-magnet film [4] to get highly confined
fields, with strong gradients, over displacements of tens of micrometers. Combining the properties of the Gd
film and NdFeB micro-magnets, we identified the optimal size and elastic force to get the micro-device
working through a self-oscillating (i.e. fully autonomous) cycle driven by a suitable balance between elastic
and magnetic forces. Mechanical to electric energy conversion is obtained through a laser-cut piezoelectric
spring. Experiments show that a frequency up to 100 Hz is achievable working over a small temperature
difference, with the hot side at 30°C and heat sink at 10°C. This result is a key step towards higher output
power. We shall present the main characteristic of the device with a particular focus on its self-actuating
dynamics, and on the prospects to achieve further improvements of its throughput.
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The development of heat flux sensors based on planar architectures as well as thermoelectric modules for
energy harvesting and efficient cooling can benefit from the research on transverse thermoeletric effects [1].
In this framework, Fe-based compounds and alloys play a fundamental role because of their relatively large
anomalous Nernst effect (ANE) thermopower, their availability and ease of being produced in thin films [2].
Recently, the ANE of Feio0-xGax has been investigated as a function of the Ga concentration [3], with the
thermal gradient along the in-plane direction and the magnetic field along the out-of-plane direction of of the
film under test.

In our work, we investigate the ANE thermopower of Fei0oxGax films and we compare their values with
those of polycrystalline bulk samples, with Ga concentrations in the range x = 18-30. We adopt a measurement
configuration whose geometry is compatible with the design of heat flux sensor devices. This includes the
measurement of the ANE voltage dependence on the heat currents through the surface of the sample, in the
out-of-plane direction, and the temperature dependence of the ANE thermopower for typical working
temperature values. By assuming the value of the thermal conductivity of the active material as equal to 15
WK 'm!, we find a value of the ANE thermopower equal to -2.9 yV/K in a 200 nm thick Fe70Gaso film,
compatible with the highest values reported so far in the literature [2,3,4].
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have been measured at magnetic remanence (red dots on the loops). ¢c) ANE thermopower from the same sample at room temperature
and at 50°C.
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Magnetocaloric refrigeration attracts a lot of attention since it can be more energy efficient and
environmentally friendly than current vapor compression technology. Many efforts are guided towards a
reduction of the thermal hysteresis to enhance the cyclic magnetocaloric effect in first-order materials. An
alternative solution has been proposed, which benefits from the thermal hysteresis by using two stimuli
(magnetic field and uniaxial stress) to trigger the phase transition in a multicaloric material [1].

In this work, we present the material development for tailored chemistry and microstructure for the multi-
stimuli cooling cycle. We follow different approaches for an increased mechanical stability for reliable cyclic
performance combined with optimum thermal hysteresis width and large caloric effects:

(1) Tailoring microstructure by processing, where we use Ni-Mn-In Heusler alloys to produce samples with
different grain sizes and degree of texture to study the influence on mechanical stability and stress-sensitivity
of the phase transition. We can achieve for Ni-Mn-In a cyclic multicaloric effect of 4.1 K'in 1.9 T and 55 MPa,
which exceeds the corresponding magnetocaloric effect by more than 200 % [2]

(2) Tailoring microstructure by doping, where we introduce secondary phases in Ni-Mn-In to study
mechanical stability and caloric response reaching a stable elastocaloric effect over 16.000 cycles [3,4]

(3) Using mechanically stable Ni-Co-Mn-Ti with intrinsically strong chemical bondings and developing
thermal hysteresis and caloric effect by chemistry and processing [5].

In order to test the developed materials under application near conditions, we developed a novel multicaloric
testbed which allows the direct measurement of the multicaloric material performance in an “exploiting-
hysteresis cycle”. Using this purpose-built device we study the multicaloric performance of FeRh under
different pulsed magnetic fields and uniaxial loads. We demonstrate that in FeRh a cyclic multicaloric effect
of 2.5 K can be achieved whereas its magnetocaloric counterpart in similar fields is negligibly small.
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Permanent magnets are behind the operation of countless devices, including many of the modern
technologies enabling the transition towards a climate-resilient sustainable green future, such as wave and wind
power generators or electric vehicle motors. When seeking for maximizing the energy efficiency while
minimizing the size (weight) of these devices, magnets based on rare-earth elements (REEs) are preferred.
However, the REEs used in permanent magnets (e.g., Nd, Dy, Pr, ...) have long held the top positions on the
list of the most critical materials with the highest supply risk, and the situation is only expected to worsen, with
the EU forecasting a tenfold increased demand by 2050.[1] In this framework, booting the recycling rates of
REE magnets and optimizing the current recycling procedures is crucial to ensure the sustainability of clean
energy production and use.

Recycling NdFeB magnets from end-of-life (EOL) products is a promising solution to meet the high demand
expected for the coming years while minimizing the harmful environmental impact of REEs extraction. The
present study employs NdFeB powders recovered from household appliances through HDDR (Hydrogenation-
Decrepitation-Desorption-Recombination). A common procedure after the HDDR treatment is jet-milling the
obtained NdFeB down to grain sizes of 3—5 pm, which may be then aligned, compressed and sintered to
manufacture fully-dense recycled magnets.[2]

In the present work, we have explored an alternative method to the costly jet-milling procedure. The two-
step milling protocole developed here has allowed reducing the NdFeB average grain size down to 4.83 pm,
which is competitive compared with the values attained by jet-milling, while in an attempt to simplify the
process, the powders have been manipulated in air. The NdFeB powders have been extensively studied before
and after the various steps. Rietveld analysis of powder X-ray diffraction (PXRD) data and X-ray absorption
spectroscopy (XAS) have allowed following the changes in composition, microstructure, local structure and
crystallite size, unravelling the formation of Nd-rich phases (oxides and hydroxides) and other secondary
phases, while field-emission scanning electron microscopy (FE-SEM) and confocal Raman microscopy (CRM)
measurements have unveiled the sample morphology and the distribution of secondary phases.Air exposure
yielded a partial oxidation of the material (estimated below 10%) but we have been able to confirm that most
NdFeB remains in a metallic state. Ongoing work includes the reduction and re-structuring of the oxidized
recycled powders back to pure metallic NdFeB with the correct microstructure.
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Fe50Rh50 alloys are known to have a B2 ordered structure with an antiferromagnetic (AFM) to ferromagnetic
(FM) transition at near room temperature. The transition is isostructural with about 1% change in volume and
is accompanied by giant magnetoresistive and magnetocaloric effects 1. The majority of the previously
reported works do not provide extensive local atomic structure investigations. Thus, the structural
characteristics of the alloy at the AFM or FM states remains controversial 2. Since FeRh alloys can be
considered as amember of betta alloy series (CdAu, TiNi, Fe-C, etc...), it is expected that they present a
premartensite structure followed by a martensite structure upon cooling at cryogenic temperature®l. The
martensite was also predicted by extensive first principal calculations>*. However, so far, no evidence has
been given regarding the formation of either pre-martensite or martensite structures in the FeS0Rh50 alloy.
Therefore, in the present work, we use various TEM techniques (CTEM, HRTEM, STEM (HAADF), and EDS)
to investigate the FeRh 50/50 alloy nanostructure locally. Our HRTEM results clearly show systematic
presence of modulations along three principal directions ([001], [-110], and [111]), while the overall structure
of the alloy still match perfectly with the B2 structure. The modulations are present along certain reflexes (100
and 110), as is confirmed by further HAADF-STEM imaging. High resultion HAADF data also showed that
the modulations are caused by displacement of Fe and Rh atoms. Such displacement is belived to be caused by
phonon softening along [110]. We confirmed this using dnesity functional theory (DFT) calculation. From our
results, we conclude that the B2 alloy of FeRh 50/50 at the AFM state possess a pre-martensite structure.
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With an increasing concern for climate change, many countries have transition to green energy sources and
electric transportation as one of their priorities. It causes a spike in demand for high-performance permanent
magnets (PM), which are used in large amounts in wind turbines and electric motors. At the same time, all the
high-performance PM currently in use contain rare-earth (RE) elements, which brings another set of problems.
REs are subject to high supply risks, with their prices being high and unpredictable, are not recycled efficiently,
and are often mined with a high risk for the environment. Hence, there is a growing interest in finding new RE-
free or RE-lean magnetic materials, which should still demonstrate similar high performance.

We have introduced high-throughput and data mining density functional theory (DFT) approach to the
search for RE-free PMs [1]. Filtering through the Inorganic Crystal Structure Database (ICSD) of materials
preciously synthesized experimentally, we are looking for the materials with ferromagnetic (FM) ground state,
high saturation magnetization (Ms > 0.5 T), high uniaxial magnetocrystalline anisotropy (> 1 MJ/m?), and high
Curie temperature (Tc > 400 K). When a promising material is found, an attempt is often made to improve its
characteristic by various element substitution.

A combination of a 3d- and a p-element of the periodic table was considered in our recent work [2]. Here,
we looked specifically into three of the materials found as a result of the high-throughput search in an attempt
to improve some of their properties. Those are FeoC, Mn;MoB4, and MnoWB4 (black squares in Fig. 1). For
example, Fe>C, with its good magnetic characteristics of Ms=1.31 T, MAE = 0.8 MJ/m?, and Tc = 900 K, is
reported to be unstable. We have attempted to improve its stability by alloying it with the other magnetic
elements. The optimal additional element was found to be Mn, as it improved the stability, along with all the
magnetic characteristics (see the purple pentahedron in Fig. 1) [2].

7 T T

T 4 T
PtFeCe
P PL,CoNi 8
p Nd,Fe, B
&r ° . 45
s CoPt
E ¥ -4
=
<3 3
= sm.Co,;
2 |-MnAl LiFe,Ge * (Feg7sMng 250, 13
: B
. MnBi . .
u ®
1 Mo we? Zr,Ca, HiCe, MnyCo.Ce |
L] n Fe.C
Mn.MoB,
g | X

& L . - 0
0.6 08 1.0 12 14 18 18
Saturation magnetization (T)

Figure 1: MAE and saturation magnetization of the materials discovered as a result of our data-mining searches. For comparison,
red hexagons show the data for some of the currently used RE permanent magnets and several RE-free PM
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The L1o-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 L1, phase is extremely challenging owing to the low atomic mobility below the chemical order/disorder
transition temperature that kinetically limits the formation of the L1, 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 L1, phase [3].

To overcome current limitations, we exploited an effective and easily scaled-up chemical synthesis method, already
successfully applied for other L1, alloys [4], which is based on the use of crystalline precursor complexes consisting of
an ordered arrangement of the elements on alternating atomic planes that resembles the atomic arrangement of the L1o
structure. The perfect atomic order of the precursors allows reducing the energy required to order the atoms thus driving
the formation of the L1y phase that can be obtained by low- temperature reduction in H, atmosphere. To apply this
concept to the L1y FeNi alloy, crystalline Ni-Nitroprusside complexes with a 1:1 ratio of Fe and Ni were used as
precursors [5]. Carbon coated FeNi alloy nanoparticles (20 — 120 nm) with a >55 % of L1, phase (as determined by
Mossbauer analysis), quite high coercivity (up to 65 mT) and large saturation magnetization (~ 135 Am?*kg, close to the
bulk value) were obtained in the best experimental conditions. Despite the coercivity is still far from optimal for a high-
performance permanent magnet, the results clearly prove the effectiveness and high potential of the developed strategy,
which can be exploited, after further optimization, for mass production of highly ordered L1o-FeNi nanoparticles for next
generation critical-element-free permanent magnets.
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Figure: (a) Schematic representation of the synthesis process: from crystalline Ni-Nitroprusside complexes (left) to L1o-FeNi alloy
(right). (b) Representative M(H) loop of FeNi powders and (c) corresponding TEM image.
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Rare earth (RE)-free magnetic materials may play a vey important role towards the reduction of Europe’s
dependency to the critical elements like light- and heavy-rare-earths. For tackling this problem a European
project consortium with 21 partners including leading industries [1]. In this project we carry out studies on RE-
free hard magnetic materials such as Sr-hexaferrites and Mn-Al-C systems. Mn-Al-C is one of the promising
material systems which fits to the concept of the gap magnets. The tetragonal T-MnAl phase has the potential
of theoretical energy products approximately of 100 kJ/m? [2].

In this work, we investigated the effect of different aging conditions on the structural, microstructural,
chemical and magnetic properties of the hot compacted Mnss2Al43C1 .5 samples. High phase purity Mn-Al-C
powders were prepared by the the company Less Common Metal (LCM) using conventional casting following
a KEK milling and classification process. Powders of <300 pm (particle size) were used for the hot compaction
experiments. A series of consolidation trials were carried out at different pressure and temperature conditions
to end with bulk Mn-Al-C magnets. The details towards an optimization of the process will be discussed in this
presentation. Structural (including phase evolution), microstructural and magnetic studies were carried out on
the consolidated samples.

Together with the magnetic and structural characterization, investigations on the corrosion behavior have
been assessed. Figure shows voltammetry measurement results under two different chemical environments
with different pH levels. These results indicate that the T-MnAl phase oxidizes relatively easier in alcaline
conditions. Considering the pH level of tab water (between 6.5 and 8.6) evaluating the corrosion sensibility of
this material seems relevant prior to utilization in aqueous environment. Similar to the consolidated samples,
structural, microstructural and magnetic characterizations of the aged samples were carried out. The results
will be discussed in detail in view of future applications of this RE-free permanent magnet alternative.
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M-type hexaferrite magnets constitute together the rare-earth magnets the most employed magnets in the
world. Even if ferrite magnets have smaller energy product and lower magnetization saturation than rare-earth
permanent magnets (PMs), currently ferrite magnets represent the most widely used PMs, covering 80% of the
PM market production [1,2]. Recently, a strong effort is being performed to improve the magnetic properties
of ferrites with the scope of substituting partially rare-earth magnets. Most of the strategies involve the
nanostructuration of the ferrites and/or the development of hybrid compounds [3]. A bottleneck for the
production of these magnets is that standard sintering process requires high temperatures and oxidizing
atmosphere that produces the destruction of the nanostructure and several chemical changes. Different novel
strategies as out-of-equilibrium or cold sintering processes are mainly considered[2,4].

In our presentation we will show the production of dense ferrite-based magnets by high pressure multi-Anvil
press at low temperatures. This press applies quasi-isotropic pressures in the range up to 20 GPa and
temperatures up to 1200°C. We demonstrate that the consolidation of micrometric hexaferrite (SrFei2019)
powders is possible at temperatures below 1000°C, below the standard sintering temperatures. In addition,
dense hybrid magnets were obtained composed of micrometric hexaferrites and soft high magnetization metal
Fe or FeCo NPs applying pressures up to 6 GPa and low temperatures (250°C). A deep study, including
structural, morphological and magnetic characterizations, has been performed to determine the influence of the
temperature and pressure consolidation conditions in the properties of these novel magnets. Magnetic
characterizations show that hybrid magnets exhibit larger magnetization than ferrites and single step hysteresis
loops. Single Point Detection characterizations indicate that the anisotropy field of the hybrid magnets is similar
to that of the ferrite magnets. These results suggest that the two moieties componing the high pressure
consolidated magnets have similar properties than the original micro and nano powders, but they are magnetic
coupled during the reversal process. High pressure consolidation appears as a promising technique to obtain
nano-based metal-oxide hybrid magnets with promising hard properties.
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Strontium ferrite (SrFe2O19) permanent magnets account today for 80% in volume of the market due to their
excellent properties and important advantages over other families of magnets [1,2]. These permanent magnets
are a great alternative to rare-earth (REE) permanent magnets, well-known for being critical raw elements,
whose extraction produce an enormous impact on the environment. Therefore, the development of these REE-
free magnets is of great significance nowadays, as they are the most natural candidate for substitution of REE
in a variety of applications such as electric motors, sensors, and home appliances [3]. Its demand is expected
to increase in the next 5-10 years, so it is crucial to ensure the sustainability of the ferrite magnet value chain.
This work is based on the recycling of strontium ferrite magnets obtained from end-of-life home appliances in
Europe, as a first step to implementing a circular economy loop in the ferrite magnet value chain in Europe.

We have established a succesful process for recycling sintered Strontium Ferrite magnets back into powder
based on milling and annealing cycles that achieve the reduction of the particle size and competitive magnetic
properties after a final thermal annealing. In addition, we conditioned the recycled powder for fabricating the
first batch of recycled ferrite magnets by injection moulding, obtaining properties similar to commercial
injection moulded ferrite magnets. The laboratory-scale method used to obtain the recycled powder is easily
implementable and up-scalable at industrial level.
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Energy-efficient greener magnetic refrigeration technology based on magnetocaloric effect is sought for its
applicability for over two decades. However, the unavoidable thermal hysteresis loss often reduces the cyclic
magnetic cooling performance significantly for magnetocaloric materials exhibiting a first-order phase
transition. Therefore, a better reversible magnetocaloric effect is desirable for practical applications
(particularly in the 2 T magnetic field range). In this context, the nature of the phase transition responsible for
the magnetocaloric effect in MnNii..Co.Geo.97Alo.03 (x=0.20-0.50) compounds has been studied.

Isostructural substitution of MnCoGe (Collinear ferromagnet) with MnNiGe (Spiral antiferromagnet) can
create a fascinating phase transition scenario with a magnetic instability near 50:50 substitution [1]. The
magnetic phase transition remains second-order and the structural transition occurs in the paramagnetic state.
Small amounts of Al substituting Ge can lower the structural phase transition temperature, resulting in a
coupled first-order magnetostructural transition in MnNi;.CoxGeoo7Alooz (x=0.20-0.50) near room
temperature. In this system a magnetic instability combined with a magnetostructural transition results in a
triple point, where three different types of first-order magnetic phase transition boundaries coincide [(i)
magnetostructural transition between ferromagnetic (orthorhombic)-paramagnetic (hexagonal), (ii)
magnetostructural transition between antiferromagnetic (orthorhombic)-paramagnetic (hexagonal) and (iii)
magnetoelastic transition between antiferromagnetic (orthorhombic)-ferromagnetic (orthorhombic)]. Most
interestingly, compositions in the vicinity of the triple point are found to have an enhanced reversible low-field
magnetocaloric effect (|ASrev|=6.9 J/kg K for AuoH=2 T). Moreover, |ASre| reaches values of 17.2 and 24.5 J/kg
K for AuoH=5 and 7 T, respectively, which is rather rare in the studied class of materials and also comparable
or even larger than observed in other well-known giant magnetocaloric materials.

It has been found that magnetic frustration plays a most crucial role in the reversibility of the |ASwev|. A
sudden release of magnetic frustration due to composition-dependent transformation from a frustrated
antiferromagnetic to an ordered ferromagnetic state is responsible for a better |ASrey| in MnNi.xCo.Geo.97Al0.03
near the triple point. It can be inferred from the fundamental insights behind the observed reversibility in |ASey|
that a similar reversibility is also expected for other functional properties near the triple point and it would be
likely invariant irrespective of material classes.
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1-phase MnAl is an excellent rare earth-free PM candidate [1] due to its properties such as an estimated
maximum energy product of (BH)max = 12 MGOe [2] at room temperature and its density of 5.2 g/cm® (by
comparison with 7.6 g/cm? for Nd2Fe4B).

Using casting technology and then pulverized by KEK milling, Less Common Metals (LCM) was able to
produce powder with particle size under 90 um and 300 um, respectively. This powder produced in an industrial
environment was confirmed to show a nearly 100% content of T-MnAIC by VSM and XRD measurements.
IMDEA’s “flash-milling” method [3] was used in a first set of experiments, considering milling times between
30 to 840 seconds. This processing allowed a two-fold increase in coercivity respect to the precursor,
maintaining a remanence of 34 Am’kg!. High-energy ball milling (HEBM) tests were performed by a
proprietary process of MBN at a pilot scale (limited at 0.5 kg per test), demonstrating the viability of up-scaling
the process and increasing the precursor particle size, achieving a maximum coercivity of 0.35 T (i.e. 4.4-fold
increase respect to the starting material) in times under 1 hour. Considering previous results [4,5], powders
were subsequently annealed at a moderate temperature (550°C for 10 min) under N> atmosphere to recrystallize
t-phase and develop B-phase to optimize the magnetic properties.

Corrosion assessment was done in distilled water at room temperature and heating in air at 550°C, showing
promising results after 84 days in water and after 10 min of heat treatment in air.
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Nowadays, the study of hybrid improper ferroelectric (HIF) materials is increasing considerably as a way
to obtain new multiferroic compounds [1], which are promising materials to obtain ultra-low-power electronic
devices. One of the latest HIF materials discovered is Sr3Sn2O7 [2]. This compound belongs to the family of
(AO)(ABO3), Ruddlesden-Popper (R-P) perovskite oxides and it is very interesting because it exhibits both
ferroelasticity and ferroelectricity with a relatively low coercive field in single-crystals [2]. In order to extend
the functionality of this material, we have explored the possibility of inducing magnetism by replacing Sn with
magnetic atoms. We have prepared Sr3xLaxSn2xMxO7 (M = Cr, Fe, Mn) compounds up to x = 1, where the
simultaneous replacement of Sr by La allows preserving the electrical neutrality in the unit cell.

The new compounds are single phase showing solid solutions and the patterns can be refined using the
A2jam space group of the parent compound [2], that is, the crystallographic structure remains non-
centrosymmetric. These samples show a paramagnetic behavior at high temperature obeying the Curie-Weiss
law. Negative values of the Weiss constant for M = Fe or Cr in the paramagnetic region suggest
antiferromagnetic (AFM) correlations that increase with doping. However, M = Mn samples present positive
values of this constant that reveal the occurrence of ferromagnetic correlations.

At low temperatures, a large deviation from the Curie-Weiss law is observed for all samples. Below 6 K,
magnetic irreversibility between zero-field-cooled and field-cooled conditions are found for Srs.xLaxSna.
xMnxO7 samples with x > 0.75, i.e. above the percolation limit (x=0.66). Isothermal measurements, M(H),
reveal a deviation from linear behavior in samples doped with Fe or Cr at 5 K. This result could be associated
with an easy polarization of the magnetic moments by an external magnetic field. However, a clear spontaneous
magnetization is observed in the M(H) loops for Mn-based samples. Although magnetic saturation is not
achieved at 5 T, the magnetic moment values at these fields are close to 3 us/at. Mn, suggesting the occurrence
of a long range ferromagnetic ordering. The hysteresis loops are supported by X-ray circular magnetic
dichroism measurements and the X-ray absorption spectra at the Mn L, 3 edges confirm the presence of mostly
Mn?" cations in these samples. This result seems to contradict the Goodenough-Kanamori rules that predict
AFM interactions between Mn>" ions but it is strongly reminiscent of the ferromagnetism described in simple
perovskites when Mn>" is diluted with nonmagnetic ions [3,4]. The present work suggests a similar
ferromagnetic vibronic-superexchange mechanism for these R-P phases.
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Hard ferrite magnets might find very soon an increased number of market applications in the electromobility
sector based on improved magnetic properties combined with the possibility of making a redesign to take full
advantage of the new achievements [1]. This possibility will contribute to aliviate the volatile situation of
Europe’s dependence on critical raw materials in the permanent magnet sector.

This study shows the possibility of developing high-coercivity strontium ferrite powder with an excellent
performance at low temperature and with no need to use critical raw elements (e.g. La and Co). This has been
possible starting from a commercial ferrite and nanostructuring it (Figs. 1a,b) by the self-developed “flash
milling” method [2,3]. The creation of a Sr-ferrite/hematite nanocomposite has led to a room temperature
coercivity above 475 kA/m with increasing the milling time (up to 30 min) (Fig. 1c). Addition of Fe;O3; powder
prior to milling has allowed to reduce the required processing time and to end with a low-temperature high-
coercivity nanocomposite: 430 kA/m measured at -100°C (Fig. 1d), thus opening the path for future
applications.
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Preparing new progressive materials is one of the first steps towards developing materials research at
the edge of our knowledge, using the latest knowledge of modern physics and chemistry. Knowing the
behaviour of materials under certain physical conditions enables the modification of their properties in order
to search for application possibilities gradually. Our work focuses primarily on high-entropic alloys that will
fulfil the function of thermoelectric materials. The demand for TE has been increasing over the past two
decades. Developing industrially viable materials for global use is a challenge for research workers.
Thermoelectric materials must meet several criteria to be suitable for this type of application [1].

Entropy is a physical quantity that measures the degree of chaos. High-entropic alloying is a new and
effective strategy for reducing the lattice thermal conductivity of thermoelectric materials. Generally, high-
entropy alloys contain five or more elements in a relatively high concentration (5-35 at. %). In this research,
we need to examine the suitability of our chosen compositions — TiNiSb and HfNiSb for individual materials
or the use of experimental methodologies to which we have access. Current knowledge shows [e.g. 1-3] that
this class of materials is suitable for practice for their, e.g. mechanical properties.

High-entropic alloys offer great complexity due to severe lattice distortions, point defects, or
precipitation of secondary phases due to efficient phonon scattering while maintaining the high mobility of the
numerous conduction electrons. In addition to efficient means for phonon scattering, high-entropy alloys
usually have high symmetry crystal structures such as face-centred cubic (fcc), centre-centred cubic (bcc), or
in some cases, hexagonal closest-packed (kcp) structures.

In this work, we have studied two compositions of Heusler alloy TiNiSb and HfNiSb. The scanning
electron microscopy with EDX function confirms stochiometric composition. From the XRD data point of
view, HfNiSb alloy crystallizes in an orthorhombic Pnma space group that has been published previously [4],
and TiNiSb has a cubic F-43m space group corresponding to previously published Heusler compounds [5].
The magnetic measurements, and thermoelectric data will be shown and discussed.

The authors expects that the interdisciplinarity in this work will lead to developing and improving
technologies, and their implementation in practice will be easier and possible in earlier times.
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Base materials of hard ferrite magnets are ferrimagnetic M-type ferrites AFe12019 (4 = Sr, Ba, Ca, ...) with
five crystallographycally different Fe sites; majority-spin 12k, 2a and 2b sites and minority-spin 41 and 4f>
sites. When the Fe sites are replaced with a small amount of Co and the A4 site with La for charge compensation,
the coercivity and magnetization increase together, and the magnets have been commercialized as high-
performance ferrite magnets [1]. The performance is improved because Co has an orbital component in the
magnetic moment and mainly occupies minority-spin sites. However, it is known that the degree of
performance improvement associated with Co substitution depends on the 4 ion. This is reminiscent of the fact
that Co occupied sites or the Co site distribution differs depending on the 4 ion. Previous studies have shown
that Co mainly occupies the 4f; minority-spin site and the 12k and 2a majority-spin sites [2], but we found that
only Co occupying the 4f; site contributes to the improvement of uniaxial magnetic anisotropy [3]. Therefore,
it is expected that the difference in performance for the same amount of Co depending on the 4 ion is due to
the difference in the 4f; site occupancy of Co. In this study, Co distribution was experimentally evaluated by
3%Co-NMR and Co preferentially occupied sites were evaluated by DFT calculations for systems with different
A ions.

La—Co co-substituted M-type ferrites AFe12019 (4 = Ca, Sr, and Ba, ion size is Ca*" < Sr** < Ba?") with Co
composition around 0.2 were subjected to *?Co-NMR. The results show that Co occupies the 4fi, 2a, and 12k
sites, and that the smaller 4, the more Co tends to occupy the 4f; minority-spin site, which is effective in
enhancing uniaxial anisotropy. Furthermore, DFT calculations of non-doped AFe12019 and the supercells (2 x
2 x 1 of the unit cell) in which 1/96 of Fe*" is replaced by Co?" were performed to predict the stable structure
and the Co occupation sites. The results show that regardless of 4, Co is most stable when it occupies the 4f;
site, followed by the 2a and 12k sites with energy differences on the order of 100 meV, and that Co practically
does not occupy the 2b and 4£; sites. As the 4 ion becomes smaller, the distribution of energy when Co occupies
each Fe site tends to broaden, and the Co occupancy of the 4f site also increases. The site selectivity of Co
can be roughly explained as a result of the difference in uniaxial strain along the ¢ axis associated with the
difference in A, but the influence of 4 ions differs between the R and S blocks in the unit cell, and local strain
also has a secondary effect on the Co distribution.

Based on the above results, to improve the performance (anisotropy and magnetization) of La-Co co-
substituted M-type ferrite magnets with limited Co content, it is effective to select as small A4 ions as possible
to concentrate Co in the tetrahedral coordination of the 4f; site.
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The hexaferrites constitute a large part of the permanent magnet market[1] with the bulk part constituted of
the M-type hexaferrite (MHF). The W-type hexaferrite (WHF) is a candidate phase for improving the current
ferrite magnets owing to a theoretical 38% higher saturation magnetisation (Ms). The current challenge is
obtaining sufficient coercivity (Hc). Elevated calcination temperatures (> 1200 °C) are needed for phase
formation,[2] causing excessive grain growth which reduces H..

A novel salt matrix (SM) synthesis strategy was recently developed for tailoring the crystallite size of MHF
[3, 4]. The difference between the conventional synthesis route and the SM strategy is illustrated in the figure
below. The SM strategy was adapted for WHF to produce nanocrystalline powder with the aim of increasing
H.. StZnoFe16027 and SrNiZnFei6027 were synthesized utilizing both K>SOs and NaSOs as matrix at
calcination temperatures between 1150 °C and 1300 °C. Characterization with powder X-ray diffraction
showed that the SM strategy yielded nanocrystalline WHF, while scanning electron microscopy revealed the
presence of large particles resulting in a sample with a bimodal size distribution.

The magnetic properties of the powder samples were investigated by measuring the magnetic hysteresis
with vibrating sample magnetometry. The WHF from the K2SO4 matrix had a high saturation magnetization
up to 88 Am?kg™! for SrZn,Fe160,7 approaching other reported Ms of 91 Am?kg™! for WHF[5]. The coercivity,
however, was low between 25-40 kAm™'. The samples synthesized from Na>SO4 matrices generally had lower
M;s and higher H. compared to the samples from the K2SO4 matrices. The coercivity was not improved by the
tuning of the crystallite sizes and the low value might be a consequence of a low magnetocrystalline anisotropy.
The non-magnetic Zn>*-ions in the structure might disrupt the superexchange interaction and lower the
magnetocrystalline anisotropy.
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Amorphous soft-magnetic materials play an important role as core constituents in improving the energy
transformation efficiency of electrical machines and passive electrical components [1].

Although the melt-spinning process remains one of the main techniques for obtaining amorphous soft-
magnetic ribbons, new and efficient production methods based on additive manufacturing have been developed
in recent years. These techniques allows to overcome technical limitations characteristic of casting processes
and also to print complex 3D geometries.

In this work, room temperature hysteresis properties have been studied in Fe-Si-Cr-B-C alloy obtained in
ribbon shape and in 3D printed cubic-shape by different casting techniques.

Ribbons were obtained by a conventional melt-spinning process, in which the pre-alloy was first inductively
melted in a quartz tube equipped with a nozzle under vacuum and then injected onto a rotating copper wheel
by insufflating high-purity Ar. The produced ribbons have thickness around 40 pum.

On the other hand, the 3D printed cubic samples were obtained by additive manufacturing via Selective
Laser Melting using powder of the same alloy as precursor. The effect of changing printing parameters, such
as laser power (20-60 W) and scan speed (350-650 mm/s), has been investigated. The processing conditions
in the Selective Laser Melting have in fact a crucial role on the microstructure of the printed parts and therefore
on their magnetic properties.

This can be observed in the optical images reported in Figure 1 a) where the dependence of morphology
(surface roughness, porosity, density, ...) on the processing parameters is evident. The sample having the higher
homogeneity is KS12 obtained with a scan speed of 350 mm/s and a power of 50 W.

Room temperature quasi-static hysteresis loops of all printed samples and as-cast ribbon were measured by
VSM magnetometry. The corresponding magnetic polarization J (T) values are reported in Figure 1 a). The
highest value of J, around 1.34 T, has been measured in the ribbon (dotted line), while in printed samples it is
seen to increase with increasing sample homogeneity. Hysteresis curves of Fe72.5S111.05Cr223B11.14C3.09 ribbon
and KS12 printed sample are compared in Figure 1 b). The ribbon displays a magnetically softer behavior with
respect to the 3D KS12 printed sample: in the inset, the coercivity appears to be around one order of magnitude
larger, and initial susceptibility lower in the 3D printed KS12 sample with respect to the amorphous ribbons.

A digital wattmeter has also been exploited to measure hysteresis losses behavior of ribbons as a function
of frequency in the range 1Hz-1kHz at peak induction J=0.5 T.
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Figure: a) Saturation magnetization behavior of 3D printed samples (circles) and ribbon (dotted line). Optical images of the printed
sample surface are shown. b) Quasi-static hysteresis curves of KS12 printed sample and ribbon. In the inset, an enlargement of the
low field region.
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The growing interest in new materials for permanent magnet applications stems from the key role they
play in the energy efficiency of technological devices ranging from electric motors and wind turbines to hard
drives.

Alloys such as NdFeB and SmCos are among the materials currently used in these applications.
However, its high content of critical raw materials (CRMs), such as rare earth elements or Co, has led in
recent years to a renewed scientific effort to find alternative, eco-friendly materials or processes that match
their performance. For this purpose, we study two different approaches on NdFe-based materials: 1) Magnets
with a ThMn12-type structure and rare-earth content and other CRMs are considered prime targets [1] and ii)
new recycling methods are making it possible to reuse permanent magnets with properties similar to the
originals.

From a sustainability point of view, we have compared magnetic performance, power consumption and
required materials of both NdFe-based magnets. For the first compound, we synthesized NdFe;(Mo)
samples by arc-melting and melt-spinning, subsequently a nitrogenation process of the powdered ribbons was
done to develop coercivity in these samples. For the second, we prepare melt-spun ribbons from scrap NdFeB
magnets. Both materials were embedded and oriented in a resin to obtain bonded magnets to compare their
magnetic properties.

Crystalline structure, microstructure and elemental composition of bonded magnets were studied by X-
ray diffraction and Scanning electron microscopy with energy-dispersive X-ray detector, respectively.
Magnetic properties were determined by dc magnetometry using a vibrating sample magnetometer. Our study
confirms that both alternatives are efficient ways of making permanent magnets in a sustainable alternative
way.
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Permanent magnets are important for the green transition, as they are key ingredients in power generation and
electrical motors [1,2]. One of the measures of magnetic strength for permanent magnets is the remanent
magnetisation (M;), which is greatly affected by the crystallographic orientation of the grains within the sapmle,
known as the texture. It has been shown previously that anisotropically shaped crystallites can be oriented
without the need for external magnetic fields [1,3].

To map the effect of different compaction methods on the texture of strontium hexaferrite (SrFei2019), four
different uniaxial pressing- and sintering methods were compared. Firstly, the compaction and sintering step
was separated into a cold compaction (CP) and a cold compaction followed by sintering (CPS). The cold
pressed samples showed weak texture and low remanence magnetisation.

The hot compaction methods employed were spark plasma sintering (SPS) and induction pressing (IP). IP
and SPS both showed remarkably sharper texture than the cold pressed pellets, with corresponding
improvements in remanence magnetisation. It is hypothesised that the alignment is due to compaction above
the Curie temperature of the material. Above the Curie temperature the samples are paramagnetic and magnetic
short circuiting can be avoided..
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Starting from magnetic materials, and using the properties associated with the presence of spins, materials with
thermomagnetic conversion can be designed [1]. Direct thermoelectric conversion (DTC) has a secondary role as an
energy source, but its development is very important as it offers a carbon-free alternative, which is crucial to contribute
to mitigate energy consumption and environmental impact [2]. Pyrite (FeS,) is one of the most abundant minerals in the
earth's crust, as well as being easy to extract and inexpensive, which makes it a material of choice for technological
applications. By heat treatment, it is possible to generate a thin film of magnetite (Fe3O.) that confers magnetic properties
of the layer material. However, for these materials to be considered for potential applications, it is necessary to clearly
understand the interrelationships between their structure, magnetic behaviour and Seebeck, spin Seebeck and Anomalous
Nernst effect. In this work, we prepare and characterise a layered material from a natural mineral. Pyrite single-crystals
were sectioned and chemically treated for cleaning, annealed at different temperatures and exposure times, under normal
conditions of pressure and aerobic atmosphere. The chemical species of each surface film were determined by XPS; the
structure and composition of the different materials generated using different techniques of transmission electron
microscopy and EELS spectroscopy. The magnetic properties were characterised by MFM and magnetometry measures,
and the charge carriers through Seebeck effect, thermal spin pumpimg by Spin Seebeck Effect. XPS and EELS spectra,
revealed the presence of oxidised Fe and Oxygen species. TEM and STEM images revealed different structural
arrangements for the magnetite which correlates with the magnetisation measurements. The topography and phase MFM
images showed significant differences in the configuration of the magnetic domains of each material. The behaviour in
relation to the Seebeck effect correlates with the structural data. From the above, we can infer that the use of pyrite as a
raw material for the development of thermoelectric materials is possible given the advantages and results obtained in the
present study.
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High-entropy alloys [1] are metallic systems composed of multiple principal elements in equimolar or near-
equimolar concentrations, where the high entropy of mixing stabilizes a solid solution on a simple lattice (bcc,
fce, hep) as the main phase in the material. A potential future application of these alloys in the context of their
physical properties are as soft magnetic materials [2,3,4] in low-frequency AC magnetic devices,
e.g. transformers. While some high-entropy alloys such as FeCoNiPdCu (presented also at JEMS 2022) exhibit
properties which are roughly comparable with commercial magnetically soft materials, the properties would
still need to be improved to a large extent to make them attractive for real applications.

Motivated by the above we combined our investigation of the magnetic properties of the high-entropy-alloy
series of materials AICoFeNiCu, (x = 0.6-3.0) with measurements of their magnetostriction at room
temperature [5]. All of the materials have coercivities lower than 1000 A m™!, so that they truly are magnetically
soft materials. The saturation magnetic polarization is largest (Js = 0.9 T) at the smallest copper content x =
0.6 and decreases with increasing copper content x. The magnetostriction goes from relatively large positive
values at small copper content to small negative values at high copper content. The best combination of
properties is obtained in the AICoFeNiCuz. alloy, which has a relatively low coercivity of H. = 650 A m’,
a decent saturation polarization Js = 0.55 T, while also exhibiting zero magnetostriction As = 0. The alloys for
x = 2.5 and 3.0 have similar properties, so we may also take the whole range x = 2.0-3.0 as magnetically soft
materials with negligible magnetostriction. The good magnetostrictive properties obtained in the AICoFeNiCuy
high-entropy alloys can be intrepreted as a consequence of the changing microstructure with copper content x.
Proceeding from mainly bcc phase at low x, we obtain increasing amounts of two fcc phases at higher copper
content x, which at a value of x = 2.0 seems to cause the compensation of the negative and positive
magnetostrictions of the constituent phases and gives zero magnetostriction.

All in all, this contribution will present AICoFeNiCuz,, which is one of the first high-entropy alloys that
combines soft magnetic properties with zero magnetostriction. Perhaps this is an indication that the large space
of possible high-entropy alloys might harbour an exceptional magnetically soft material which would not
expand and contract in applied DC fields at 50 or 60 Hz and thus minimize sound pollution at audio frequencies.
We will conclude by briefly comparing our results to the few others available in literature [6,7,8].
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Near equiatomic Fe-Rh alloys present a giant magnetocaloric effect (GMCE) near room temperature
with the greatest adiabatic temperature changes ever reported [1]. These alloys undergo a magnetic structure
change from antiferromagnetic (AFM) to ferromagnetic (FM) (and vice versa) when the cell volume
changes by around 1 % upon heating/cooling [2]. One of their distinctive features is the strong dependence
of the magnetoelastic transition characteristics on preparation conditions [3]. Recently, Franco ef al. have
proposed the determination of temperature first-order reversal curves (T-FORC) distributions as a new
method to get meaningful information about several characteristics of first-order phase transitions (FOPT)
materials such as identification of inhomogeneities and asymmetries of the heating and cooling
transformation branches, among others [3, 4]. In this work, we have obtained the T-FORC distributions for
the FM-AFM and AFM-FM branches of a FesoRhso alloy exhibiting a broad transition. As a matter of
example, figures below show the recoil M(7) curves measured from different return temperatures inside the
thermal hysteresis loop at 2 T for the FM-AFM transition and the resulting T-FORC distribution.
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Fig. 1: M(T) curves for each return temperature at 2T. Fig. 2: T-FORC distribution for the FM-AFM transition.
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Barium hexaferrite (BaFe12019, BFO) is used as a permanent magnet in many different devices due to its
low cost and its high coercivity. However, the moderate saturation magnetization of BFO means that the energy
product is orders of magnitude smaller than the one that rare-earth-based magnetic materials offer. To improve
its properties, a commonly proposed strategy to enhance the energy product is to combine BFO as a
magnetically hard component (BFO) together with a soft phase in order to improve the remanent magnetization
without a high loss in coercivity. Nonetheless, the results obtained in other hard/soft systems (SFO/Co bilayers)
have pointed out the difficulty of taking advantage of this coupling magnetic regime [1]. In this research, we
focus on two steps to investigate the Co/BFO coupling in a bilayer system: first, we sought to obtain BFO films
with an in-plane magnetic easy axis to avoid shape anisotropy competition, and second, we deposit Co on top
of such a BFO film while monitoring both the BFO and Co magnetic domains.

Following a similar recipe used for strontium hexaferrite [2], thin films with in-plane easy axes have been
obtained by RF magnetron sputtering followed by subsequent annealing in air. Their structure and composition
were characterized by Mdssbauer, Raman spectroscopy, X-ray diffraction and vibrating sample magnetometry
(VSM), confirming their in-plane magnetization. On top of it we have grown a 5 nm thick Co magnetic soft
layer by molecular beam epitaxy. We have then analysed the resulting bilayer system by X-ray absorption
spectroscopy (XAS), and X-ray magnetic circular dichroism (XMCD) coupled to photoemission electron
microscopy (PEEM), as well as by Mdssbauer spectrocopy and VSM.
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Non-oriented (NO) electrical steels belong to the group of soft magnetic materials and their excellent magnetic
properties are similar when magnetized along any direction in the plane of a sheet. The main application is for magnetic
cores of rotating electrical machines which are characterized by high efficiency [1]. The magnetic characteristics of
magnetic core segments prepared from NO electrical steel strongly rely on grain size, texture, chemical composition
steel, mechanical defects, and the quality of the cutting edge. Manufacturing the magnetic core of electrical machines
affects the magnetic properties of the electrical steels in terms of inducing stresses near the cutting edge. Since mechanical
cutting is the most efficient manufacturing technology, the possible improvement of the manufacturing process by
reducing deterioration can enable the full application potential of the magnetic materials. The knowledge of the degree
of the deterioration of magnetic property is important for designing electrical machines in terms of magnetic field and
energy loss calculations [2].

In this paper, magnetic loss behavior in fully processed NO electrical steels prepared by mechanical shearing, laser
cutting, and wire electric discharge machining before and after heat treatment is studied. As experimental material, three
vacuum-degassed NO steels were used with the following content of silicon Si = 1.2 wt.%, Si = 2.4 wt.%, and Si = 3.6
wt.%, respectively. The solely designed shear-cutting tool was used for punching ring-shaped samples with outer and
inner radii of 25mm and 15mm, respectively. Also, the size of the same experimental samples in form of toroids was cut
by laser beam and wire electric discharge machine. The evolution of microstructure and texture near investigated cut
edges which were obtained after carrying out different cutting techniques and then heat treatment according to the long-
term annealing process was carried out by SEM and EBSD analysis. The analysis of mechanical and thermal stresses
around the cutting edges obtained after punching and laser cutting was released by nanoindentation and local
misorientation maps (EBSD).

The magnetic measurements of investigated samples in DC and AC magnetic field conditions have clearly
indicated that the deterioration of the magnetic properties depends on the geometry of the parts at cutting. The power
losses data have shown that the nature of the resulting magnetic behavior of prepared samples is different for mechanical
cutting and cutting by laser. It was also demonstrated that the process of deterioration at cutting by laser of small parts
affects the cutting edges, which are opposite to each other, in a different way. This is due to the different characters of
the process of mechanical cutting and cutting by laser. Finally, the observed changes in the magnetization behavior are
correlated with the microstructure and intrinsic parameters of the materials. The different character of the induced
residual stresses at mechanical cutting and cutting by laser is briefly discussed.
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Heusler compounds have always been the focus of attention due to their fascinating physical properties and
potential applications in spintronics,'! half-metals, ! ferromagnetic shape memory alloys,*! and magnetocaloric
effects.[*A classic composition is defined as the X>YZ structure, where X and Y are 3d-transition or rare-earth metals
and Z is a non-metals element. The important one among them is Mn»-based Heusler alloys, which have received
widespread attention recently. Gasi et al. reported the exchange-spring magnetic behavior in Mn,FeGa alloy. Liu et
al. also found the giant exchange bias up to 0.132 T at 5 K in this alloy.!® Luo et al. predicted theoretically that Mn,FeZ
Heusler compounds would present the half-metallic feature for Z=Al and Sb.!"!

In this work, change the Mn-Fe ratio on structure, magnetic property and magnetocaloric effects of Mn-rich Mns.
«FexSn (x = 0.8-1.4) compound are studied. According to the XRD results, for the all samples crystallize in the Mn3Sn
type hexagonal structure, space group is P63/mmc, the impurity phase was Mn,Sn hexagonal phase, and according to the
XRD pattern refinement results, the impurity phase content of Fe=0.8-1.4 is 1-2 wt%. The transition temperature of the
compounds significantly increase with Fe content, from 250 K at x = 0.8 to 396 K at x = 1.4. For an increasing Fe
content the maximum isothermal magnetic entropy change (-4Sm) increased from of 1.0 Jkg'K™! to 1.4 Jkg'K-! for a
field change 2 T. The n-value is used to define the type of magnetic phase transition. The magnetic entropy change
scales with the magnetic field as ASy « Hn in the vicinity of the phase transition. The index of the magnetic field can
dIn ASy

dInH
order phase transition(FOMT), and if it is less than 2, it corresponds to a second-order phase transition(SOMT). With
the Fe content increase from 0.8 to 1.4, the maximum of n-value near the phase transition is found to be less than 2 for
all samples, this means during Fe content increase from 0.8 to 1.4 phase transition is the second-order phase
transition(SOMT).

be expressed as n = . If the maximum n-value is greater than 2, the material behavior corresponds to a first-
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The research activity in the field of magnetocaloric materials is fueled by the expectation that new advanced
refrigerants may be found whose magnetocaloric effect (MCE) will significantly surpass that of Gadolinium
metal [1]. Recently this research is boosted by a possibility of using MCE in eco-friendly gas liquefaction at
cryogenic temperatures [2]. Structural, magnetic and electronic subsystems of a material contribute differently
to theMCE and definite answer to the question of the driving force is still to be found [3]. Therefore, a
possibility to disentangle the role of each of these degrees of freedom is essential from both fundamental and
technological points of view..

AuxMn compound is remarkable system that could help to elucidate the roles of different subsystems to the
MCE. It exhibits the 1st order metamagnetic (field induced) transition from a spin-spiral state [4,5] to a
ferromagnetic one, which is not accompanied by the structural changes [6] (Fig.1). In this work we present the
results of thorough study of magnetic properties of AuxMn across the metamagnetic transition. Using low
temperature and high field magnetometry, it is shown that at temperatures below 100 K, there a hidden
transition to a magnetic state with high magnetic anisotropy. Direct and indirect metods were exploited to study
the inverse MCE under fields up to 14 T. The extremely low value (AS ~ 0.04 J/(kgK) at uoH =2 T) of the
MCE is unambiguously measured. Since there are no structural changes at the metamagnetic transition, we can
assume that this subsystem does not contribute to MCE. To clarify the role of electronic subsystem we have
performed X-ray magnetic circular dichroism (XMCD) measurements at the L> 3-edges of Au and at the K-edge
of Mn across the metamagnetic transitions. The XMCD results showed the presence of a finite magnetic
moment on Au atoms, induced via hybridization of the 5d states with 3d orbitals of Mn atoms. It should be
noted that the spin-to-orbital moment ratio of Au is the same for the spin-spiral and the ferromagnetic states.
This, in turn, allows us to conclude that there is no significantchanges in the electron sublattice during the
metamagnetic transition. Therefore, the electronic subsystem does not contribute either to the MCE. Finally,
we can conclude that small value of the MCE in AuzMn is due to the magnetic subsystem only. The obtained
results are discussed from a more general point of view of influence of metamagnetic transitions on
magnetocaloric properties.

Figure: Magnetization curves at applied field up to 3 T and 3-14 T (inset)
in the temperature range from 8 K to 395 K for a Au,Mn polycrystalline.
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The implementation of the magnetocaloric effect in new models of magnetic refrigeration is part of the
demand for sustainable alternatives to the conventional refrigerators. Modeling, simulation, and optimization
are crucial processes prior to the construction of a new prototype [1, 2]. Here, we present a comparison between
the three most used numerical methods to simulate the magnetocaloric effect: continuous, discrete temperature
change step and heat source obtained from adiabatic temperature.

We considered a simple system that consists of a gadolinium (Gd) sample submerged by water, as shown
in Fig. 1. Gadolinium and water are rectangles of sizes 0.2x0.6 cm and 0.4x3 cm. To compare the three
numerical methods, we performed the 2D simulations with the software COMSOL Multiphysics.

i water

Fig 1 Simulated system.
Table 1 presents an overview and the main features of each method. A t-dependent smooth square wave

was used for the continuous method, and a square wave was used for the discrete and AT.q power source
methods. The continuous method has the most expensive computational cost, due to the large number of
operations, while the discrete is the faster. The impact of At in the results is larger in the continuous method
and is lower in the other two methods. The results show a lower variation with the number of elements in the
continuous and AT.q power source methods. The discrete method can only be applied to small time steps, but
is the fastest method and the ATaq power source method can be applied in the entire range and is the one that
presents the best results for larger time steps.

Continuous T change Discrete T change AT ad power
step step source
Computational cost R + s
Impact At ot 4 +
Impact of number
+ +++ +

of grid elements

Tab 1 Overview of the three numerical methods used to simulate the magnetocaloric effect (+++ represents large and + low).
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The magnetocaloric effect is characterized by the entropy change in an isothermal process (ASiso) and the
temperature change in an adiabatic process (ATa.d) upon variation of the applied magnetic field. Usually, the
curves of these quantities exhibit a sharp peak around the magnetic phase transition and fade away outside this
region. However, unusual behavior such as the table-like effect with an almost constant value of the entropy
change in a wide range of temperatures, the anomalous effect where the entropy variation exhibits a change of
sign along the temperature axis etc, have been observed in materials with more than one kind of phase
transition.

Based on the above, in this work, we theoretically discuss the behavior of the entropy change and the
magnetocaloric effect in magnetic compounds with more than one magnetic phase transition. For this purpose,
we use a model Hamiltonian with more than one magnetic sublattice. In this multiple magnetic sublattices
model are included terms to account for the inter and intra-sublattice interactions between the local moments
and the coupling with the applied magnetic field. Firstly, for the sake of simplicity, we consider a model with
only two magnetic sublattices and perform systematic calculations to theoretically discuss the role of the
magnetic interactions on the behavior of the magnetocaloric quantities ASis, and ATag. The results of this
analysis show that the behavior of these quantities depends on the relation between the interacting model
parameters. For instance, the table-like behavior takes place when the system undergoes two magnetic phase
transitions in a short range of temperatures. On the other hand, the anomalous effect as well as the structure
with two peaks occur due to the competition between the magnetizations of the sublattices. Afterward, we
apply the model to discuss the magnetocaloric effect in the real compounds R>Cu>Cd and RFe; where R stands
for rare earth ions. Our calculations show that the entropy change in the compound Dy>Cu,Cd exhibits two
peaks, with the first one at low temperature associated with a kind of spin reorientation and the other one at
higher temperature is associated with ferromagnetic-paramagnetic phase transition. On the other hand, in the
compound TmFe;, our calculations show anomalies in the entropy change curve which is associated with the
ferrimagnetism of the material and the existence of a compensation temperature. All of these theoretical results
are in reasonable agreement with the available experimental data.
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There is a current need on the search for new electronic devices with lower energy consumption. In this
context, multiferroic materials offer great opportunities when they show magnetoelectric coupling at ambient
conditions. Unfortunately, it is hard to find ferromagnetic ground states in ferroelectrics at room temperature
and therefore many efforts are focused on the search for alternative ways of promoting ferroelectricity. This
includes novel mechanisms such as hybrid improper ferroelectricity (HIF) [1].

In particular, ALnoFe;O7 (A=Ca, Sr and Ln=Tb, Dy) series of compounds are antiferromagnetic
Ruddlesden-Popper phases with a perovskite bilayer adopting a centrosymmetric structure (space group
Amam). Interestingly, when doping the antiferromagnetic [1-x](Cao.6Sr0.4)1.15Tb1.8sFe207 compound with non-
magnetic [x]CaTiOs3, the polar 42;am structure becomes stable at and below room temperature for 0<x<0.3
[2]. Furthermore, a weak ferromagnetic canting of the Fe** moments gives rise to a net magnetization coupled
to the appearance of the polar structure.

In order to investigate the role of the rare earth on this phenomena, we have substituted Tb with Dy, and we
studied [1-x](Cao.6Sr0.4)1.15Dy1.85Fe207 +[x]CaTiOs series of compounds (x=0.1, 0.15, 0.17, 0.25 and 0.3). In
this case, the polar structure 42;am is found at room temperature, but the evolution of the lattice parameters
slightly differs from Tb series. The substitution of Tb*" with Dy** decreases the unit cell volume and the
tolerance factor accordingly. This factor reduction favors the rotation of BOs (B=Fe, Ti) octahedra and
consequently, the HIF. Furthermore, the slope change in the c¢/b ratio as a function of Ti content (x), marking
the occurrence of the ferroelectric phase [2], is observed at lower x-values in the Dy-based series. In contrast
to Tb series, an anomaly in magnetic susceptibility is observed at 129 K only for x=0.3 and magnetic
measurements on x=0.1, 0.17 and 0.2 samples agree with a paramagnetic ground state following Curie-Weiss
law in a wide temperature range.

The local structure of Fe and Ti ions in both Tb and Dy series has been probed by X-ray absorption
spectroscopy (XAS) at Fe and Ti K edges, respectively. For the Dy series, we observe that the Debye-Waller
(DW) factor of Fe-O first shell increases as temperature does in all cases. The temperature evolution of the
DW factors agree with the Einstein model along the full temperature range meaning there is no sign of any
static distortion in the FeOg octahedra in all the compositions. High energy resolution fluorescence detection-
XAS (HERFD-XAS) at the Fe K-edge in the Tb series do not reveil any displacive transition either, when
crossing the non-polar/polar structural phase transition observed by neutron diffraction [2]. Furthermore,
HERFD-XANES measurements were undertaken in all samples (Tb and Dy) at the Ti K edge, and also agree
with the absence of any further local distortion on TiOs on the polar phase supporting an order-disorder
mechanism for the ferroelectric transition.
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Wireless sensors are becoming an increasingly ubiquitous aspect of modern society as the Internet of
Things paradigm becomes a standard part of many emerging technologies, however recent focus has turned to
the energy consumption of the billions of IoT sensor nodes. In order for the realisation of a ‘Green loT’, low-
power sensor nodes are essential, to extend node lifetime and reduce carbon footprint, and one possible solution
is wireless radio-frequency energy harvesting. Magnetic tunnel junctions (MTJ) have been previously proposed
as nanoscale radio-frequency rectifiers for energy harvesting applications [1], specifically in the sub-uW power
regime.

In this presentation, we will present various aspects for optimising the rectification effect in magnetic
tunnel junctions. The linear resistance dependence with magnetic field of MTJ devices has been demonstrated
to act as RF rectifying signal [2]. A linear response is obtained when the free layer is orthogonal to the pinned
layer. In order to achieve the desired linearity, one of the strategies is to optimize the MTJ stacks shown in Fig.
a), by tuning the thickness of the CoFeB free layer, where it is possible to change its magnetic orientation from
in-plane to out-of-plane. Electrical measurements performed in sub-pum patterned MTJ devices have shown
broadband rectified voltage, Fig. b), which covers several frequency bands whose background signals can be
utilised for energy harvesting, i.e. mobile phones, Bluetooth and WiFi.
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La(FexSiix)13 and derived quaternary compounds are well-known for their giant, tunable, magneto- and
barocaloric responses [1,2], used in the development of more efficient and environmentally friendly cooling
technologies [3]. Caloric effects in La(FexSiix)13 are associated with a first-order paramagnetic-ferromagnetic
phase transition near room temperature with low hysteresis, which remarkably shows a large spontaneous
volume change together with itinerant electron metamagnetic features. While magnetovolume effects are well-
established mechanisms driving first-order transitions [4], purely electronic sources have a long, subtle history
and remain poorly understood. Here we apply a disordered local moment picture [5,6] to quantify electronic
and magnetoelastic effects at finite temperature [7,8] in La(FexSii«)13 from first-principles. Here we obtain
results in very good agreement with experiment and demonstrate that the magnetoelastic coupling drives the
first-order character and causes at the same time a huge electronic entropy contribution to the caloric response
in this important materials class.
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The average particle size of nanoparticles produced by induction thermal plasma (ITP) is distributed in the
range of 10-300 nm. This size can greatly draw out the potential of the ferromagnetic compound as a permanent
magnet. However, it is difficult to obtain under micronsized- powder by the conventional break-down process,
such as the jet-milling method [1, 2]. Therefore, we focus on the ITP process as a new process to prepare the
nanopowders of ferromagnetic compounds.

For the ITP process, the starting materials should be single micron-sized powders. Since rare earth metal
powder for use as a starting material is not commercially available, micron-sized powders of rare earth metals
such as Y, Ce, Sm, Nd, etc and their alloys were prepared by using a skull gas atomizing system with a water-
cooled copper crucible (CCGA-0.8, SINFONIA TECHNOLOGY Co., Ltd). Note that this facility can dissolve
metal with a high melting point and a high reactivity without reacting to the crucible and prepare a metal fine
powder.

Ferromagnetic nanoparticles synthesized here by the ITP are often single crystals with an average particle
size of 100 nm or less. When trying to prepare alloy nanoparticles of metal pairs with large difference of vapor
pressures and surface tensions, for example, Sm-Co powder prepared by ITP has a core-shell structure of Co-
core/Sm-shell or Co-core/SmCo-shell. According to the numerical analysis based on a binary aerosol
formation—growth model [3, 4], this is understood by the coagulation process of Sm which differs greatly from
that of Fe or Co, and the coagulation process of Sm continues even after the core becomes a solid phase[5]. In
addition, we succeeded in fabricating nanoparticles with a metastable structure due to the rapid cooling effect
[6], which is a characteristic of the ITP process. It was also found that all these obtained nanoparticles can be
sufficiently oriented by an external magnetic field of 9 T. For TbCu7-type Sm-Fe-N nanoparticles, it was found
that there is a degree of crystal orientation of 90.7% along c-axis. This was the first step toward obtaining an
anisotropic magnet having a metastable structure, which had been difficult to anisotropically aligned. A bulk
magnet was obtained by sintering the synthesized Sm-Co nanoparticles, and its huge coercivity of 5.2 T was
achieved[7].
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Problems with the difficulty in accessing strategically important rare earth metals raised the awareness of the
permanent magnet industry to shift its focus from Nd-Fe-B-based alloys to rare earth-free alternatives. Among
many prominent rare earth-free hard ferromagnetic alloys, Fei¢N> is promising due to its giant magnetic
saturation and relatively high magnetocrystalline anisotropy thus the expected high magnetic energy and
abundant constituent elements. In this work, powders with 97% Fe1sN2 phase and room temperature coercivity
of up to 1050 Oe has been successfully synthesized. [1, 2] The synthesis method is as follows: Fe flake powder
was produced by surfactant-assisted ball milling of irregularly shaped Fe powder. Followed by heat treatments
for oxidation and subsequent reduction back to iron was performed. The resultant porous Fe flake with a high
surface area was nitrogenated under NH3 gas at 150-180 C up to 12 h. The synthesized powder was cold
compacted under 2 GPa to a 4 mm cylinder with 80% density while preserving the FeisN> phase (Figure 1).
The developed rare earth-free permanent magnet has wide applicability in many industries.

Acknowledgements

The work was supported by BAP.2022.01.35 (Bahcesehir University).

References

1 Zirhli, O., Gunduz Akdogan, N., Odeh, Y.N., Misirlioglu, .B., Devlin, E. and Akdogan, O. (2020),
Fabrication and Characterization of Fe1sN2 Micro-Flake Powders and Their Extrusion-Based 3D Printing
into Permanent Magnet Form. Adv. Eng. Mater., 22: 2000311.

21 N.G. Akdogan, O. Zirhli, M. Gerin, Sylvie Le Floch, D. Le Roy, O. Akdogan, Production and
characterization of compacted Fe16N2 permanent magnets, Acta Materialia, Volume 235, 2022, 118064

200 E : ; | ' : - Figure 1: Room Temperature Hysteresis loop of FeigN> permanent
magnet compacted at 150 °C and 2 GPa.

| Compacted
150 °C, 2 GPa

100
o
=
£ 0
J
o}
-100
‘200 = L 1 M 1 M | M 1 L 1 M =2
30 20 10 0 10 20 30
H (kOe)

83



SYMPOSIUM 01. POSTERS 13y[MS

Two-step sintering of SrFe12019 ceramics: a more sustainable production of
ferrite permanent magnets
A. Quesada'* J.C. Guzmadn Minguez’, C. Granados-Miralles',V. Fuertes, J.F. Fernandez
! Instituto de Ceramica y Vidrio (CSIC), Kelsen 5, 28049, Madrid, Spain

*a.quesada@icv.csic.es

With an annual production amounting to 800 kilotons, ferrite magnets constitute the largest family of
permanent magnets in volume, a demand that will only increase as a consequence of the rare-earth crisis. With
the global goal of building a climate-resilient future, strategies towards a greener manufacturing of ferrite
magnets are of great interest. A new ceramic processing route for obtaining dense Sr-ferrite sintered magnets
is presented here. Instead of the usual sintering process employed nowadays in ferrite magnet manufacturing
that demands long dwell times, a shorter two-step sintering is designed to densify the ferrite ceramics. As a
result of these processes, dense SrFei20O19 ceramic magnets with properties comparable to state-of-the-art
ferrite magnets are obtained. In particular, the SrFe12019 magnet containing 0.2% PVA and 0.6% wt SiO:
reaches a coercivity of 164 kA/m along with a 93% relative density. A reduction of 31% in energy consumption
is achieved in the thermal treatment with respect to conventional sintering, which could lead to energy savings
for the industry of the order of 7.10° kWh per year [1]. Ongoing work is being devoted to further lower sintering
temperatures and times.
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The public awareness in green technologies, thus an increasing demand for wind power plants and electric
mobility fosters the relevance of high-performance permanent magnets (PMs) on an economical level.
Furthermore, scientific achievements within this field are of paramount importance. This includes the
development of novel material systems but also the reduction and substitution of elements necessary for PM
production, such as the significant amount of cobalt and rare-earth elements (REE), already recognized as
critical materials by international institutes [1].

In former works, we already demonstrated the successful generation of the REE-free intermetallic a-MnBi
phase, which exhibits exceptional hard magnetic properties but its formation is a challenging task [2]. Based
on high-pressure torsion (HPT), a method of severe plastic deformation, this technique allows to overcome
current processing limitations known from metallurgical manufacturing routes. Moreover, the production of
large volume-scale samples is possible, exhibiting outer dimensions of several mm to cm, whereas the
microstructure simultaneously features particle and grain sizes in the range between several micrometres to
tens of nanometres, respectively.

In the present study, we focus on the a-MnBi phase formation which is found to be enhanced after HPT-
deformation and magnetic field assisted thermal treatments. The annealing procedure, including the applied
external magnetic field, is monitored by in-situ synchrotron X-ray diffraction and the a-MnBi phase formation
is correlated with different HPT-deformation grades. The a-MnBi phase formation is associated to the defect
density and enhanced diffusion processes. Results obtained by means of electron microscopy and SQUID
magnetometry emphasize a positive influence of HPT-deformation prior annealing. Finally, we discuss the
influence of adding Sb prior HPT, which stabilizes and supports the a-MnBi phase formation.
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Global climate change caused by greenhouse gas emissions threatens human society. The urgent need for actions to
stop global climate change requires changing our way of using energy, including using hydrogen to replace fossil fuels.
Recently, we have seen a growing interest in magnetocaloric hydrogen liquefaction. As an emerging technology with
high efficiency, magnetocaloric hydrogen liquefaction has the potential to serve as an important building block in the
infrastructure for hydrogen energy as liquid hydrogen is important for efficient hydrogen transportation and storage.

Our work focuses on rare-earth magnetocaloric material for liquefying hydrogen, as they are one of the most potential
candidates.[1] Via a comprehensive review of the maximum magnetocaloric effect (MCE) with respect to T for heavy
rare-earth intermetallic compounds, the feature that giant MCE can be achieved in the vicinity of the condensation point
of hydrogen is discovered. Two trends, namely increasing maximum AS; and AT,,; with respect to decreasing T, are
summarized. These findings are rationalized by a mean-field approach demonstrating the correlations between maximum
ASt and AT, ; and T¢. [2]

Inspired by the observation that giant MCE can be achieved near 20 K, a light rare-earth intermetallic series for
magnetocaloric hydrogen liquefaction with large MCEs covering the temperature range of 77 ~ 20 K is developed,
providing cheaper choices for magnetocaloric hydrogen liquefaction. The findings and methods in this work could help
with designing affordable magnetocaloric materials for large-scale applications of magnetocaloric hydrogen liquefaction.

[3]

(a) 14 (b)
13 @ pH=5T 2844 é wH=5T
124 i\{ - - maximum AS; of heavy rare-earth alloys \ -%¢- maximum AT, of heavy rare-earth alloys
11 \‘\ -%-- maximum AS; of light rare-earth alloys 24 ;2:7 - - maximum AT, of light rare-earth alloys
_ 10 \\ —— AS; of light rare-earth alloys i —— AT,q of light rare-earth alloys
< \ 20+ \
S 91 *% X
IS . — ¢
= 84 i) 12 16 \
¢ o7dF K 3
2 510 e
& . < 124
3 SR R
44 Yo
N - 84
31 \ *\*{z\*\ N
2 - * »ﬁ:{“‘ﬁﬁ?\—ﬁ 44
n . .
o . ot S e e e
1 T T T T T T ~ T T =T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120 150 180 210 240 270 300 330
T (K) T (K)

Figure 1 Isothermal magnetic entropy changes for the idealized Nd- and Dy- alloy systems in magnetic fields of 5 T
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Hydrogen insertion allows to tune the magnetic properties of rare earth (R) and transition metal (M)
intermetallic compounds, not only by increasing the cell volume but also by modifying the electronic properties
and changing the density of state at the Fermi level [1]. For example it allows to tune the Curie temperature Tc
of La(Fe,Si)13 giant magnetocaloric materials from 200 K to room temperature for magnetic refrigeration
application in ambient conditions [2]. On the otherhand hydrogen insertion in RFe> and RMn> compounds
induces complex structural and magnetic phase diagrams with several phases of different structures and a
strong evolution of the magnetic properties versus H content [1].

YFe> compounds can absorb up to 5 H/f.u. with a decrease of 7c and an augmentation of the Fe moment at
4.2 K up to x =3.5 and a decrease for larger H content [3]. Unusual giant isotope effect has been observed on
the magnetic properties of YFex(H,D)s> compounds which show a ferromagnetic-antiferromagnetic (FM-
AFM) transition temperature at 7mo of 84 K for the deuteride and 131 K for the hydride [4]. They have the
same H(D) content and cristallize in the same monoclinic structure but the hydride has a 0.8 % larger cell
volume than the deuteride which can explain the shift of 7mo [4]. This first order FM-AFM transition is related
to a itinerant electron metamagnetic behaviour and displays a large magnetocaloric effect at Two [5].The
substitution of Y by another larger R element (R =Nd, Pr, Gd) allow to tune 7mo to larger values but, whatever
the rate of R element, Tmo remains below 200 K, which is still too low for practical application such as room
temperature refrigeration. Several Yi.xRxFe2(H,D), compounds have therefore been synthetized to search for
compounds with magnetic transitions near room temperature and having a large magnetocaloric effect. For this
purpose a structural and magnetic phase diagram of Yo0.9Gdo.1Fe2H, compounds has been determined by X-ray
diffraction using synchrotron radiation (XRD-SR), differential scanning calorimetry (DSC) and magnetic
measurements for H content between 3 and 5 H/f.u.. Five different hydrides with different crystal structures
related to H ordering have been identified, separated by two phase ranges [6]. Hydrides with 3 <y < 3.9
crystallize in monoclinic and cubic structures, with 7¢ near room temperature accompanied by a small variation
of their magnetic entropy variation [7]. Interestingly, the hydrides with monoclinic structure display also an
inverse inverse magnetocaloric effects near room temperature due to a first order transition towards a cubic
structure. The correlations between structural and magnetic transitions and the magnetocaloric properties will
be detailed for Yi.xRxFe2(H,D), compounds (R = Nd, Pr and Gd) and H content between 3 and 5 H/f.u..
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Spintronic devices allow the realization of integrated magnetic field sensors with much better
performances than Hall effect semiconductor devices. The optimization of a sensor depends on the desired
performances in terms of field range, linearity and detectivity. Even if the macrospin sensor remains the
reference device, other approaches have also been proposed, in particular the use of spin structures such as
domain-walls or vortices. In all cases, hysteresis, sensitivity and noise level are essential issues [1].

We illustrate the richness and diversity of the approaches on two very different examples of sensors
based on magnetic tunnel junctions: a sensor with a wide field range (typically 10 mT) and a sensor to detect
sub-nanoTesla fields. For the first one, we take advantage of the naturally linear response of the vortex sensor
[2]: under planar field, the vortex core moves perpendicularly to the field, which induces a linear response of
the magnetoresistive sensor in a field range smaller than the annihilation field. Nevertheless, we may observe
some irreproducibility of the signal, which is associated with the hysteresis of the magnetic cycle. We show
that we can suppress the hysteresis if the chirality of the vortex is controlled by a judicious choice of the
junction shape.

The second example corresponds to the development of sensors for ultra-small field detection. In this
case, we use micron-sized junctions, in which the magnetization of the free layer is maintained in the uniform
state by soft pinning. This weak exchange coupling is achieved by indirect contact with an antiferromagnetic
layer via a spacer with controlled thickness. By carefully tuning the exchange field value, we show that we can
improve the sensitivity of symmetric response junctions. Then the use of a flux concentrator can significantly
enhance the sensor sensitivity at low field. The flux concentrator design has been optimized to reach high gain
values thanks to a particularly narrow air-gap of 10 pum. We demonstrate an amplification gain of a factor 350
with a 6 um thick flux concentrator realized by electro-chemical deposition. This result opens the way to the
development of integrated magnetic field sensors for the detection of ultra-low fields. Such sensors would
advantageously compete with current flux sensors, which are much larger and more expensive.
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Already today, but in the very near future our life will depend enormously on sensors. Robotic technologies,
home automation, telemedicine, the autonomous car, the internet of things are developed around sensors. All
these applications include gas sensors, biosensors and sensors for medical applications. In this type of devices
the transducer plays a fundamental role but the most developed technologies are based on resistive materials
and acoustic waves. However, the technologies based on magnetic materials, although being very promising
for the development of contactless sensors, are still in is infancy.

In recent years, much interest and effort have been devoted to develop soft magnetic materials due to their
technological potential [1]. Amorphous microwires are one of them most widely studied soft materials due to
their outstanding properties as giant magnetoimpedance effect [2], bistability, ferromagnetic resonance, and
magnetoelastic resonance [3]. It is easy, also, to find much literature regarding microwave-related applications
of microwires [4]. This kind of work gives experimental evidence showing that the microwave scattering by a
single microwire depends on the magnetic permeability with sufficient strength to be experimentally detected
as an effect of the giant magnetoimpedance. This dependence is used to show the potential of such microwire
as a wireless field and/or stress sensor. Experimental results are followed by a theoretical approach where the
influence of the microwire magnetic state in its microwave reflection features is taken into account. The aim
of the present work is to show the physical fundamentals and the possibilities offered by magnetoelastic
materials as sensor transducers. In particular, biosensors based on magnetoelastic resonance are shown as well
as the importance of the giant magnetoimpedance effect in microwaves domain for the development of
remotely detectable safety labels, sensors with biomedical applications as for the detection of blood pressure
or for the wireless detection of collagen concentration or even structural health monitoring of structures.
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Manganese ferrite nanoparticles (MFNPs) are currently envisioned as theranostic nanomaterials [1]. Recent
research has indicated that superparamagnetic MFNPs induce a high T contrast ability in MRI [2]. In addition,
it has been suggested that these materials would increase the success of conventional oncological treatment
through magnetic hyperthermia and the generation of reactive oxygen species [1]. Both applications rely on
MFNPs’ intrinsic magnetic and structural properties.

In the present work, we propose using superparamagnetic MFNPs for magnetic biosensing. Said
nanomaterials present high saturation magnetization and low magnetocrystalline anisotropy. Depending on
their dimensions, they are superparamagnetic at room temperature and exhibit high initial magnetic
susceptibility. Both aspects play a key role in increasing the signal in radiofrequency (RF) inductive sensors
[3,4]. Furthermore, since the dimensions of these nanomaterials are compatible with most biological entities
such as proteins and viruses, they can tag molecules of interest, providing their isolation from the biological
matrix, concentration in a small volume by a field gradient, magnetic detection and quantification.

We synthesized MnFe>O4 nanoparticles and nanoclusters by hydrothermal coprecipitation. Synthesis
parameters were varied to obtain different mean sizes. Nanoparticles and clusters were functionalized with
citric acid to achieve colloidal stability and provide -COOH groups on the particle surface for binding to
biorecognition molecules (as antibodies). Samples were characterized by XRD, TEM, DLS, ICP, and SQUID
measurements. The detection performance of such nanomaterials was measured by using RF capacitive-
inductive sensors. We correlated the signal to the MFNP and cluster sizes and magnetic properties.

Our results point out that Mn ferrite nanoparticles and nanoclusters are promising tags to increase the
sensitivity of biomolecule detection and quantification. This would be useful for point-of-care testing devices
such as lateral flow assays (like the COVID-19 rapid diagnostic tests), which provide the early diagnosis of
several diseases, and detection of allergens and toxins in food and environmental pollutants.
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For highly accurate magnetic field sensors, a high signal to noise ratio and a low offset are crucial. In this
work we present a sensor concept which combines the high accuracy of TMR readout with the offset
cancellation enabled via spin orbit torque (SOT). This allows the design of a magnetic field sensor which is
on the one hand capable of offset compensation and on the other hand highly sensitive. Our sensor consists of
a ferromagnetic (FM) layer with an in-plane magnetic anisotropy on top of a heavy metal (HM) layer. The
TMR stack consists of an oxide layer and a reference layer which are placed on top of the FM layer (see Fig.
1). The reference layer is magnetized in the x-direction and therefore enables the measurement of the x-
magnetization in the FM layer via TMR effect. The device utilizes a spin current, generated via an electrical
current flowing in the HM layer. This spin current acts on the magnetization of the ferromagnetic layer via
the SOT effect. By flipping the SOT current direction the measured effect on the magnetization also switches
the sign. The subtraction of these two signals lead to an active offset compensation and therefore to an offset
reduced signal. In addition we characterize the sensor response as a function of external bias fields Bpias to
illustrate the tunability of the sensitivity and linear range by shape anisotropy. We can show with increasing
bias field the linear range will increase and as a result the sensitivity decreases.

VTMR

4

Figure 1: Structure of the sensitive element (SOT line including the TMR junction)
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Spintronics devices formed on flexible substrates allow us to acquire mechanical information via the
magnetoelastic effect and magnetoresistance effect [ 1]. Recently, we have demonstrated the spin-reorientatuion
transition (SRT) between perpendicular and in-plane magnetic anisotropy by applying uniaxial/biaxial tensile
strain to Co/Pd giant magnetoresistive devices [2]. The SRT caused by the strain can serve as new types of
strain sensors. The sensitivity of them is expected to be improved by realizing this function in a CoFeB/MgO-
based magnetic tunnel junctions with higher magnetoresistance ratio [3]. In this study, we investigated the
strain control of perpendicular magnetic anisotropy (PMA) in a CoFeB/MgO structure.

CoFeB(1.2 nm)/MgO(2.0 nm) structure with Ta buffer and cap layers was direcrly formed on a flexible
substrate by rf-sputtering at room temperature. The film was patterned into a Hall bar structure using maskless
exposure apparatus and Ar-ion milling. The sample was annealed at 300°C for 1 hour to introced the PMA.
The biaxial tensile strain & was applied to the sample with an auto tensile machine. We measured anomalous
Hall resistance Ranr under several & values. Figure 1 shows the normalized Rane (Range") as a function of
perpendicular external magnetic field H,. Clear increase in the saturation field is observed when & = 2.0% is
applied, indicating that easy axis swiching from perpendicular to in-plane by the strain occurs in the
CoFeB/MgO system. Moreover, the Raug" - H, curve obtained after returning &, to 0% is overlapped with the
initial curve. Thus, reversible control of the strain-induced SRT is possible in this system.
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The association of a well designed X-Magneto-Resistance (X=Giant or Tunnel; GMR or TMR) and
superconducting flux to field transformer allows achieving femtotesla detectivity [1]. These sensors, called
mixed sensors, are good candidates for magnetoencephalography, which requires fT- sensitivity for low
frequency (<10kHz) signals or very low field Magnetic Resonance Imaging (MRI), where the signal to detect
is at higher frequencies (typically few hundred of kHz) but requires even better detectivities down to the subfT,
ie. from 0.1 to 0.01fT/NHz. To target the applications requirements, improvements have to be performed on
the sensitivity and on the design of mixed sensors.

We present three advances to tackle these requirements (higher sensitivity, better detection at low frequencies).
The first is to use flux-flux untuned or tuned transformers which add an extra gain of sensitivity. This approach
is successfully used for performing MRI at very low fields with present detectivities in the range of 0.3-
0.5fT/sqrt(Hz).

The second is to use modulation of supercurrents with Joule effect heaters. This technique improves
performances of mixed sensors at low frequencies by pushing the detected field by the magnetoresistive sensor
at high frequencies.

The third is to lower the working temperature which becomes now rather easy with cryogenic free dilution
systems developed for quantum computing. GMR sensors have been successfully used at temperature down to
50mK and present an excellent detectivity [2].
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Magnetoelectric (ME) cantilever-based sensors [1-4] have the potential to measure small magnetic fields,
such as biomagnetic signals in medical applications. To achieve a low limit of detection (LOD)), it is crucial to
reduce all noise sources, including dominant magnetic noise caused by the activity of magnetic domain walls
during sensor operation. This is especially of importance as ME sensors rely on magnetic modulation schemes.

In this work, we present various schemes of single-domain magnetic multilayer stacks designed to eliminate
domain-induced magnetic noise in ME sensors. We employ a scalable approach using magnetostatically
coupled (FegoCo10)78S112B10 “free” layers (FL) in combination with exchange-biased antiferromagnetic-ferro-
magnetic (Mnlr/FeCoSiB), multilayers (EB-ML) for layerwise magnetization alignment in the millimeter-
sized cantilevers. The approach enables nearly unbiased magnetically sensitive layers to exhibit single-domain
behavior while maintaining high magnetic field sensitivity. The inverse ME composite resonator sensor
concept used is described in detail in [3]. It provides sensitivity at zero magnetic bias fields. The ME sensors
are characterized in terms of their magnetic properties in relation to their sensor performance. For this purpose,
magnetic bias curves are measured from which the sensors are initialized for maximum sensitivity. In addition,
the sensors are characterized in terms of total noise, sensor signal, and LOD.

An example stack with the corresponding bias curve is shown in Figure 1. With the achieved eliminaton of
magnetic domain walls we obtain a LOD of 20 pT-Hz ™ for low frequency magnetic signals at 10 Hz for the
sensor shown in Figure 1. Strategies to improve the sensor performance based on different FL and EB-ML
arrangements are discussed in detail.
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Tunning of the intrinsic thin film magnetic anisotropy can offer an extra degree of freedom when
fabricating magnetic sensors. The ability to locally modify the magnetic anisotropy, either its strength or the
easy axis direction, will directly impact key operation parameters in tunneling magnetoresistive devices (TMR)
such as linearity, coercivity or the sensing direction [1]. In this work, we will use artificial defects such as
voids in the magnetic thin films to locally pin magnetic domains walls due to the presence of local stray fields.
Depending on the shape and the lattice arrangement of these non-magnetic voids, we are able to manipulate
the magnetic anisotropy [2], and ultimately tailor the electrical output response R(H). For that, a fabrication
process is presented to allow the inclusion of micro or nanometric holes precisely at the sensing layer of TMR
devices. Electron beam lithography and ion beam milling were used to define the non-magnetic holes with
dimensions ranging from 100 nm to 500 nm — figure 1 a. Their depth and profile were evaluated by atomic
force microscopy. The impact of the artificial voids was accessed via the transfer curve R(H) at room
temperature. Clear changes in the linearity and sensing range were observed (figure 1 b) within a 14 mT range,
compared to a device without any nanovoid. In addition, higher field R(H) loops up to 200 mT (not shown)
present significant differences in tunneling magnetoresistance ratio. For exemple, an increase from a
magnetoresistance ratio of 4.5 % with no nanovoids to 8% was obtained when a quadrangular lattice of 200
nm diameter voids distanced of 400 nm was patterned. The origin of such increase will be discussed in the
framework of current perpendicular to plane devices. This work explores a new path to tune the linear range
of TMR sensors without compromising the sensor electrical output [3] and which can be done selectively at
wafer level to extend the window of magnetic field senstivity.
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Magnetic racetrack memory is the archetype research focus of domain wall memory since its first
experimental demonstration. Due to its non-volatility, high storage capacity and flexible design, one potential
application of racetrack is to replace hard disk drives whose capacity growth is slowing down. However, there
are still many challenges before domain wall (DW) devices become commercially available [1-2]. First, the
DW movement needs to be highly controllable. The distance the DW moves is proportional to the duration of
DW driving stimulus (e.g. magnetic field or spin torque). Precise control of pulse timing usually requires more
complex circuits and higher costs. Second, the operating power consumption of DW devices needs to be
reduced. The current spin-transfer torque or spin-orbit torque current used to drive DWs is still too large to
make DW devices commercially viable.

Hence, different methods are explored to reform the DW motion strategy to address reproducible DW
motion. The Dzyaloshinskii—-Moriya interaction (DMI), as one of the origins for chiral magnetism, could be
game-changer in this respect. It however requires modulating the sign and size of the DMI. In this work, we
propose an ultralow power and controllable magnetic racetrack memory device, which is driven by domain-
wall chirality-switching and spin current. Until now, several feasible methods of DMI sign control, which gives
rise to the aforementioned chirality switching, have been reported, such as ferroelectric proximity effect [3],
mechanical strain [4], etc. Interesting simulation results based on chirality switching such as driving domain
walls have been proposed. However, this does not allow for a unidirectional motion of all ‘bits’ in the racetrack
[5]. We propose to generate chirality switching by ferroelectric polarization switching, while a small symmetry
breaking spin current (introduced via a spin-orbit-torque) is used to induce the unidirectional motion during
the DW switching process. First, we establish an all-oxide trilayer model based on existing experimental results
and demonstrate the feasibility of using it as a racetrack device. We also simulate the DW displacement under
different initial and final DMI values, perpendicular magnetic anisotropy, saturation magnetization and
damping constant to fit the actual experimental situation. Furthermore, a comparison of various DW motion
methods using the same model parameters is made to verify the performance superiority of chirality switching
mechanism. These results qualify that our device has the potential to become an ultralow power prototype
device based on DW chirality control for racetrack memory [6].
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The integration of ferroelectric thin films with graphene (gr) spintronics potentially allows the realization
of highly efficient, electrically tuneable, non-volatile memories through control of the interfacial spin-orbit
driven interaction occuring at gr/Co interfaces deposited on heavy metal (HM) supports. Here, the integration
of ferroelectric Hfo.5Zro502 (HZO) on gr/Co/HM epitaxial stacks is investigated via the implementation of
several nucleation methods in atomic layer deposition. It has been shown that the gr-ferromagnet interface
enhances interfacial perpendicular magnetic anisotropy (PMA) in Co/HM stacks[1]. Moreover, such Gr/Co
interfaces present sizeable Dzyaloshinskii-Moriya interaction (DMI)[2] which is critical for stabilizing
skyrmionic spin textures[3] and is particularly interesting in the case of gr, as it may be efficiently electrically
tuned. The integration of ferroelectrics on these stacks allows the potential for new device geometries
exploiting the interfacial Rashba SOC [4]. Nevertheless, the direct deposition of HZO directly on gr shows
poor nucleation so no conformal film is formed. This is solved by adding an interlayer between gr and HZO
[5]. By employing in-situ Al>O; as a nucleation layer sandwiched between HZO and gr, the HZO demonstrates
a remanent polarization (2Pr ) of 19.2 uC/cm2. Using an ex-situ, naturally oxidized sputtered Ta layer for
nucleation, 2Pr could be controlled via the interlayer thickness, reaching maximum values of 28 pC/cm2 with
low coercive fields[6].These results open up pathways for the integration of HZO and other HfO,-based
ferroelectrics directly on transfer-free gr achieving high remanent polarization at room temperature.
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Magnetoresistive (MR) sensors are widely used in consumer, automotive, medical, industrial and other
applications [1]. Yole group report on magnetic sensor market and technology [2] predicted an increase of MR
sensors market at the expense of widely used Hall sensors in different application areas, especially when
enhanced sensitivity, detectivity and miniaturization is required. The magnetoresistive sensors, as they are
broadly understood, usually include xMR (AMR, GMR, TMR) devices, and their operation range of magnetic
fields is less than tens of millitesla. However, advanced scientific, medical and industrial equipment requires
magnetic field sensors capable of measuring stronger magnetic fields (1-10 Tesla) in a wide range of
temperatures. Furthermore, application of high pulsed magnetic fields for scientific or industrial applications
requires fast, highly sensitive magnetic sensors with nano-microscale dimensions. It was demonstrated, that
magnetic sensors based on colossal magnetoresistance effect in polycrystalline manganite films are able to
measure pulsed magnetic field magnitude independently on magnetic field orientation in respect to the sensor’s
plane [3]. Such sensors, called CMR-B-scalar sensors [4], were used for measurement of magnetic field
distribution in electromagnetic launchers and nondestructive pulsed magnets, when duration of magnetic field
pulses was more that millisecond [3]. However, for shorter pulses, for example, in magnetic forming and
welding systems or plasma science applications, the sensors measuring microsecond duration magnetic fields
with high accuracy and temporal resolution are required. Therefore, to use manganite films for the development
of fast magnetic sensors, the magnetic memory effects have to be minimized. Moreover, to avoid parasitic
signal due to electromotive forces appearing in the transmission line of the sensor during measurement of short-
pulsed magnetic field, a special recording system has to be developed.

In this study, the results of magnetoresistance and memory effects of thin nanostructured lanthanum
manganite films are presented and discussed. La-Sr-Mn-O films were grown by Pulsed-injection metal organic
chemical vapor deposition technique onto polycrystalline Al.O3 and SiO: substrates with different thicknesses
in the range of 60-360 nm. The magnetoresistance of these films was measured in pulsed magnetic fields up
to 20 T, while the resistance relaxation after the switch-off of the magnetic field was recorded up to 10 T. It
will be demonstrated how magnetoresistance values (sensor’s sensitivity) and memory effects of lanthanum
manganites could be tuned in a wide range of magnetic fields and temperatures by changing the substrate and
thickness of the films. Moreover, a magnetic field recording system using a bipolar-pulsed voltage supply with
a frequency up to 12.5 MHz and a 16-bit ADC with a sampling rate of 25 MHz will be presented and discussed.
The measurements of several microsecond duration magnetic fields by using a sensor based on the investigated
manganite films will be presented.
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Manganite perovskites have attracted the attention of the scientific community due to their interesting
electronic and magnetic properties. The concentration of a dopant cation will affect heavily the physical and
structural properties of the material, changing, among other things, its Curie temperature. La;_,S1,MnO;
(LSMO) deposited on vicinal SrTiO; (STO) substrates, was chosen for fabricating Anisotropic
Magnetoresistance (AMR) sensors due to its very low intrinsic noise in the low-frequency region. As the final
goal of these devices is to be able to use them for biomedical applications, it is essential for them to operate at
body temperature (~310 K) and in the low frequency region. The LSMO thin films were deposited using
Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE) and were patterned in Wheatstone bridge
geometry using laser lithography and lon Beam Etching (IBE).

Following the promising results previously achieved with detectivity as low as 200 pT-Hz 1, 2], new
pathways for optimization have been implemented in order to simplify the required setup and get lower
detectivity values while keeping the core configuration, ideas, and simplicity of fabrication intact. The use of
vicinal substrates induces uniaxial magnetic anisotropy with the easy axis parallel to the the step edges. First
we will present results obtained with AMR sensors made of 45 nm thick epitaxial La, /351, ,3Mn03 deposited
on 4° vicinal STO(001) with different sizes for the Wheatstone bridges. The usual bridge size which we refer
to as 100% has 300 pm length and 100 um width and is scaled down to 50% and 75% and scaled up to 200%.
It is confirmed that the detectivity varies inversely with the square root of the Wheatstone bridge volume (figure
1). Second, we will show the effect of different dopant concentrations (0.15 < x < 0.45) of La;_,S1,MnO;
deposited on 4° vicinal STO(001) on AMR and noise [3].
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State-of-the-art fault current limiters are based on active components or inductors, and are large and
expensive devices. Here, we propose a new passive and miniaturized magnetoresistance-based system [1]
strongly reducing device size and cost. The extraordinary magnetoresistance (EMR) effect was chosen as it
exhibits the largest resistance ratio among the known magnetoresistive (MR) phenomena, reaching values up
to 107 % [2].

Many works have studied EMR in high-mobility materials (like semiconductors [3], graphene [4] and
heterostructures [5]) mainly for magnetic field sensing [2, 5]. For current limiter applications, only 2-terminal
geometries are applicable. Through 2D finite element simulations (COMSOL), we have studied several
geometry and material parameter combinations to understand if and how EMR-based current limiters can be
realized. For instance, we have designed different planar shapes and sizes for the electrodes (such as van der
Pauw disk [3], multibranch geometry [2], bar type geometry [5] or stripes). For 2-terminal systems, our
simulations show that the EMR ratio reaches its largest value in simple sandwich designs, that maximize the
resistance variation between current paths where the electrons cross the metal-semiconductor interface
tangentially and normally, respectively. Comparing the EMR ratio values reported in the literature [2, 3, 5]
with those resulting from our simulations, we suppose that the higher EMR values displayed by 4-terminal
systems arise from a combination of Hall and EMR effects. 2-terminal systems, where the Hall effect is absent,
exhibit instead lower EMR ratios.

Simulations show that EMR saturates with lateral extension of such 2-terminal systems. This EMR
saturation varies as a function of electron mobility and out-of-plane magnetic field according to the following
empirical relation: EMR = 19.1(uB)?. This is in agreement with previous works [3]. It shows that it is possible
to reach high EMR values of about 2000 % at a magnetic field of 1 T when the semiconductor materials
mobility is around 10° cm?/(Vs). Such values are very promising for current limiter components. This behavior
can also be found with a simple 2-channel model which describes 2-terminal systems, where electrons follow
the least resistive path. It fits to the simulation data and gives EMR = 8480//(0.29+/), with / being the lateral
extension of our system.

In summary, this work investigates a new passive and compact curent limiter device concept based on the
EMR effect. With proper mobility and good interfaces, an EMR ratio as high as 2000% can be achieved in a
2-terminal system, which could make this technology suitable to replace state-of-the-art fault current limiter
components.
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The Fe/MgO interface is one of the most promising junctions for spin filtering, which has brought about
tunneling magnetoresistance (TMR) devices and provided the MgO-based magnetoresistive random access
memory (MRAM) application [1]. One crucial problem from the application point of view is that on Fe(001),
MgO grows in the three-dimensional Volmer-Weber mode rather than in the layer-by-layer (Frank-van der
Merwe) mode. As a consequence, nanometer-sized MgO clusters are formed, resulting in large interface
roughness, which is detrimental to device performance.

This is caused by the strong interation between Fe(001) 3d surface states and adsorbed molecular states. For
example, the oxidization process of the Fe(001) in vacuum (10 Pa) produced Fe;O3, Fe30a4, and FeO phases
at different temperatures [2]. Also, this strong bonding could stop the thermal diffusion of adsorbed organic
molecules [3.,4].

Here, we succeeded in introducing a 1x1 oxygen monolayer film at the interface between the MgO films
and the Fe(001) substrate [5]. This interface engineering drastically modifies the MgO growth and increases
the MgO island size by a factor of 10 as compared to MgO grown directly on Fe(001) (see Figure). As a result,
regularly shaped and atomically flat MgO islands are obtained. By using our novel method, the MgO/Fe
interface roughness is dramatically reduced, which should lead to improved device performance. All
experiments were performed using ultra-high vacuum (UHV) low temperature (4.6 K) scanning tunnelling
microscopy and spectroscopy (STM/STS) setup.

We also show, by a combination of tunnelling spectroscopy and first-principles calculations, that the MgO
islands provide an efficient way to electronically decouple organic molecular films from the metal substrate
with interesting perspectives for organic semi-conductor junctions.
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The advance in nanotechnology promises to achieve the dream of being able to detect synaptic signals under
physiological conditions in real time. Spintronic technologies are currently used in the fabrication of magnetic sensors
because of their low fabrication cost, robustness, temperature stability and scalability. AnisotropicMagnetoresistive
(AMR) sensors comprise of a single ferromagnetic material which are a much less complex fabrication than giant
magnetoresistive (GMR) and tunnel magnetoresistive (TMR) technologies. In particular, engineered AMR sensors
based on epitaxial La;, Sr,MnO; (LSMO) films grown on top of vicinal (001)-oriented SrTiO3 (STO) single crystal
substrates [1] show both highly sensitivity performances and suitable for industrial implementation [2,3]. The
understanding of both magnetic and magnetoresistance features and their temperature dependencies will enable the
optimisation of future tailored devices for biosensor applications.

In this work, magnetic and transport features of epitaxial LSMO films grown on vicinal STO substrates with different
vicinal angles are investigated. Simultaneuos vectorial-resolved magneto-optic Kerr effect (vVMOKE) and
magnetoresistance (MR) measurements have been acquired at different applied field angles (on) and different
temperatures (7)) close to Curie temperature [4]. In brief, MR clearly shows two contributions: one isotropic (red dashed
curve in central panels) and the other anisotropic (right panels). At a given 7, the former displays the same linear drop
of the resistivity as the magnetic field increases for all om conditions, and it is related with the collosal
magnetoresistance (CMR). Remarkably, CMR is better identified at large magnetic fields while the anisotropic
magnetoresistance (AMR) contribution is at low fields. AMR originates from competing magnetic anisotropy terms:
uniaxial Ky (growth-induced) and biaxial K, (magnetocrystalline). The study allows to figure out which is the optimal
sample to be used as sensors.
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Magnetic materials with switchable magnetic domains and anisotropy are ideal for applications in the area of
spintronics[1]. However, for sensing applications, the existing magnetoresistive (MR) sensors are limited by
their sensing axis, which is restricted to only one direction. To overcome this limitation, it is crucial to tune the
magnetic anisotropy of the reference layer of the thin film stack used in the MR sensors. The most efficient
and reliable is the electrochemical effect[2] which uses ionic liquid to apply a gate voltage to tune magnetic
anisotropy in magnetic materials[3]. This method has the added advantage of low joule heating dissipation and
low power consumption of magnetic devices[4]. Here, I will present the tuneability of perpendicular magnetic
anisotropy (PMA) in the two stacks, ‘MgO/Co.MnGa/Pd’ and ‘MgO/CoFeB/W’. This tuneability achieved
through ionic liquid gating (ILG), and the change was recorded using a magneto-optic Kerr system (MOKE).
Both stacks reduced their PMA upon the application of gate voltage through the ionic liquid. The CoFeB-based
stack can completely switch from PMA to in-plane magnetic anisotropy and this change was reversible. In
contrast, CooMnGa could only reduce its PMA through gate voltage and remained in that state without any
reversibility. Our results demonstrate that the ILG of thin film stacks based on reference layers of CoFeB and
Co2MnGa is very useful for making the sensing axis tuneable in MR sensors.
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Figure 1 Hysteresis curves of both stacks measured at various gate voltages using MOKE. The reduction of PMA signal

is prominent for both stacks. HOOP is hysteresis with out-of-plane magnetic field and polar mode of MOKE. HIPL is
hysteresis with in-plane magnetic field and longitudinal mode of MOKE.
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Magnetic sensors are widely used in our daily lives [1], resulting in a significant amount of research on
improving their properties, not only to have a better sensitivity but also: to increase their thermal stability [2]
to be used under harsh conditions; and to reduce their dimensions [3][4] to have better spatial resolution and
reduced energy consumption. For magnetic sensors based on magnetic tunnel junctions (MTJ), the sensitivity
depends on the volume of the sensing layer, in theory the bigger the area and the thicker the MTJ the lower the
noise of the sensor, but in reality there is a trade-off [5]. Amorphous materials attracted [6] as the sensing layer
of an MTJ as they have been shown to be a soft magnetic materials in layers with thicknesses of a few hundreds
of nanometers [5]. In this work a linear response has been achieved in bulk with one magnetic annealing, where
the field was applied perpendicular to the field direction during the deposition, allowing the possibility of
making large sensors with a good linear response in order to decrease the noise of the sensor.

In this work we are going to present how we can control the linear range of an MTJ with the stack Buffer /
20 IrMn / 2.6 CoFeso / 0.825 Ru / 1.8 CoFes0B2o / MgO / 2.0 CoFe40B20 / 0.21 Ta / 100 CoFeSiB / Top lead,
where all the thicknesses are in nm, CoFeso percentage is weight and CoFe40B2o is atomic percentage. We
manage to control the linear range by modifying the MTJ shape, both with and without aspect ratio, with one
single annealing process. As it can be seen in the figure b), the coercive field and the tunnel magnetoresistance
are almost constant, independent of the shape or size of the MTJ sensor, whereas the linear range controlling
the sensitivity can be tuned between 3 and 54 mT by adjusting these parameters.
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Figure: a) Optical microscope image of one device b) Characteristic fields and tunnel magnetoresistance of sensors depending on
their shape.
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Magnetic Tunnel junctions (MTJs) are often used as magnetic sensors due to their high sensitivities but
are limited by their 1/f noise. Detecting sub-nanoTesla magnetic fields is therefore challenging. A possible
route to achieve this goal is to amplify the sensor sensitivity by using a high gain flux concentrator. Here we
demonstrate a gain of 350 with the addition of Flux Concentrators (FCs) on Symmetric Response MTJs (SR-
MTlIs).

The challenge in increasing the sensitivity of the MTJ itself lies in the compromise between the ability
of the free layer magnetization to rotate freely and the need to keep the magnetization uniform without domain
formation. This is a key point as reducing the noise of the sensor requires increasing the magnetic volume and
thus using micron-size junctions. The solution we developed for our symmetric response MTJ is to use a soft-
pinned free layer [1]. We precisely control the exchange coupling strength between the free layer and an [rMn
layer by inserting a thin Ru spacer layer. The corresponding exchange field value is measured with a vibrating
sample magnetometer.

With a soft-pinned free layer, we obtained SR-MTIJs with a sensitivity 3.6 %/mT. Our experimental
results are well described by an analytical model based on Stoner-Wohlfarth model considering exchange,
Zeeman and shape anisotropy energies. We also included in the model any possible misalignment due to the
process (orientation of the junction, direction of the magnetic field during annealing) or to the measurement.

480 N HoH,, = 4.75 mT Finally, to strongly increase the sensitivity,
I 6um-thick  NiFe flux concentrators were

460 I;'J u\l electrodeposited around the MTJs. Their elongated
440 /-" \\ shape and narrow air-gap of 10 um are the key points to
- T obtain the highest amplification. We have measured a

o 420-100 0 100 gain of 350 for our most recent fabrication [2]; the effect
= 400 i of the flux concentrators is shown in Fig. 1 with the
response of the SR-MTJ without FC in inset. The FC

380 very high gain results in a drastic increase of sensitivity
260 /\ on small fields range.
To conclude, using the high gain flux

concentrators we achieve a sensitivity of 1260 %/mT.
This result paves the way towards the detection of very
Fig. 1 Symmetric response of a soft-pinned junction with ~ gmall fields with an integrated sensor. For space
flux-concentrators aligned with the hard axis. The high  piqgions, such a miniature sensor could advantageously

gain result in a strong increase of the sensitivity at low 1 i d ¢ ¢ ith a sionificant
magnetic field. Inset: same junction without flux replace currently used magnetometers with a signitican

concentrators. The exchange soft-pinning field is4.75 mT. ~ reduction of mass [3].
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Emerging data-intensive applications in fields including machine learning and neural networks require high-
performance and energy-efficient computation for operations such as automatic driving, pattern recognition,
and disease diagnosis. Controllable spin-orbit torque based nonvolatile memory is highly desired for
constructing energy efficient reconfigurable logic-in-memory computing suitable for emerging data-intensive
applications. Here we report our investigation of IrMn/Co/Ru/CoPt/CoO heterojunction as a promising
candidate for both multistate memory and programmable spin logic applications. The studied heterojunction
can be programmed into four different magnetic configurations at-will by controlling both the in-plane
exchange bias between IrMn and Co and the out-of-plane exchange bias between CoPt and CoO. Moreover,
based on the controllable exchange bias effect, 10 states nonvolatile memory and multiple logic-in-memory
functions have been demonstrated as shown in Figure 1. These findings indicate that IrMn/Co/Ru/CoPt/CoO
heterojunction can be used as a building block for next-generation logic-in-memory and multifunctional,
multidimensional spintronic devices[1].

Figure 1. Top: schematic illustration of programmable nonvolatile memory for very large scale integrated processor applications,
where every IrMn/Co/Ru/CoPt/CoO heterojunction can be programmed at-will into four different magnetic configurations. Bottom:
schematic demonstration of 10 states memory and spin logic applications.
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Neuronal currents reflect part of the information transmission in the brain and nervous system and are widely
measured through electrophysiology tools at the surface or within the tissues. They have also a magnetic
counterpart of very small amplitude, which can be detected at large scale for ensembles of neurons in
magnetoencephalography, by means of femtotesla-sensors such as Superconducting Quantum Interference
Devices.

In the quest for detecting at local scale, and furthermore in vivo, the magnetic signature of an action potential
of a single neuron, spintronics sensors can be very good candidates since they bring sensitivity and
miniaturization.

We fabricated very thin (25um) probes, called magnetrodes, containing GMR elements [1], and combined
them with standard tungsten electrodes to have a tool with the potential to detect both electric and magnetic
signals in vivo.

Here we present the in vivo experiments performed in the rat hippocampus with these thin magnetrodes. We
show how, with specific spike sorting procedures, we could access both electric and magnetic action potentials,
and were able to detect single-cell magnetic recordings [2].
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Figure: Magnetrode device, 25um thick, containing two GMR sensing elements at the tip, and used to record locally in vivo magnetic
signals associated with single-neuron action potentials.
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Magnetic fields and particles are nowadays an everyday practice in modern biomedical treatments.
Biomedical treatments may be categorized in three major pillars: Handling, Diagnosis and Therapy. For many
years magnetic field modes (Static or Dynamic) are used to handle (Biomagnetic Separation) or diagnose (MRI:
Magnetic Resonance Imaging). More recently, magnetic nanoparticles came into play either as treatment
enhancers or “cargo” carriers promoting variable therapeutic schemes (e.g., Drug Delivery, Magnetic Particle
Hyperthermia). The diversity of magnetically driven applicability schemes urges not only for handling to
diagnostic and therapeutic probes but for their combinatory exploitation as well. Moreover, effectiveness of a
biomedical modality also puts additional constraints based on physiochemical interactions will living matter,
typically hindering effective in-vivo performance. The impact of magnetic fields and particles is driven by their
magnetic interaction and according to the treatment, certain prerequisites should be followed with respect to
a). particle properties, b). field conditions and c). bio-performance. Generally, the stronger the field-particle
interaction the more efficient the treatment.

To start with materials, particle properties will be discussed within the framework of their structure,
stoichiometry and morphology focusing on their nanoscopic features. Namely, single, or two-phase magnetic
nanoparticles of tuneable sizes, shapes, arrangements, will be evaluated in conjunction with prompt delivery
of their adequate “cargo” at specific sites [1].

The second critical point has to do with the field conditions required to provide an effective scheme. Again,
issues imposed by field amplitude, frequency, and modes (DC, AC, Pulsed) will be discussed with respect to
Brezovich-Atkinson criterion and potential side-effects [2]. Variable field modes in Magnetic Particle
Hyperthermia and Magneto Mechanical Actuation [3] will be proposed as alternatives to promote enhanced
efficiency yet with mitigation of side-effects [4].

Finally, the beneficiary role of magnetic nanoparticles and fields will be evaluated beyond the in-silico case
towards in-vitro, ex-vivo and in-vivo studies where aspects such as biocompatibility, and sustainability should
be circumvented without sparing treatment efficiency [5, 6]. Certain applicable case studies of magnetic field-
material combinations for handling, diagnosis, and therapy studies and theranostic schemes [7] will be
proposed.
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SR The biological and therapeutic effects of low magnetic fields have been the subject of numerous
— studies for over a hundred years. However, investigations of the biological effects of moderate
and high magnetic fields are still at an early stage. Several new biological and therapeutic effects
of moderate and high magnetic fields (MFs) will be discussed. Effects of a high static MF on
lung cancer-bearing mice were examined in [1]. In mice treated 88 h with a 9.4 T static magnetic
field, tumor growth and DNA synthesis were significantly inhibited, G2 cell cycle was arrested,
while the ROS and P53 levels were increased. Surprisingly, the application of ultra-high static
MF (up to 33 T) causes an anti-depressive effect on mice, enhancing the levels of oxytocin and
c-Fos in the mice’s brains [2]. This was the first attempt to apply ultrahigh static MFs to living
organisms. It is important for clinical applications to treat a number of myopathies associated
with the defective calcium regulation in muscle cells that exposure of skeletal muscle cells to a
complex spatiotemporally modulated 70 mT magnetic field triggers a significant increase in
cytosolic Ca?* levels leading to actin polymerization [3]. We found that low-frequency (4.2 Hz)
rotating 0.4 T MF not only reduced the F-actin filament in cells, but also interfered with actin polymerization
and depolymerization in vitro, which showed the direct action of the MF on actin dynamics [4]. This implies
that low-frequency rotating MFs could inhibit breast cancer metastasis through F-actin modulation and its related
pathways. A high static MF can control the diffusion of biologically active molecules including oxygen,
hemoglobin, and drugs, thereby affecting many physiological processes in organisms, e.g., wound healing [5].
We suggest several new physical mechanisms of the MF impacts on endothelial and cancer cells by the MF
interaction with chains of biogenic and non-biogenic magnetic nanoparticles on cell membranes [6]. The
physiological sequences of the MF — cell interactions for organisms in health and disease are discussed. A
prolonged exposure to a high static MF (1.0-8.6 T) with magnetic gradient 10 T/m can have negative effects on
diabetic mice, especially mice with severe T1D, whereas quasi-uniform 9.4 T MFs did not produce the same
effects, providing important information for the future development and clinical application of MFs, especially
high-field MRI [7]. The analysis performed in [8] showed that specific ion channels in cells can be turned off
and on by remotely applying a high gradient magnetic field, thus modulating the cell membrane potentials. The
suggested model and mechanisms provide a general framework for identifying possible hidden mechanisms of
biomagnetic effects associated with modulation of ion channel activity by high gradient static magnetic fields.
The described effects and their underlying mechanisms are general and should take place in a large family of
biological effects of MFs. The results are of great importance for further developing novel approaches in cell
biology, cell therapy and medicine.
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Stress monitoring in intervertebral disc using bistable microwires.
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For decades, implantable sensors have been used in research to provide comprehensive understanding of
the biomechanics of the human musculoskeletal system [1]. An implantable, freestanding, minimally invasive,
intervertebral disc pressure sensor would vastly improve the knowledge of spinal biomechanics, the
understanding of spinal disease and clinical indications for surgical interventions in disc-related pathology [2].

According to our previous study [3] it is possible to use bistable magnetic microwire for contactless
sensor of the pressure. Based on this possibility, the new concept for measuring the pressure in intervertebral
discs implants using bistable magnetic microwire as minimally invasive implatable sensor has been created.
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Bistable microwires were glued on the surface of 3D printed intervertebral disc made of Polylactide
(PLA). Measurements were made in series of 3 runs with a gradual increase in the load from 0 to 200 N and a
gradual release of the load from the finished position 200N to 0 N. Repeated measurements of this dependence
show that with an increase in the force, the magnetic response increases monotonously. The observation of the
measurements shows flattening of the intervertebral disc (see figure). occurs and the horizontally located
microwire is stretching. On the other hand, the measurement shows that torsion occurs when the load is applied.
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The hysteretic properties of magnetic nanoparticles allow for heating which can be utilised in a localized
cancer treatment called magnetic hyperthermia. Clinical trials with magnetic hyperthermia have already been
conducted [1]. For magnetic hyperthermia to be efficient it is of great importance to improve the heating power
of the magnetic nanoparticles.

Within the field of magnetic hyperthermia, there is a need for an accurate measurement procedure for
quantifying the heating power of magnetic nanoparticles in order to support comparison between different
candidates of particles [2]. Usually, this quantity is measured through AC-calorimetry in which a magnetic
nanoparticle solution is placed inside an induction coil, which provides an alternating magnetic field while a
thermometer records the temperature inside the sample [3].

A recent inter-laboratory study found that this standard method for quantifying the heating power is subject
to large systematic errors of unknown origin [2]. Across the 17 participating state-of-the-art laboratories the
intrinsic loss power (heating power normalized by the frequency times the squared amplitude of the applied
magnetic field) displays a standard deviation of the mean of 40 %. This situation is highly problematic for
comparing and developing new efficient magnetic nanoparticles and highlights the need for an accurate
standard measurement protocol for quantifying the heating power.

In this contribution, we present a newfound importance of sample environment (Fig. 1 left and centre). We
demonstrate how heat transfer from the sample can be analysed (Fig. 1 right) and how local temperature
increments in the sample insulation can influence the measured heating power. Based on our results we propose
strategies for obtaining better estimates for the heating power of magnetic nanoparticles.
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Fig 1: Left: AC calorimetric setups with three different sample environments. Centre: Sample temperatures measured in the three
different sample environments seen in the left figure. Right: The data in the central plot converted into a plot of the time derivative
of the temperature vs temperature change. From [4].
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Ischemic stroke is one the main causes of death and disability in developed countries. Strokes occur when
the blood supply to a part of the brain is interrupted due to the blockage of blood vessels, leading to potential
irreversible tissue damage. To re-establish blood and prevent further damage in the affected brain tissue,
intravenous injection of the clot-busting agent tissue plasminogen activator (tPA) is provided to breakdown a
blood clot. However this thrombolytic therapy is currently restricted by its short time window of efficacy and
the risk of uncontrolled haemorrhage. Here, we investigated whether platelet-targeted magnetic hyperthermia
(MH) induced by Iron Oxide Nanoparticles (IONPs) could be used to improve the efficacy of enzyme-mediated
thrombolysis. PAC-1, an antibody that recognises activated platelets taking part in blood coagulation, was
conjugated to IONP to produce platelet-targeted IONPs. Ex vivo generated human blood clots were exposed to
tPa in the presence or absence of MH. MH was found to enhance the clot-lysis action of tPa by reducing the
weight of tPa + MH treated clots to 75.6 = 1.5 % of untreated control clots, compared to 81.3 & 2.2 % clots
treated with tPa alone (n = 15, P <0.05)[1]. Through 3D reconstruction of confocal images, platelet-targeted
MH was found to increase permeability of blood clots to 70 kDa fluorescent dextran, which has similar
molecular weight to that of tPa (Figure 1). Electron microscopy images revealed that localised MH enhances
tPa-mediated clot disruption. Remarkably, viability tests evidenced no increase in cell death of HUVEC 3D
cell cultures, which are those located in the internal layer of blood vessels, when exposed to f-IONP-mediated
MH. Platelet-targeted magnetic nanoparticles could act as an adjuvant to enhance the efficacy of current clot
busting therapies through the induction of localised MH. Nanoparticles-mediated MH could be also explored
for improving the treatment of other cardiovascular conditions such as Venous Thromboembolism.
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Injuries to the peripheral nervous system are estimated to p
occur in 2-5% of trauma hospital admissions and can severely
impact patients’ quality of life [1]. Current surgical interventions
are limited and, in ~50% of cases, ineffective at restoring patients
to their previous functional level [2]. Our current research aims
to improve outcomes by understanding and harnessing magnetic
microwires and magnetic stimulation, which increased total
neruron outgrowth while strongly biasing growth parallel to the
wire. These results build on our previous work highlighting the
promise of static low magnitude (~15 mT) magnetic fields,
increasing neurite outgrowth by 60% [3]. Additionally, linear
topographical cues have been demonstrated throughout the
literature to strongly influence neuron directional outgrowth, but
never using highly responsive magnetic microwires [4, 5].
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Neurite Length (pm)

Magnetic Wire + Magnetic Stimulation

These magnetic microwires (diameter ~80 microns),
fabricated using the modified Taylor-Ulitovsky method [6], are
composed of Fe73Sii1Bi13Nbs, metallic glass core coated with
inert pyrex glass. This class of material is extraordinarily
responsive to small (< 100 A/m) applied external magnetic
fields, with a saturation induction around 1.6 T of the metallic
core, coercivity in the range of several A/m, and permeability up
to around 10°. Magnetic field conditions with and without the
magnetic wire were modeled using Ansys Simulation Software.

Figure 1: (A) Comparison of the longest neurite
for all five experimental groups. Each point
represents one DRG replicate. Significant
differences are denoted with *, *** and ****,
Error bars indicate the standard error of mean
(SEM). (B) DRG on magnetic wire + magnetic
stimulation. Green fluorescence labels neurites
(neurofilament-heavy), red fluorescence labels
glia cells (S100p), and blue fluorescence labels
cell nuclei (counterstained with DAPI).

Dorsal root ganglia (DRGs) were subjected to five different

parameters: control (no magnetic stimulation, no wire), magnetic stimulation, magnetic wire, glass wire +
magnetic stimulation, magnetic wire + magnetic stimulation. After five days, DRGs were fixed,
immunocytochemistry was performed, and imaged. Images were analyzed for total neurite outgrowth, neurite
density, longest outgrowth, and directional biases. Further, changes in gene expression between groups will be
evaluated with RNA sequencing. Data was assessed with the Kruskal-Wallis Test with a post hoc Dunn’s
multiple comparison test.

The combination of the magnetic wire and magnetic field stimulation resulted in significant increase in total
neurite outgrowth (by 120%), neurite density (by 500%), and the longest neurite extension (by 95%) compared
to the unstimulated controls. Additionally, magnetic wire + magnetic stimulation drove a strong directional
bias, with 50% more growth parallel to the wire. This study furthers our knowledge of the interactions between
neurons and magnetic materials/fields, bringing us one step closer to improving patient outcomes after nerve
injuries.
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Spatiotemporal application and modulation of mechanical forces in biological systems are of great interest
for studying a wide range of mechanotransduction processes involved in therapy, including cancer mechano-
immunoengineering [1]. Remote cell manipulation can be implemented in an external magnetic field by using
magnetic nanoparticles that serve as the “nanotransducers,” converting the energy of a magnetic field into a
mechanical force in a 1-100 pN range [2]. To maximize this force (or a torque), magnetically anisotropic
structures (for example, platelet-shaped) are preferred [3].

In this work, we study synthetic antiferromagnetic (SAF) nanoplatelets (NPs) with perpendicular magnetic
anisotropy for future magnetomechanical applications. Our group recently published the protocol for
fabricating SAF NPs of 123.3 + 3.3 nm diameter based on substrate conformal imprint lithography [4]. Yet,
this fabrication route requires certain modifications and development of the functionalization steps to make
SAF NPs stable and biocompatible while retaining their magnetic properties.

In particular, introducing gold layers at the top and bottom of the SAF stack (Figure 1a) does not affect its
magnetic characteristics, namely the antiferromagnetic state with two clear on/off switches (Figure 1b). It also
allows for the surface modification of NPs with thiol-containing ligands (Figure 1c). In my talk, I will discuss
our current strategies to fabricate and functionalize the gold-coated SAF NPs circumventing the associated
issues that include the adjustment of non-magnetic layers, hydrophobicity of the as-deposited Au surface,
colloidal instability of SAF NPs, and others. Finally, I will give an overview of using (gold-coated) SAF NPs
for magnetomechanical cell manipulation, including recent examples from the literature.
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Figure 1. Gold-coated SAF NPs for magnetomechanical applications: a) SEM image of the NPs after the release, the inset shows the
layered structure with thicknesses in nanometers; b) Hysteresis loop of a SAF thin film, MOKE measurement; c) XPS data on the

patterned SAF NPs before and after the functionalization with a thiol (11-mercaptoundecanoic acid).
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Hybrid magnetic nanoparticles made up of iron oxide, Fe3Oa, presenting high magnetization and large surface
area hold great potential for multimodal therapiesas such as tragered drug delivery, magnetic resonance
imaging, and detection, diagnosis, and magnetic field—assisted radiation treatment of cancerous cells. [1,2] In
this aim, we have prepared a multimodal hybrid core/shell nanoparticles composed of Fe3Os core and
mesoporous SiO: shell through a two steps seeded-mediation growth synthesis, combining solvothermal and
sol-gel approaches and using organic molecules as porous scaffold template. [3] As-synthesized nanoparticles
have been characterized by means of transmission electron microscopy, x-ray powder diffraction, nitrogen
adsorption-desorption isotherms, Fourier transform-infrared spectroscopy, AC and DC magnetometry,
calorimetric hyperthermia measurements, thermogravimetric analysis, and ultraviolet-visible spectroscopy.
The system presents a particle diameter of 30(5) nm (9 nm core and 10nm shell thickness) with
superparamagnetic character, saturation magnetization of 32 emu/g, and a strong AC magnetic-field-induced
heating response (SAR = 27 W/g, measured at 400 Oe and 307 kHz). Using ibuprofen as a model drug, the
large surface area (231 m?/g) of the porous structure presents high molecule loading capacity (10 % in weight)
and controlled drug release efficiency (67 %) can be achieved using an external AC magnetic field in short
time periods (5 min). In addition, it has been demonstrated that the magnetic field induced drug release shows
an enhanced efficiency in comparison with sustained release at fixed temperatures (47 and 53 % for 37 and 42
°C) even if the temperature reached at 5 minutes magnetic field exposition is well below (31 °C). [3]
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Magnetotactic bacteria (MTB) are a group of bacteria that can align themselves along the earth’s magnetic
field thanks to organelles called magnetosomes. Magnetosomes are magnetic nanoparticles enveloped by a lipid
bilayer membrane that can be made of magnetite (Fe;O4) or greigrite (Fe;S,4) of high chemical purity, and have very
uniform morphology and a narrow size distribution. These properties, together with their low toxicity and their bio-
compatibility make them good candidates for many biomedical applications, such as magnetic hyperthermia
[1,2,3].

However, most of the studies on the medical applications of magnetosomes so far have been performed on 2D
cell cultures, which lack many of the properties of tumours and living organisms, and further development of
magnetosomes as hyperthermia agents will require studies in more biomimetic systems. For this purpose we have
employed spheroids of the human lung carcinoma cell line A549. These are 3D tumour models with properties, such as
nutrient and oxygen gradients, that mimic those of human solid tumours. Our study had two aims: first to determine how
magnetosomes are degraded in 3D tumour models to evaluate how long they can be used for treatment; and second,
to determine the effectiveness of magnetosomes as hyperthermia agents in this system.

To study the degradation of magnetosomes from Magnetospirillum gryphiswaldense, A549 cells were incubated
with them for 2 h at a concentration of 30 pg/ml and then placed on low-attachment plates for the formation of spheroids.
The degradation was followed by means of magnetometric measurements and Fe K- edge X-ray Absorption Near
Edge Structure spectroscopy (XANES) at the ESRF synchrotron (Grenoble, France). Both techniques revealed that
the magnetite of magnetosomes is degraded very slowly within spheroids, with only 30% of the iron degraded from
magnetite to maghemite, and up to 90% of the magnetic signal still present 30 days after internalisation.

To test the effectiveness of magnetic hyperthermia in 3D tumour models, we incubated the spheroids with
magnetosomes and immediately exposed them to an alternating magnetic field of 157 Hz and 48 mT for
45 minutes. We found that the treatment resulted in lethality of up to 40% in the first 48 h after a single
hyperthermia session.

The low degradation rate of magnetosomes in tumour-models, combined with the high effectivity of
magnetosomes for magnetic hyperthermia, suggests that magnetosomes could be used for long-term hyperthermia
treatments.
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Accurately understanding the heating performance of magnetic nanoparticles (MNPs) under AC fields is
crucial for the development of hyperthermia-based applications. Typically, the specific absorption rate (SAR)
is used to describe this performance, which is obtained from the temperature change (AT) versus time (t) curve.
However, such estimates can be highly uncertain, resulting in vastly different SAR values for the same particles
measured on different equipment or in different laboratories [1]. This lack of control hinders the advancement
of MNP-mediated heat-triggered technologies.

Here, we propose a new protocol to reduce the dependence of SAR estimates on specific measurement devices.
First, we have identified the problems associated to the calorimetric methods, such as the inhomogenous
temperature distribution along the sample or the different heat loss mechanisms. Then, we have developed an
alternative way of analyzing the T(t) curves, changing from the initial slope, generally used in the most
extended approaches, to the analysis of the peak generated once the AC field is switched off. This approach
minimizes the influence of the apparatus' thermal properties on SAR determination. This “peak analysis”
allows performing very fast measurements, so a further development of the methodology includes to perform
very rapid field on/off switches resulting in a zigzag-shaped AT (t) curve (see Figure). This type of
measurement allows quickly obtaining a large number of SAR values in a short period of time. Moreover, it
can also allow tracking possible SAR variations over time. The proposed methodology has been experimentally
tested using three different devices achieving better interlaboratory comparison then when the classical
methods to calculate SAR are used.

Overall, we propose a change of paradigm in the way SAR is calculated, aiming to improve the reliability of
magnetic nanoparticle heating performance measurements.
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Figure: (a) Zig-zag measurement of the heating properties of magnetic nanoparticles performed with three different devices. (b) SAR
values calculated using the “peak analysis” from the measurements in panel (a).
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Chemically synthesized superparamagnetic nanoparticles (SP-MNP) have limited heat generation due to the
low magnetization of the typically used oxidic materials, wide particle size distribution, and consequently
narrow shape of their magnetic hysteresis loop. To overcome these limitations, top-down fabricated disk-
shaped particles were designed that either contain a single magnetic layer forming a magnetic vortex (V-MDP)
or synthetic antiferromagnet particles (SAF-MDP) consisting of at least one pair of antiferromagnetically-
coupled ferromagnetic (F) layers [1].

Current approaches using SAF-MDP, which consist of ferromagnetic layers with in-plane magnetization,
do not exhibit hysteretic losses. In contrast, a small hysteretic loss was demonstrated with V-MDP arising from
the annihilation/nucleation of the vortex. SAF-MDP with perpendicular anisotropy include at least two stacks
of Co/Pt or Co/Pd multilayers that are antiferromagnetically coupled through the RKKY interaction of a thin
Ru interlayer. Li et al. [2] recently reported M(H)-loops with substantial hysteretic losses, but the field required
to switch the particles from their antiferromagnetically aligned ground state to the ferromagnetic state (Har—r)
remained rather large for hyperthermia applications. Furthermore, the particles consist of expensive non-
magnetic materials, which limits their potential for economically viable applications.

In our work [3], we utilize micromagnetic modelling to optimize the system the parameters of in-plane SAF-
MDP to achieve an antiferromagnetically coupled (zero-moment) ground state and an abrupt switching into a
ferromagnetically aligned state in an applied field Har—r to maximize the hysteretic loss. The primary
difference from earlier approaches is that the ferromagnetic layers have an in-plane uniaxial anisotropy that is
strong enough to align the magnetic moments, resulting in an antiferromagnetically coupled ground state via
stray fields. This particle design also achieves an Har—r of less than 50 mT, which is compatible with the
oscillatory fields used in hyperthermia. The magnetic multilayer was sputter-deposited onto a 50 nm-thick Ge
sacrificial layer on a silicon wafer. Self-assembled polystyrene spheres were used as an etch mask for the
successive nanopatterning of disk-shaped islands. Finally, these islands were detached from the supporting
wafer by dissolving the Ge layer. Using vibrating sample and Kerr magnetometry, as well as high-resolution
in-field magnetic force microscopy, we analyzed the magnetic properties of the SAF-MDP. The results closely
matched the design goals and micromagnetic simulation results. We observed a turn-on/turn-off magnetism of
the SAF-MDP and hysteretic losses that approached the theoretical limit given by the magnetic material with
the highest saturation magnetization and a perfectly rectangular hysteresis loop. Moreover, experiments
mapping the hysteretic loss of SAF-MDP suspensions for different operation conditions revealed a
substantially higher heating efficiency than that obtained with SP-MNP.
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Despite their approval for human use, nanoparticles of ferrimagnetic iron oxides - namely maghemite (y-Fe2O3)
and magnetite (Fe3O4) - often underperform for drug release and hyperthermia, thus requiring higher doses.
This is partly due to the magnitude of their magnetic moment as well as their magnetic anisotropy [1].

We have designed a thermomagnetophoretic nanopump for controlled heating and drug release. This
nanopump consists of several layers, namely: (i) a core consisting of a controlled aggregate of FexNiixAy
nanoparticles coated with a chelator that prevents Ni desorption; (ii) a layer of amorphous silica for the
containment of the aggregates — either in liquid suspension or compacted, as needed -; (iii) a layer of
poly(lactic-co-glycolic acid) derivative (PLGAd), a thermosensitive polymer with shape memory that retain
and release the biomolecules of interest; (iv) optional surface linkers to facilitate the bonding of targeting
biomolecules. By applying an external ac magnetic field, the core aggregates generate a thermophoretic effect
that leads to an externally actuated and progressive PLGA destructuring, and hence to the controlled release of
the inner biomolecules.

Figure 1: SEM image of the FexNi; x@SiO2@PLGAd thermomagnetophoretic nanopumps
T et ) \F"L . { Zh . R
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Magnetic hyperthermia consists in converting electromagnetic energy into heat by applying an external AC
magnetic field to an assembly of magnetic nanoparticles. This results in a very localized temperature rise which
can be useful in medicine and catalysis. However, several fundamental aspects must be fully analyzed in order
to better understand how to control the temperature space-time profile within magnetic nanoparticle
assemblies. In particular, in view of building multi-scale sensible models for future developments in magnetic
hyperthermia, two important points need to be clarified: 1) the role of dipolar interactions (DI) in the
optimization of the specific absorption rate (SAR), and 2) the heat diffusion within the assembly and through
its interface with the surrounding environment.

Here, we address comprehensively these two issues. We first show how to determine the SAR of the assembly
both semi-analytically (weak DI [1,2]) and numerically (higher concentration — strong DI [3]) to systematically
investigate the effect of density and non-linear terms. The obtained SAR then serves as a source in the balance
equation for heat diffusion, taking account of Newton’s law of cooling at the interface between the sample and
its immediate vicinity [4]. The temporal profile of the temperature elevation is confronted with experimental
data for maghemite and magnetite ferrofluids, providing a basis for the rationalization of the dependence of
the Newton coefficients on the relevant physical parameters.
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Biological markers are measurable indicators of biological or physiological states. Current detection technologies
require exhausting sample preparation or complex detection methodologies. Such drawbacks are being overcome
by recent progress in nanoscience and nanomaterials. Among the latest, nanoparticles have been widely employed
in different diagnosis, therapeutic, and sensing applications. In particular, magnetic nanoparticles (MNPs) have
been proven to transduce biomolecular recognition of target biomarkers in fluids. Here, we present a novel, quick,
low cost and versatile methodology for magnetic detection of biomarkers in biological fluids (i.e. buffer saline,
and blood plasma), based on the variation of the AC hysteresis loops of MNPs after interacting with an analyte.
Such measurable variations are observed after short MNP-analyte incubation times, and are associated with
the increase of hydrodynamic volume and magnetic dipolar interactions. The displayer is an AC magnetometer
taking few seconds (< 5s) for measurement and requiring reduced magnetic suspension volumes. Among all
these suitable features, the most important aspect of our novel method is that the sensitivity of biomarker
detection is modulated down to 10 nM not only by the analyte-ligand interaction affinity, but by different
parameters of employed magnetic display system (see Figure below). We have succeeded to perform the proof
of concept of this novel and versatile magnetic detection methodology, whose potential relies on exploiting
distinct strategies to probe changes in magnetic relaxation processes (i.e. Néel and Brownian) of MNPs
dispersed in fluids. Indeed, AC magnetometry has a novel technological biosensing potential beyond its use as
magnetic characterization technique.

AC magnetic area detection methodology

Analyte valency
Composition and Size

4 _» J="
16 nm 32nm @ ® ..
@ 2 ot
Fe,0, e
Coy;Fe; ;04 nanoassembly y B
Number of nanocluster
recognition ligands
-'OA. 4 H Field conditions
Ty =] T g
ars b-MNP AW
5 & f 1
= o b-MNP+analyte B H'u R 1 H
MNP concentration e ) \ “-..-" \
0 5 m
' ime (us)
- e e Analyte concentration time et
YT
P 4 : i AY
2 e X )
AV "
Acknowledgments

Authors acknowledges financial support from PEJ-2020-AI/IND-19394, M-ERANET 2018 (PCI2019-
103600), PID-2020-117080RB-C51, and PID- 2020-117080RB-C53

130



SYMPOSIUM 03. ORAL PRESENTATIONS 13y[MS

Magnetosomes Detection In Liquid By Magnetic Force Microscopy
Jorge Marqués-Marchdn’ * Pablo Ares’, Miriam Jaafar2’3, Alicia Gascén Gubieda®, Ana Abad® Eider
Berganza', Maria Luisa Fdez-Gubieda®®, Agustina Asenjo’

! Instituto de Ciencia de Materiales de Madrid, CSIC, 28049 Madrid, Spain
2 Dpto. de Fisica de la Materia Condensada and Condensed Matter Physics Center
(IFIMAC). Universidad Autonoma de Madrid 28049, Madrid, Spain
3 Instituto Nicolds Cabrera, INC Cantoblanco, Madrid, Spain
*Dpto. Inmunologia, Microbiologia y Parasitologia, Universidad del Pais Vasco (UPV/EHU), Leioa, Spain
S Dpto. Electricidad y Electrénica, Universidad del Pais Vasco (UPV/EHU), Leioa, Spain
8 BCMaterials, Basque Center for Materials, Applications and Nanostructures, UPV/EHU, Spain

*jorge.marques(@csic.es

Atomic force microscopy (AFM) is a powerful technique for the nanoscale characterization in a broad range
of areas, such as nanomedicine, biophysics and nanobiotechnology. These subjects require the AFM
measurements to be performed in physiological conditions, thus in a liquid environment. Magnetic force
microscopy (MFM) is usually performed in vacuum or air conditions. Though the applicability of MFM in
liquid has been demonstrated, the signal-to-noise ratio is decreased compared to vacuum and air [1].

Magnetotactic bacteria (MTB) are microorganisms that biomineralize magnetic nanoparticles surrounded
by a lipid bilayer membrane (so-called magnetosomes) forming a chain along the axis of the cell, which allows
bacteria alignment under a magnetic field. Due to their properties, MTB have potential applications in
medicine, for example in cancer therapies [2]. Up to now, MFM characterization of MTB has been a
challenging task due to the fact that magnetosomes are small compared to bacteria and they are localized inside
their membrane, causing that their magnetic signal is hardly detected, even in air conditions. The customization
of AFM probes with magnetic material has exhibited better results in air (Figure) [3], but the detection of the
magnetic signal in liquid environments has not been yet observed for these MTB. More recently, magnetic
nanorods grown by Focused Electron Beam Induced Deposition (FEBID) [4] on non-magnetic AFM tips have
shown an improvement of the signal-to-noise ratio for the magnetic signal in liquids [5].

In this work, magnetic nanorods have been grown on non-magnetic AFM commercial tips. These probes
are used to perform MFM measurements on MTB bacteria in a liquid environment. The detection of
magnetosomes signal in these liquid conditions constitutes a significant advance in thedevelopment of MFM
for biological applications.
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Figure: Topography (léft) and MFM (right)' imageg of MTB measured in air with (a) a commercial Nanosensors PPP-MFMR probe
and (b) a customized commercial Olympus Biolever Mini AFM probe with magnetic coating.
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Magnetic Particles Imaging (MPI) is a promising imaging technique exploiting magnetic nanoparticles with
typical diameters in the 10-20 nm range. Nanoparticles, driven in correspondence of tumor masses, are
triggered with a static magnetic field gradient to form a sensitive region that is excited to produce a measurable
signal by an external, low-intensity ac electromagnetic field. By scanning with a suitable device (an antenna)
over the patient’s body, maps of the magnetic response of the magnetic nanoparticles can be obtained, which
can be used to identify the tumoral masses and characterise some of their properties. With respect to other
imaging diagnostic techniques, MPI does not use ionising radiation or intense magnetic fields, and is therefore
attracting much attention.

The maps acquired during scanning report the real and imaginary components of the third harmonic of the
signal detected by an antenna that is capturing the magnetic response of the magnetic nanoparticles excited by
the rf field. For each point of the map, the signal does not come only from the particles immediately underneath
the antenna, but it is the integral of the contribution of all the particles, according to their distribution and their
distance from the antenna. The solution of the direct problem, i.e. the calculation within the sensitive region of
the real and imaginary parts maps given the initial nanoparticles distribution and their magnetisation vs. field
curve, is straightforward (although time consuming), whereas the inverse problem, i.e. the calculation of the
nanoparticles distribution from the real and imaginary parts maps, is not trivial and may be severely affected
by incomplete or inaccurate knowledge of the physical properties of the nanoparticles [1]. Nonetheless, it is
the inverse problem that is mostly relevant for diagnostic applications.

In this work we approach the solution of the inverse problem of MPI exploiting a machine learning model.
First, nanoparticles with different size and magnetic properties (blocked or superparamagnetic), distributed in
one or more clusters, with different shape and size, are randomly generated with a numerical approach (an
example of nanoparticles distribution is given in Figure 1(a)). Then, by using the cyclic magnetisation
associated to the considered nanoparticles, the complex third harmonic response (system function, Figure 1(b))
is calculated for each point of the map, and numerically integrated (Figure 1(c) and (d)). A large dataset is
therefore compiled, whose entries are the real and imaginary parts of the signal, used as inputs, and the initial
nanoparticles distribution, used as output, of a convolutional neural network. After training the machine
learning model, it is possible to test its predictions by comparing the true (numerically generated) nanoparticles
distribution, and the calculated one (Figure 1(e)). The model is shown to efficiently reconstruct isotropic and
anisotropic nanoparticle distributions (including bimodal or multimodal classes) without the need of entering
the details of the magnetic properties of the particles themselves (which are often difficult to check and control
in a living environment).
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Figure 1: (a) Simulated disrtribution of magnetic nanoparticles. (b) Calculated third harmonic response at the peak of the
distribution. (c) Real part and (d) imaginary part of the integrated third harmonic maps. (e) Recalculated magnetic nanoparticles
distribution by a convolutional neural network.

132



SYMPOSIUM 03. ORAL PRESENTATIONS 13H[MS

Probing AC Magnetic Properties of Magnetic Nanoparticles Inside Biological
Cells Using Magneto-Optic Faraday Effect
Xuyiling Wang'*, Ying Yang!, Neil Telling’
! School of Pharmacy and Bioengineering, Keele University, Stoke-on-Trent, ST5 5BG, UK

*x.wang3@keele.ac.uk

Magnetic nanoparticles (MNPs), exposed to high frequency alternating magnetic fields, can generate
localized heat and induce death of cancer cells; an effect termed magnetic hyperthermia (MH). The magnetic-
optic Faraday effect (MOFE) is the rotation of light polarisation through materials magnetised in a direction
parallel to the light propagation. Here, a scanning laser microscope based on MOFE, developed in-house, was
used to determine the AC magnetisation of nanoparticles in biological samples in situ. It could measure AC
hysteresis loops under frequencies up to 500 kHz and field up to 50 mT with high spatial resolution (<1 um).
In addition, a fluorescence imaging module allows simultaneous biological structural and functional imaging.

By mapping the magneto-optical AC susceptibility across cell regions, magnetic images of MNPs within
the cells in situ were obtained (Figure 1: Centre). AC hysteresis loops under different frequencies from
aggregates of MNPs within cells were also investigated by this microscope. Analysis of AC hysteresis loops
obtained from different nanoparticles in suspension form, as well as in different intra and extra-cellular
locations in biological samples, revealed differences in their AC magnetic properties. Such effects have been
suggested previously from bulk measurements of cellular suspensions [1], but have not been resolved at the
cellular level until now. The ability to probe this cellular level magnetic information from the MNPs, enables
the determination of their AC magnetic properties in situ. This is essential to promote magnetic hyperthermia
by informing on how the heating effect can be optimised inside cancer cells.
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Figure 1: (Left) Fluorescence image of fixed human breast cancer cell line (MCF-7): labelling F-actin (red) and nucleus (blue).
(Centre) Zoom-in fluorescence image superimposed with magnetic mapping (yellow) by measuring AC susceptibility under 64.8kHz
using the in-house developed multifunctional microscope. (Right) Hysteresis loops under two frequencies (64.8kHz, 327.6kHz)
measured from MNPs aggregated inside cells
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One baby out of ten is born preterm and it may face many health complications. The ischemic
stroke is one of them and is often diagnosed belatedly during a routine ultrasound exam, when irreversible
neurological changes have already taken place. Our goal is to develop an alternative imaging tool, allowing for
a safe and efficient scanning environment for neonatological applications. Our open very low field MRI
(VLFMRI) is compatible with preterm baby’s incubators, which will be inserted between the main field’s coils,
allowing for continuous image acquisition.

The set-up is low cost with minimal acoustic noise and low specific absorption rate. To design it,
we have developed a software, based on Biot-Savart’s law, calculating, and optimizing the Bo’s and gradients’
coils. The [MRI is made of symmetrical big (2 m diameter) and small coils (64 cm diameter) generating a static
By field of 8 mT with 7ppm on 10x10x30cm?. Our gradients Gx, Gy are rectangular coils placed symmetrically
on both sides of the set-up, generating 290uT/m with 0.45% linearity error. Gz mimics the main field’s
geometry and creates 500uT/m with 0.11% linearity error.

The key challenge at very low magnetic fields is the low signal that requires extremely low noise
sensors. We are developing two different approaches, one based on mixed superconducting-spintronic sensors
[1] the other based on optimized tuned coils. The latter is presently better with achieved detectivities of
0.03 ft/vHz. The current design is a rectangular double-layered surface tuned coil (23.5x17 cm?) with 28
turns in Litz wire, spaced at 3 mm between each turn. Its intrinsic resistance (RpctRac) is 170 mQ, with a
quality factor Q=476.

The neonatology MRI system is already operational, and first images have been performed on
phantoms. Our future goal is to implement fast acquisition sequences for producing 3D images in a reasonable
scanning time.

View of the 8 mT open MRI during the installation process.
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Since magnetic nanoparticles when exposed to an alternating magnetic field can generate heat, they are great
candidates for applications in which thermal energy is essential to accomplish the anticipated experimental
purpose. In nanomedicine, this phenomenon is used for localized cancer therapy (magnetic hyperthermia),
complementing or being a promising alternative to chemotherapy and radiotherapy. [1][2][3] For achieving
better biocompatibility and gaining additional features, the magnetic nanoparticles must be functionalised by
different coatings or immersed in hybrid systems. With this in mind, albumin protein microbubbles obtained
by a sonochemical method were chosen to attain a hybrid system, which hosts iron oxide nanoparticles (two
samples with different size and shape) in the protein shell, and become endowed with magnetic properties for
manipulation and/or heat delivery applications. [4][5]
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Magnetotactic bacteria (MTB) are microorganisms able to align along the geomagnetic field lines due to
their ability to biomineralize intracellular magnetic nanoparticles, called magnetosomes, that organize forming
a chain. The morphology, composition and size of the magnetosomes are characteristic of each species and
define the magnetic response of MTB and their potential use as nanorobots for cancer therapies such as
magnetic hyperthermia.

In this work, we study the suitability of the Magnetovibrio blakemorei (MV-1) species as a magnetic
hyperthermia agent. The MV-1 bacteria synthesize elongated magnetite magnetosomes with truncated hexa-
octahedral morphology (~35x35x53 nm?®). In order to reveal any relationship between magnetosomes
morphology and heating efficiency of MV-1 bacteria, we used different MTB species with other magnetosomes
morphology: Magnetospirillum gryphiswaldense (MSR-1) [1] and Magnetospirillum magneticum (AMB-1)
[2]. MSR-1 and AMB-1 bacteria synthesize magnetite magnetosomes with a truncated octahedral morphology
(~40nm) with a slight distortion. The main difference between both species lies in the arrangement of the
magnetosomes in the chain: while MSR-1 present a full chain, AMB-1 presents a fragmented one. We
evaluated the heating capacity of MV-1 by measuring the specific absorption rate (SAR) using a homemade
AC magnetometer [3]. The SAR values were obtained from the area of the AC hysteresis loops measured at a
frequency of 132 kHz and with magnetic field amplitudes ranging up to @l Lo
90mT. 14 - iﬁ‘lg-

The evolution of SAR/f as a function of the applied field amplitude is g
depicted in Fig.1 within the values of MSR-1 and AMB-1 for comparison.
The same trend is observed for the three species: at low field the SAR/f
values are negligible, whereas above a threshold field SAR/f exhibits a
rapid increase reaching saturation at 40, 53 and 80 mT with saturation
values of 8, 12 and 16.4 W/gkHz for MSR-1, AMB-1 and MV-I,
respectively. The main difference observed should be related to the shape
anisotropy of the different morphologies studies.
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Fig.1:  Specific  absorption  rate
normalized by frequency as a function

of the magnetic field amplitude for
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Advances in nanotechnology brought significant progress in various technological fields including
biomedical sciences. The use of engineered nanoparticles for drug delivery, diagnosis and treatment of
deseases, imaging and biomarkers detection are the most pronounced cases of this research trend that frequently
reaches clinical levels. However, avaibility of nanoparticles able to comply with the standards for handling in
the health sector is not always an easy condition to fullfil mostly due to details of their synthesis procedure.
Ideally, combining rapid, inexpensive, highly automated, green, aqueous processes, with minimum energy
consumption and by-products release operable by non-specialized staff, is a prerequisite to qualify a synthesis
method as a good manufacturing practice valid for medical facilities.

In this context, this work examines the translation of a well-known production method for magnetite
nanoparticles, based on the oxidative precipitation of FeSO4 in aqueous media into a continuous-flow process,
which implements complete control of operating parameters and products’ quality, managing to minimize the
duration of the rate-controlling thermal ageing step. Particularly, transformation of the green rust intermediate
form into the Fe3O4 nanocrystals was carried out by heating in a microwave system adapted to a continuous
flow reactor. In a first approach, a tank reactor (CSTR) was placed into the microwave oven and continuously
fed with the green rust precursor. Following this scheme, Fe3O4 nanoparticles with diameter around 30 nm
were successfully produced by applying a residence period of less than 10 min. Surprisingly, by using a plug-
flow tube reactor (PFR), an extremely high heating rate was succeeded and well-defined magnetic
nanoparticles were produced with a residence period of less than 30 s. Monitoring and optimization of the
procedure was assisted by computational fluid dynamics. The potential of produced nanoparticles was
evaluated by studying their behavior for in vivo intravenous administration in mice and their efficiency as
agents for detecting metabolic processes.
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Magnetic nanoparticles (MNPs) have been the subject of intense research, not only for fundamental
research but also for their potentiality in a wide number of practical applications such as energy storage,
catalysis, photonics, electronics, or biomedicine. [1-3] In particular, MNPs are constantly showing their great
potential to revolutionize classical medical treatments and therefore the number of new biomedical applications
has been increasing exponentially over time.

Adiposopathy is one of the most widespread pathologies in EU member states. It is promoted by fat
accumulation (adiposity) and a sedentary lifestyle in genetically susceptible patients. At the present, this
pathology is treated by invasive interventions, such as bariatric surgery or liposuction procedures, or by
pharmacological treatments aimed at addressing some effects of adiposopathy, such as hypertension or Type 2
diabetes, but not the disease itself. For this, we propose a radical new approach for the treatment of pathological
adipose tissue, based on the application of MNPs and the induction of magneto-mechanical stress applying an
external LF-AC magnetic field that activates cell apoptosis or lipolysis, avoiding side effects associated with
standard routes. Iron oxide MNPs of different shapes are of particular interest in the precise determination of
their shape-dependent properties and functionalities in biomedical applications. Compared with spherical and
octahedral MNPs, iron oxide nano-octopods offer higher heating efficiency, enhanced anisotropy, and higher
contrast in magnetic resonance imaging (MRI) while magnetite nanorods offer longer blood circulation times,
stronger interaction with tumors, enhanced retention at tumor sites, improved targeting efficiency, making them
excellent candidates to induce mechanical damage of cells. [4]

In this contribution we present the synthesis of iron oxide MNPs of different sizes and shapes (rods and
octapods) by colloidal chemistry to be used as stress inductors in adipocytes. The MNPs were characterized by
X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), and superconducting quantum
interference device (SQUID) magnetometry. Also, we present a prototype of an LF-AC generator for inducing
magneto-mechanical damages. This device is easy to handle and transport and can be used for different cell
cultures and biological targets. The Fe;O4 MNPs were synthesized to be used as stress inductors in adipocytes.
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Quantification of magnetic nanoparticles (MNP) in biological systems like cells is of importance for the development of
novel biomedical applications [1]. Surface and charge as well as MNP size are considered to be key factors for the
biomedical applicability of MNP. Therefore, characterization of MNP in environments that mimic physiological
conditions is of great importance. For this reason, the development of new biomedical applications of MNP requires
powerful techniques capable of measuring all relevant structural and magnetic properties of MNP in complex media. The
coupling of chromatographic separation techniques with complementary detectors in a contained system allows real-time
and detailed characterization of MNP, as shown in [2]. In this work, we used this multi-detector platform to characterize
the interaction between MNP and biological environments. We applied centrifugal flow-field fractionation (CFFF,
Postnova Analytics GmbH) to separate the MNP in different media according to their mass. The fractions were then
magnetically and physically characterized by the detector array consisting of UV/Vis detection for concentration
determination, dynamic light scattering (DLS) for hydrodynamic size determination, and magnetic particle spectroscopy
(MPS) for dynamic magnetic characterization. Using this setup, MNP changes were studied in deionized water (H»O),
Fetal Calf Serum (FCS, Biochrom), Roswell Park Memorial Institute 1640 medium (RPMI 1640 Medium, Gibco), and
Dulbecco's Modified Eagle Medium (DMEM high glucose, Thermofisher). All these media are widely used for
experiments on human and animal cells. Investigations were carried out on various commercial MNP systems. After
separation of the MNP sample with respect to particle mass and instantaneous determination of hydrodynamic size (DLS
signal), concentration (UV/Vis signal) and magnetism (MPS signal), the measurements were evaluated. The results for
the commercial MNP system Synomag-COOH (SynC, Micromod Partikeltechnologie) with a citrate surface and a
hydrodynamic diameter of 30 nm, in H,O, 10% FCS+RPMI and DMEM are shown in Fig. 1. In H>O (black curve), SynC
exhibits a narrow size distribution (Fig. 1a), which changes for DMEM (green) and becomes much broader for 10% FCS
in RPMI (purple). These changes also reduce the magnetic signal of the detected size classes (Fig. 1b).

UVIVis ____MPS
0.010 0.6 &ma:H » Figure 1: a) Size dependent UV/Vis
0y = —— 10% FCS+RPMI signal (cr.) and b) MPS signal (43) of SynC30 in three biological
3 E 04 —— DMEM media H>O (black), 10% FCS in RPMI (purple) and DMEM high
E 0.005 ] E glucose (green) as obtained by the multi-detector platform.
N < 02 : .
© = Our results show that the multi-detector platform is
T —_— - suitable for studying the interaction of MNP in

B il (nm;‘m L different physiological media. Due to the separation of
the MNP sample prior to  multi-modal
characterization, this method is significantly more powerful and reliable compared to commonly used integral
measurement methods. The platform provides important insight into the physics of MNP in biological
environments and can be used as a standard analytical method for the control of MNP in biomedical
applications.
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The emergence of new 3D printing technologies together with the development of miniaturization techniques
holds promise to start a new industrial and technological era through the incorporation of complexed shaped
multifunctional microstructures. From the Internet of Things (IoF) environments to integration of theranostic
in-vivo devices, many technological fields will benefit from the development of stimuli-responsive
microstructures. In particular, the capability to respond to external magnetic fields possess some inherent
advantages in comparison to other stimuli (thermal, chemical, electrical, etc.), such as the possibility for remote
control or high controllability.! Despite the rapid development of 3D printing of magnetoresponsive materials
on the macroscale, fabrication of micron/nano sized structures is still an emerging field.

In view of this, we present two different approaches that we are developing towards the creation of 3D
polymeric magnetoresponsive structures (Figure 1). (a) Direct printing of nanoparticles embedded in a
polymeric matrix via FluidFM?, a technology based on the combination of microfluidics with atomic force
microscopy (AFM), in which a hollow cantilever, with an aperture at the tip apex, can be used for precisely
localized liquid dispensing. (b) The combination of scaffolds fabricated via 2-photon lithography with physical
vapour deposition of ferromagnetic alloys to render them responsive to magnetic field.
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"p*\ active elements (NPs) Figure 1. Sketches of (a) FluidFM for direct writing of

(b) polymeric matrices with magnetic nanoparticles.
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Currently, the main method for detecting SARS-CoV-2 virus is the molecular diagnostic test qRT-PCR,
which is relatively slow, because it takes about 48 hours to perform and requires expensive and complex testing
techniques. To ensure rapid community testing other ways to detect the virus are needed. Therefore, it is
relevant and important to develop simple, non-invasive tools and methods that allow tests to be performed on
anyone without special preparation [1]. To develop the biosensor prototype for direct virus detection from the
patient's exhaled air we have chosen nanolayered structures based on spin valves [2]. These are giant
magnetoresistive devices which operation is based on spin selective electron scattering between ferromagnetic
layers with thicknesses in nanometer range. As their properties can be tuned by many factors, they can be
designed to fit specific biosensing applications. In this contribution, we tested several spin valve structures
deposited using ultra-high vacuum magnetron sputtering with varing layer thicknesses and different magnetic
materials, namely CoFe and Co:MnSi, in order to achieve high magnetic field sensitivity and large
magnetoresistance. The spin valves were shaped as 6 mm X 2 um meandering channels and incoroporated into
a microfluidic system. The biosensing of the device is based on the detection of the shift in the
magnetoresistance characteristics due to the presence of magnetic nanoparticles joined with the virus on the
surface of the structure. Top layer of the structure was passivated with a polimer in order to anchor covalantenly
binded polyclonal antibodies to the surface. Inactivated SARS-CoV-2 Whole Virus was used as a model. To
detect and measure concetration of the attached virus, superparamagnetic nanoparticles funcionalized with
monoclonal antibodies against virus were used. The prototype of final device for detection of viruses or other
airborne patogens in exhaled air will be presented and discussed.
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Nanomedicine seeks to develop new efficient therapeutic tools which can overcome the limitations of current
treatments based on the use of nanomaterials. These nanoparticles can overcome cellular and physiological
barriers and provide favorable biodistribution, bioavailability and improved pharmacokinetics of desired drugs
[1]. They can also target entities in the tumor environment and induce physical therapeutic effects after being
stimulated by a remote signal, allowing for site-specific treatment. These treatments can limit unwanted side
effects by preventing damage to surrounding healthy cells. One of the most promising treatments is
hyperthermia. Hyperthermia therapy is an anticancer clinical practice based on elevation of the tumor
temperature, driving malignant cells and tissues up to the cytotoxic level, that is, 42-48 °C [2]. In addition, cell
resistance against traditional treatments, such as chemotherapy or radiotherapy, can be reduced. In this work,
we report the synthesis of a multimodal therapeutic system based on iron oxide nanoparticles (IONPs) loaded
with a chemotherapeutic agent, doxorubicin (DOX). IONPs are widely used in biomedicine and have been
approved as contrast agents for magnetic resonance imaging (MRI) [3]. Furthermore, IONPs are excellent
candidates for magnetic hyperthermia (MHT). Therefore, we propose a multimodal treatment that combines
local chemotherapy with efficient thermal therapy, to obtain a remarkably effective treatment due to the
synergistic effects of the therapies. Biocompatibility and internalization capacity of IONPs in cells were
examined, as well as the release and localization of the drug before and after thermal therapy. After
hyperthermal treatment, this initial co-localization of DOX in lysosomes is lost. We can conclude that DOX-
loaded IONPs are excellent agents for chemo-thermal therapy after an adequate functionalization of the [ONPs.
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Magnetic particles have attracted much attention in biomedicine by their physical properties to manipulate
cells, release drugs at specific targets, develop novel diagnostics techniques, and envision promising therapies.
In this field, magnetic nanodisks (MND) are very promising for novel applications. A new kind of particle with
great potential in all these fields is a disk-shaped nanomagnet. These nanomagnets are fabricated by top-down
lithography techniques and present remarkable properties for biomedical applications, e.g., large magnetic
moments and anisotropic shapes appropriate for mechanical stimulations [1], which can lead to neuron
signaling [2], or cell annihilation [3].

This work uses MND with diameters of 300 nm and 700 nm fabricated by interference lithography. The
structures are made of Permalloy (Ni80Fe20) in a vortex state, a flux closed spin configuration that shows zero
remanence in magnetization curves [4]. The internalization process of these particles was investigated in vitro
assays with melanoma cells, melanocytes and macrophages. A magnetometry technique, superconducting
quantum interference devices (SQUID), was used to quantify the number of nanodisks internalized by cells
and determine the dynamics of the cellular uptakes. MND internalization and externalization times were
evaluated and confirmed with other techniques such as confocal microscopy and transmission and scanning
electron microscopy (figures 1).

We saw that the dynamics and behaviour of the disks with cells depends of the disk size and the
characteristics of the cell type. Melanoma cells are capable of internalizing 300 and 700 nm disks, but only
externalizing the smaller ones. While melanocytes are only capable of interacting with smaller disks, 300 nm,
with a prolonged exposure time and without signs of externalization.
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Figure 1: Scanning electron microscopy images of melanoma cells with figures A, 300 nm and B, 700 nm MND.
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The use of magnetic nanoparticles in regenerative medicine is a thriving research field aimed at remotely
manipulating cells and/or conditioning their behavior [1]. On the other hand, tissue engineering using silk-
based materials is gaining increasing interest. This is because the silk fibroin protein possesses high
biocompatibility with low inflammatory and immunogenic responses, tunable biodegradability and mechanical
strength, permeability to water and oxygen [2]. By combining these two elements, we have created a
biomaterial in the form of film (~ 10 pm thick), for prospective applications as bioactive coating in regenerative
medicine [3]. In fact, it consists of a silk fibroin matrix with embedded iron oxide superparamagnetic
nanoparticles (mean size ~10 nm).

Films with different load of magnetic nanoparticles are produced (nanoparticles/silk fibroin nominal ratio =
5, 0.5 and 0 wt%) and the structural, mechanical and magnetic properties are studied. The nanoparticles form
aggregates in the silk fibroin matrix and the film stiffness, as tested by nanoindentation, is spatially
inhomogeneous, but the protein structure is not altered.

In vitro biological tests are carried out on human bone marrow-derived mesenchymal stem cells cultured on
the films up to 21 days, with and without an applied static uniform magnetic field. The sample with the highest
nanoparticles/silk fibroin ratio shows the best performance in terms of cell proliferation and adhesion.
Moreover, it promotes a faster and better osteogenic differentiation, particularly under magnetic field, as
indicated by the gene expression level of typical osteogenic markers.

These findings are explained in light of the results of the physical characterization, combined with numerical
calculations. It is established that the applied magnetic field triggers a virtuous magneto-mechanical
mechanism in which dipolar magnetic forces between the nanoparticle aggregates give rise to a spatial
distribution of mechanical stresses in the silk fibroin matrix. The sample with the largest nanoparticle load,
under cell culture conditions (i.e. in aqueous environment), undergoes matrix deformations large enough to be
sensed by the seeded cells as mechanical stimuli that favor the osteogenic differentiation.
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In the Magnetic Hyperthermia (MH) and Photothermal Therapy (PTT) applications, magnetic nanoparticles
(MNPs) are used as an “antennae” able to capture energy (either from an alternating magnetic field (AMF) or
anear infrared (NIR) light) and transform it into local heat. In the frame of this therapy design, it is fundamental
to know how possible particle transformation would affect its performance over time.

In this work, we used MNPs with two different coatings (dimercaptosuccinic acid - DMSA-NPs) and
poly(maleic anhydride-alt-1-octadecene) - PMAO-NPs) but with same magnetic core (=13.5 nm) (Figure 1A).
We evaluated how the MNP coating affects their degradation profile using a medium that simulates the
lysosomal conditions and how this degradation affects their heating performance in the frame of both magnetic
hyperthermia and photothermal treatments. The faster degradation of DMSA-NPs in comparison with PMAO-
NPs was verified by transmission electron microscopy (TEM), magnetic and colorimetric measurements
(Figure 1B).

To track how the transformations suffered by the particles along their degradation process affected their heating
properties, magnetic hyperthermia and photothermal measurements were performed (Figure 1C). In both cases,
the degradation process resulted in a decrease of the heating capacity of both types of materials. As a result of
the faster degradation of DMSA-NPs, the reduction of the heating properties along time was increased for this
material when compared to PMAO-NPs.

Thus, the less prone to degradation nanoparticles (PMAO-NPs) were selected for the in vivo analysis, to
evaluate the degradation speed of this material in tumor tissues. In this study, although the number of particles
decreased in the tumors along time after their administration, no transformations in the average particle size of
particles occurred (Figure 1D).
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This work presents the results of magnetically induced heat generation for different types of magnetic
nanoparticles, to evaluate their application in Magnetic Hyperthermia. The study was done using a home-made
low cost and portable device, which operates at frequencies between 150-350 kHz and generates magnetic
fields in the range of 4-12 mT. The obtained results, which are quite promising, are justified having in
consideration the heating mechanisms, the role of particle—particle interactions and the balance between
generated and dissipated heat. The influence of particle concentration and their magnetic properties is studied
for field strengths and frequencies within the range used in human treatment. Different methods for calculating
the Specific Absorption Rate (SAR) are investigated and some possible sources of errors are pointed out. The
synthesis of the magnetic particles used in this article will be also detailed as well as other practical aspects
and limitations.
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Since their first report in 1998 as sensors capable of detecting biological signals [1] magnetoresistive
(MR) sensors have attracted the interest of the scientific community. Most of the recent research on biosensors
involves attempts to develop sensors based on the MR effect to detect magnetic nanoparticles (MNPs). To be
reliable in biosensing applications, a MR sensor must be able to detect low particle concentrations and quantify
them in a linear range. So far, magnetorelaxometric imaging (MRX), magnetic resonance imaging (MRI), or
magnetic particle imaging (MPI) have been used as methods to detect the magnetic response of MNPs [2,3],
but there is still a need to improve the cost and efficiency of localizing MNPs, which is of great importance in
medicine for use in magnetic hyperthermia. The detection of MNPs by scanning human tissue with a highly
sensitive sensor could overcome the main problem of magnetic hyperthermia, heating only the diseased area
without affecting the surrounding healthy tissue.

Among magnetoresistive sensors, which have special characteristics such as low-cost fabrication, small
size, and low power consumption, those based on the tunnel magnetoresistance (TMR) effect offer better
sensitivity and resolution due to their higher magnetoresistance ratio. Therefore, in this work we focused on
improving the characteristics of TMR-based sensors to detect volume-distributed MNPs in real-time. The
device consists of a TMR sensor with a multilayer structure: Ta (5 nm) / Ru (20 nm) / Ta (5 nm) / CoFe (2.5
nm) / IrMn (20 nm) / CoFe (2.5 nm) / Ru (0.85 nm) / CoFeB (3 nm) / MgO (1.5 nm) /CoFeB (3 nm) / Ta (10
nm) deposited on a Si/SiO; substrate (18 x 18 mm?) using the ATC 2200/ AJA International deposition system.
The surface of each component layer was analyzed and the roughness was minimized to increase the uniformity
of the MgO layer, thus improving the properties of the TMR sensor. For the proposed TMR sensor, we
measured a maximum magnetoresistance ratio of about 58 % and a sensitivity of 1.45 %/Oe.

To investigate the detection capability of the sensor, a human tissue “phantom” was fabricated from
transparent epoxy resin (EPON 812) in which magnetic FeCrNbB nanoparticles were dispersed at various
concentrations. After scanning this sample with the improved TMR-based sensor, we observed a linear change
in the output signal as a function of nanoparticles concentration, demonstrating the capability to detect and
quantify magnetic nanoparticles.
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Biosensors for the detection of various diseases, the ratios of constituents in blood content, and various
biomedical applications have recently become diagnostic kits that science focuses on. Although there are many
developments in this field, rapid results, and easy use have not been achieved. With continued advances in
science, a magnetic gradient patch (MGP) is open to development, and nanoparticle/bio-entity capture
capabilities of MGPs are promising.[1] MGPs have contributed greatly to developing biosensors that allow the
identification of biological entities.[1] It was observed in the studies conducted by our group that the
ferromagnetic nanoparticle passing through the microfluidic channels in MGP was captured with an efficiency
of >90%.[2] It was also discovered in a preliminary study that it could capture RNA with an adequately
regulated MGP.[3] Capture efficiencies ranged from 75% to 40% for epoxy and PDMS-based patches,
respectively. (Figure 1 a) [3] This work is focused on the trapping efficiency of superparamagnetic iron oxide
nanoparticles (SPIONs) under a liquid flow. In particular, Fe3O4 nanoparticles were synthesized and XRD
analyses showed that their size was 7 nm. (Figure 1 b) The developed biosensor shows promise in the diagnosis
of various diseases. In addition, thanks to early diagnosis, it offers the patients the opportunity to enter the fast
treatment process for diseases.
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Figurel. a) The illustration of the process and the capturing ability of different polymer-based patches. b)XRD analysis graph of produced Fe304 nanoparticles.
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The biomedical field is always seeking better and cheaper versions of a prosthesis. The most promising
method for this is 3D printing which is developed to fit patients' demands and is designed to be more functional
than existing prostheses/implants on the market. Nowadays, hydrogels are preferred for 3D printing bio inks
due to their affordable, easy, and accessible production. Additionally, the biocompatibility of the hydrogel
makes it a great option for the medical field [1]. Although simple hydrogels are available on the market, their
formula is open to new additions/improvements which are then named composite hydrogels. Here, it is intended
to create composite hydrogel with magnetic microparticles. A base hydrogel recipe whose biocompatibility is
proven is selected for use. Based on their findings, the chosen hydrogel composition (gelatin-cellulose-alginate,
5:2:2%) and post-crosslinking process using CaCl, are suitable for enhancing the 3D printability and
cytocompatibility of the material [2]. Different ferromagnetic powders such as Fe12019Sr, NdFeB, Bismuth,
Graphene, and Fe are used to give magnetic properties to the hydrogel. The mechanical characteristics of the
composite materials are a combination of those of their constituent materials, and in certain situations, the
composites have better mechanical properties than the separate materials [1]. This enriched formula aims to
give new characteristics such as magnetism and solve the mechanical strength disadvantage of the hydrogel.
Furthermore, the cytocompatibility of the magnetic hydrogels is going to be assessed on fibroblast cells using
an MTT assay. The magneto-responsive hydrogel ink, which has the best biocompatibility and magnetic
properties, is expected to be used in distinct designs using extrusion-based 3D printing (Figure 1). This method
aims to broaden the technologies mainly in the biomedical industry.

o I A T Figure 1. To facilitate 3D printing
i TR ' s g by extrusion, a hydrogel composite
: - S A | consisting of a
. gelatin/cellulose/alginate
Cellulose . — . - combination has been developed.
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Magnetic separation to extract material from solution using an external magnetic field enables higher
concentrations for purposes such as separation of pathogens in blood samples for analysis. Magnetic drug
targeting can guide medication to the precise location of the disease (e.g. cancer) by injecting magnetic particles
into the bloodstream and capturing them at the target site under by an external magnetic field. To design devices
for these applications, experimental in sifu studies of forces on magnetic nanoparticles in fluid flow are needed.

In this study therefore, we investigate capturing behaviour of commercial magnetic nanoparticles in
phosphate buffered saline solution upon application of external magnetic field. For this purpose, a modified
optical microscope setup was used which is equipped with light polarization options and an AC/DC external
magnetic field generator up to 500 mT. The external magnetic field was applied perpendicular to the flow
direction to observe the capturing behaviour. Effect of fluid flow velocity, diameter of the magnetic
nanoparticles and strength of the applied magnetic field on capturing was studied. In addition, the possibility
to use alternative magnetic nanoparticles [1] with magnetization higher than the conventionally used iron
oxides is considered.

Figure 1 shows the magnetic flux density required for capturing 130 nm and 250 nm iron oxide-based
nanoparticles at different flow rates. The larger particles require lower magnetic fields due to their higher
magnetic moment. The field necessary for capture increases continuously with the fluid flow because of the
hydrodynamic drag force.
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Figure 1: capture of 130 nm and 250 nm nanoparticles by magnetic field for different flow rates.
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Superparamagnetic iron oxide nanoparticles, e.g., y-FeoO3 (maghemite) or Fe3O4 (magnetite) are used in
biomagnetic applications such as magnetic fluid hyperthermia (MFH), as they are inexpensive to produce,
chemically stable, with low toxicity and their pathways of metabolism are known. However, due to their
ferrimagnetic nature, the saturation magnetization remains moderate. This is particularly important for
applications where the concentration is very low as for instance in the case of targeted hyperthermia. For this
reason, a novel magnetic material with superior magnetic properties enabling enhanced heating power would
be highly beneficial [1]. The heat power generated per particle unit mass should be as high as possible.

In this work we study iron nitride FesN nanoparticles as alternative to the conventional iron oxides and
compare to core-shell iron/iron oxide nanoparticles syntesized under comparable conditions. Furthermore, a
comparison in terms of heating ability with commercial Fe-O ferrofluids is performed. Bright-field TEM image
in Fig. 1a shows that the synthesized iron nitride e-FesN nanoparticles are monodisperse, exhibit rounded near
spherical shapes with a narrow size distribution and an average particle size of 12.7 nm + 1.2 nm. MFH heating
rate measurements were conducted on nanoparticle dispersions in hexane with the concentration of 2 mg/mL.
The results are shown in Fig. 1b. The step-like curve of the nitride sample in the beginning is caused by the
rapid heating rate that exceeds the too-low signal processing rate for temperature readings of the experimental
device. In agreement with the magnetization measurements, the e-FesN nanoparticles significantly outperform
comparable iron oxide nanoparticles, reaching SLP of 540 + 54 W/g. Results from structural, magnetic,
oxidation stability and MFH heating performance investigations will be presented.
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Figure 1: (a) bright-field TEM image of the e-FesN nanoparticles and (b) heating rate measurements results for the e-FesN and
Fe»03/Fe;04 nanoparticles colloidal dispersions in hexane.
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Magnetic hyperthermia has shown great potential as an adjuvant to standard cancer therapies, such as
radiotherapy or chemotherapy, enabling a selective heating of the diseased tissues with limited side effects in
the healthy ones [1]. This technique is based on the administration of magnetic nanoparticles (MNPs) within a
target region and on their activation with AC magnetic fields, with frequency between 50 kHz and 1 MHz [2].
The MNP activation leads to a release of heat that raises the temperature within the tumour, promoting the
damage of cancer cells. Preclinical tests on murine models (mice, rats) are commonly used to evaluate the
efficacy of this therapeutic technique [3], investigating how to maximize heat deposition and minimize side
effects, connected to the occurrence of hotspots. To this aim, several factors have to be taken into account,
including the fulfillment of biophysical constraints [4] when choosing magnetic field parameters (frequency
and peak amplitude), the geometry of the field applicator and its placement with respect to the body, and the
dependence of the MNP thermal efficiency on the experimental conditions.

In this framework, we performed in silico tests of magnetic hyperthermia treatment in high-resolution digital
phantoms of two murine models (a 30 g mouse and a 500 g rat), to study the role of AC magnetic field sources.
In the simulations, we compare different magnetic field applicators, varying their geometry (solenoid, pancake,
Helmholtz-type) and the AC supply conditions (frequency and peak amplitude of the supply current). The
analysis is performed by means of in-house finite element solvers [5, 6], which enable us to evaluate the
magnetic field spatial distribution within the target region, the possible eddy current heating and the thermal
effects due to MNP excitation, under different magnetic field application conditions.
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The figure shows the results obtained when treating a tumour within the body of a 500 g rat, with iron oxide nanoparticles activated
by a 300 kHz magnetic field, generated by a 8-turn coil. The MNPs are considered to be uniformly distributed within the tumor, with
a local concentration of 5 mg/cm?.
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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
frequencies between 50 kHz and 1 MHz [1]. The reaching of a target temperature in the tumour mass, within
the range of 40-45 °C, contributes to cancer cell damage and increases cell sensitivity to other cancer therapies.
The heating efficiency of MNPs is generally quantified by means of the specific loss power (SLP), which
defines the power dissipated per unit mass of magnetic material. The SLP is affected by several factors,
including MNPs' material composition, size, shape and surface coating [2, 3], as well as AC magnetic field
parameters (peak amplitude and frequency), which have to fulfil biophysical constraints to limit eddy current
effects. A crucial aspect when planning magnetic hyperthermia treatments is the monitoring of the temperature
increase, considering that the target temperature range should be ideally reached in the entire tumour region
and maintained for a sufficiently long time (from 20—30 min up to one hour). However, a complete knowledge
of the temperature distribution within the region of interest is impossible during hyperthermia sessions.

In this context, we present a physics-based modelling approach to support in vivo tests of magnetic
hyperthermia [4]. In particular, we have developed an in silico tool, which enables us to evaluate the spatial-
temporal distribution of the temperature in the tumour region to be treated, versus the MNP heating properties
(SLP), the AC magnetic field parameters, and the MNP local concentration. In the study, we test different
MNPs [5] by conducting simulations on high-resolution digital phantoms of a rat and a mouse. The analysis is
completed by integrating the results from thermal simulations with regression models, like multiple linear
regression and Gaussian process regression.
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Average temperature evaluated within the tumour of the mouse model for two different types of citrate-coated MNPs [5]: manganese
ferrite (MnFeO) NPs, and iron oxide (FeO) NPs. Results obtained by considering a uniform magnetic field distribution and by varying
the magnetic material concentration [Fe] and the field amplitude H,. The field frequency is fixed to 150 kHz and the SLP values of
the MNPs are reported on the left as a function of the H,.
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Damage to the neural circuitry in the central nervous system (CNS) can be caused by acute trauma (for
example spinal cord injury) or following the development of neurological disorders such as Parkinson’s
disease. Unfortunately, the ability of axons in the CNS to naturally regenerate is extremely limited, and so the
functional deficits that result from damage to the brain or spinal cord can persist indefinitely. In this study
magnetic nanoparticles were sequestered within intracellular compartments known as endosomes in neuronal
cells. This accumulation of nanoparticles enabled the formation of micrometer sized aggregates within the cell
(in effect forming magnetic endosomes). The magnetic forces effective on these endosomes are significantly
larger than those for individual nanoparticles. We were able to manipulate this intracellular magnetic force by
the application of suitable magnetic field gradients to the cells, influencing the direction of the neurites
(projections) that grew from the cell bodies (Figure 1).

The average direction of neurite outgrowth in different cell regions was quantified using a 2D Fourier
transform analysis, and showed excellent agreement with derived magnetic force vectors for the field
configuration used. Significantly, the control of orientation was found to be effective over areas >1cm? using
only modest forces of ~10 fN per endosome, apparently limited only by the local population density of cells.
However, in regions where the force vectors converged, large (~100 pm) nanoparticle loaded neurospheres
(ball-like collections of cells) were seen to form, connected by unusually thick linear neurite fibres. This
suggests a magnetically driven enhancement of neurosphere growth, with the neurospheres themselves
contributing to the local forces that direct outgrowth. Such structures, which have not been previously observed,
could provide new insights into the development and possible enhancement of neural circuitry.

Figure 1: Nanomagnetic
force methodology applied
to neuronal cells. Insets
show fluorescence
microscopy images of
neuronal cells with the cell
bodies stained with green
fluorescent dye and the
cell nuclei with blue
fluorescent dye.  The
nanoparticles are labelled
with a red fluorophore and
dense neurospheres which
were heavily loaded with
nanoparticles can be seen
in pink (from the overlap
of the blue and red
fluorescence).
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Characteristics such as versatility and low cost have catapulted magnetic materials such as iron oxides to a
highlighted position in biomedical research, namely in bone tissue engineering. In the last decades, these type
of materials have been developed as different structures like films, scaffolds, and implants, benefiting of their
magnetic response by the application of a static external magnetic field to help improve bone tissue
regeneration [1,2]. Recently, the doping of calcium phosphates (CaP) with iron ions has been shown a
promising alternative for multifunctional applications for both bone restoration and cancer hyperthermia,
encouraging the huge interest in such materials.

The main purpose of this research was the development of magnetic CaP-based powders doped with iron
ions (FeCaP) by a wet chemical precipitation method, with the intention to improve the magnetic susceptibility
of their undoped peers. The influence of thermal treatment on the crystalline structure and phases formed was
evaluated and correlated with their magnetic and magneto-thermal properties. In contrast to other works
reported in literature [3], the thermal treatment not only improved the crystallinity of the resultant FeCaP
powders, but also improved their saturation magnetization and hyperthermic performance when in comparison
with as-synthesized powders, exhibiting a ferromagnetic-like behavior for both conditions. In this work,
magnetic CaP-based powders have been successfully obtained, with great potential for the development of new
materials for hard tissue regeneration.
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Magnetic imaging based on nitrogen-vacancy (NV) spins in diamond enables probing condensed matter
systems with nanoscale resolution[1]. In this talk, I will introduce NV magnetometry as a tool for imaging spin
waves — the collective spin excitations of magnetic materials. Using the NV sensitivity to microwave magnetic
fields, we can map coherent spin waves[2] and incoherent magnon gases[3] and provide insight into their
interaction and damping underneath metals[4]. By using a single NV in a scanning diamond tip we gain access
to spin-wave scattering at the nanoscale[5]. I will highlight the use of spin-wave mixing to generate frequency
combs that enable high-fidelity, coherent control of the NV spins even when the microwave drive fields are far
detuned from the NV spin resonance frequency[6] (see Figure). Our results form a basis for developing NV

magnetometry into a tool for characterizing spin-wave devices and expand the control and sensing capabilities
of NV spins.
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The continued development of spintronic and magnetoelectric devices benefits from a detailed
understanding of the magnetic (and sometimes multiferroic) structure and behaviour of materials at surfaces
and interfaces. In pursuit of such goals, we use a scanning probe technique with a single nitrogen-vacancy
(NV) centre at the tip apex [1]. Scanning NV microscopy is a non-invasive, ambient-operating imaging
technique capable of measuring magnetic fields with high spatial resolution [2]. This technique is commonly
used to quantitatively image domain walls in thin ferromagnets, ferrimagnets, and antiferromagnets; however,
DC sensitivity limitations hinder the detection of weaker stray fields [3].

We present a detection scheme that improves field sensitivity by at least one order of magnitude [4]. Our
technique is based on the upconversion of a static magnetic field gradient into an effective AC signal via
mechanical oscillation of the scanning probe. Through synchronisation of the probe's oscillation and coherent
NV spin manipulations, we leverage AC detection protocols to improve our measurement sensitivity. With this
gain in sensitivity, we are able to image weakly magnetic materials (with magnetisations on the order of 10
A/m) and resolve the nanotesla-sized fields from atomic steps on the antiferromagnetic Cr,O3(0001) surface.
Additionally, our technique can be combined with regular DC measurements to produce superior DC field
images.

As an extension of our detection scheme, we also image ferroelectric materials through their stray electric
fields [5]. Electric field detection relies on the NV centre's Stark shift [6] and AC detection of the gradient
signal mitigates the detrimental charge screening which prohibited previous imaging attempts. We extract
ferroelectric domain distributions and gain information about the local charge environment on ferroelectric
PbZrTiO3 and YMnO:s.

By measuring magnetic and electric fields with improved sensitivity, we expand the scope of nanoscale
phenomena accessible to scanning NV microscopy. In doing so, we establish a microscopy platform capable
of imaging general magnetic, ferroelectric, and multiferroic materials.

Acknowledgements

This work was supported by the European Research Council through ERC CoG 817720 (IMAGINE), Swiss
National Science Foundation (SNSF) project grants no. 200020 175600, no. 200021 188414, and Spark grant
CRSK-2 196061, the National Centre of Competence in Research in Quantum Science and Technology
(NCCR-QSIT), grant no. 51NF40-185902 and the ASTERIQS program of the European Commission, grant
no. 820394.

References

1 C. L. Degen, Appl. Phys. Lett. 92 (2008) 243111.

21 L. Rondin et al., Rep. Prog. Phys. 77 (2014) 056503.
3] E. Marchiori et al., Nat. Rev. Phys. 4 (2022) 49-60.
41 W. S. Huxter et al., Nat. Commun. 13 (2022) 3761.
51 W. S. Huxter et al., Nat. Phys. (2023).

6] F.Dolde et al., Nat. Phys. 7 (2011) 459.

160


mailto:whuxter@phys.ethz.ch

27" August to 1t September

2023

SYMPOSIUM 04.

MAGNETISM FOR QUANTUM TECHNOLOGY.
S4. ORAL PRESENTATIONS

MARIA JOSE MARTINEZ-PEREZ

Quantum Cavities Based On Magnonic Textures 162
VINCENT CASTEL

Generation of circulating cavity magnon polaritons 163
JORGE PUEBLA

Observation of the coupled magnon-phonon mode splitting in a

surface acoustic wave cavity device 164
CLAUDE FERMON

Magnetoresistive Sensors For Measuring Currents In Quantum Devices 165

ALEJANDRO SANCHEZ MINARRO
Spin Coupling to Electromagnetic Fields through Jahn-Teller
and Spin-0Orbit Interactions 166

ISAO MARUYAMA
Theory of Fractionally-magnetized Quantum Ferromagnet 167




SYMPOSIUM 04. ORAL PRESENTATIONS 13y[MS

Quantum Cavities Based On Magnonic Textures
D. Garcia-Pons, Carlos A. Gonzadlez, J. Pérez-Bailon, F. Luis, D. Zueco and Maria José Martinez-Pérez

Instituto de Nanociencia y Materiales de Aragon CSIC-Universidad de Zaragoza, Calle Pedro
Cerbuna 12, 50009 Zaragoza, Esparia
*pemar(@unizar.es

Solid state quantum computing and quantum sensing technologies are based on the strong coupling between
qubits and a quantized field of excitations. Besides photons, the solid state offers a wide variety of bosonic
excitations that can be emitted or absorbed such as, e.g., magnons, the quantum version of spin waves.

Magnonic cavities offer the advantage of operating at reduced wavelengths compared to electromagnetic
resonators of the same frequency. Here, we investigate the integration of magnonic cavities based on
topological magnetic solitons as, e.g., magnetic vortices. The latter are extremely stable magnetic textures
exhibiting a very rich dynamical behavior in the sub-GHz to tens of GHz range. We focus on the coupling of
individual spin qubits to vortex cavities for sensing and quantum computing applications.
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The study of cavity magnonics lead to the discovery of new and interesting regimes of the coupling
dynamics between photons and magnons. The field attracted initial attention by the relative ease of achieving
strong coupling, even at room temperature because of the large spin density in magnetic materials leads to a
large coupling that easily exceeds cavity loss rates and thereby hybridized quasi-particles (magnon polaritons).
Yu et al. [1] proposed generating non-reciprocity in a circular microwave cavity by breaking its time-reversal
symmetry (TRS) with magnetic loads with preferential clockwise vs. counterclockwise spin and energy flows.
The TRS breaking can be achieved by positioning magnets on special chiral lines in a microwave cavity on
which the propagating photons are chiral, i.e. the sign of their circular polarization is locked to their linear
momentum. This causes a strong direction-dependent coupling with the magnon excitations that can be
controlled by applied magnetic fields.
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Here, we experimentally demonstrate circularly polarized, unidirectional magnon polaritons, thereby
confirming theoretical predictions [1]. We place a YIG sphere inside a newly machined torus-shaped cavity on
special positions and tune the magnetic resonance to a transverse electric (TE) cavity mode. We detect the
coupling dynamics in the microwave scattering matrix as a function of an applied magnetic field. The
experimental results agree with the simulations and the non-reciprocity of scattering parameters confirm the
chiral nature of the hybrid modes.
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The interaction between magnons and phonons has regained attention in the last few years. Of particular
interest, it is to explore the ramifications of enhancing the strength of the interaction, towards the formation of
a hybrid magnon-phonon quasiparticle in the strong coupling regime, with tantalizing perspectives [1]. The
experimental signature of strong coupling is the mode splitting or band anticrossing at the intersection of two
quasiparticles dispersions. In fact, magnon-phonon band anticrossing is being recently reported, for the case of
a nanoscale magnet with phonons thermally excited by a pulse laser [2]; for the case of a YIG/GGG/YIG
heterostructure, where the magnetic precession excited by a microwave antenna generates shear bulk phonons
via magnetostriction [3]; and for the case of the layered antiferromagnet FePS,, by studying the magnon band
evolution by Raman spectroscopy at high magnetic fields [4]. In our work, we carefully engineer a planar
surface acoustic wave (SAW) device in the presence of an acoustic cavity in the GHz frequency, having a
CoFeB thin film as magnetic specimen within our acoustic cavity device. We characterize the resonant phonon
absorption/transmission energy using a vector network analyser at room temperature, while applying external
in-plane magnetic field. The device design and experimental details are similar to those in one of our previous
studies [5]. In our study, we pay particular attention to minimise the magnetic damping of our CoFeB films
and the losses of phonon energy in our acoustic cavity device. As a result, our experiments show an evident
magnon-phonon mode splitting. By fitting, we estimated the coupling strength in the order of hundred-
megahertz, being larger than both phonon and magnon relaxation rates in our device, therefore, achieving the
requisites of the strong coupling regime. As we increase the thickness of the CoFeB, we notice a linear increase
of the coupling strength, in contrast to the known square-root dependence of the quasiparticles in the interaction

VN, the so-called “Jaynes-Cummings ladder”. We argue that different from other recent reports of magnon-
phonon band anticrossings, our SAW acoustic wave device offers larger flexibility for research and easier
technological implementation, as exemplified by the resurgent interest of SAWs in spintronic research [6]. In
analogy to the first implementation of exciton-polariton experiments in a semiconductor optical microcavity
device in the 90’s [ 7], we expect that the implementation of SAW acoustic devices accelerate the understanding
of phenomena occurring in the magnon-phonon strong coupling regime, and facilitate technology
developments.
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Magnetoresistive sensors have a large sensitivity even at micron size. As they are mainly metallic systems,
they are able to be cooled down to cryogenic temperatures without loosing their properties. This has been
exploited to measure for the first time the gate voltage—dependent magnetization of a single graphene
monolayer encapsulated between boron nitride crystals. The signal exhibits a strong diamagnetic peak at the
Dirac point consistent with the theory [1].

More recently, paramagnetic singularities and additional diamagnetic singularities of the orbital magnetism in
graphene with a moire potential have been measured in aligned graphene monolayer/HBN crystals [2].

We will present the path of optimization of Giant Magneto-Resistance SGMR) sensors for this kind of
applications which require highly sensitive sensors with small shapes and top surfaces compatible with
graphene deposition and we will give the main properties of such devices.

We will discuss the signal to noise limit achievable at very low temperature and the interest of moving or not
from GMR to Tunnel Magneto-Resistance (TMR) devices for this kind of measurement.

Finally we will present the residual stray field created by the GMR stacks, the way to reduce this effect and its
possible influence for the use of magnetic sensors for probing quantum states of Qbits.
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Spin orbit interactions are key for spintronics, quantum computation and topological matter. They affect the
transport dynamics in solids and through spin-dependent phenomena they enable the manipulation of spin
degrees of freedom. On the other hand, the manipulation of solid-state electron spins is a promising route
towards quantum computation, with interest in finding pathways to couple efficiently the electric field of
photons to spins. Recently, our group has investigated how quantum spin states interact with electromagnetic
fields, which may hold potential to tune their properties and reveal interesting physics. Using magneto-optical
spectroscopy, we have uncovered a remarkably large gyrotropic signal in some Jahn-Teller manganites [1],
which we attribute to the interaction of Jahn-Teller polarons with electromagnetic radiation [2]. By gyrotropy
we mean a different response to light of opposite handedness, i.e., different response to left versus right
circularly polarized light. Interestingly, the gyrotropic signal is directly related to a field-induced transition in
which the spin of Jahn-Teller polarons is inverted. We have rigorously proved this observation, using a group-
theoretic analysis of many-electronic quantum states in a multiconfiguration method [3]. Additionally,
combining group-theoretical analysis and Green’s functions formalism we have determined appropriate
selection rules, which prove that the efficiency of the spin-photon coupling depends critically on the relative
orientations of the propagation of light, spin quantization and Jahn-Teller distortions, which is consistent with
our experimental optical spectra. Our work shows that electromagnetic interactions with spins in Jahn-Teller
systems offer the opportunity to use optical wavelengths to entangle orbital and spin degrees of freedom. We
believe that the realization of spin-photon coupling enabled by Jahn-Teller interactions can be extended to
other transition metal compounds where Jahn-Teller physics is relevant (e.g., correlated manganites, cobaltites,
Jahn-Teller molecules). In this regard, we envisage the use of electromagnetic fields to entangle spin and orbital
degrees of freedom, which could allow studying quantum tunneling of vibronic states, which could form a so
far unexplored basis for quantum states in quantum technologies.
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A new kind of magnetism, such as L. Néel's ferrimagnetism and F. D. M. Haldane's antiferromagnetism,

opens a new research field. For the latter, the entangled gapped quantum spin-liquid state[1], where
fractionalized 1/2 spins that form an entangled spin singlet on a bond in the valence-bond-solid picture, is
impotant in quantum computer science.

Recently, we find a new ferromagnetism with quantum entanglement theoretically[2]. Our theory is based
on rigorous correspondence between spin-1/2 model and spin-S model on a general lattice in any dimension.
As a numerical validification, quantum phase diagram of spin-S bilinear biquadratic chains described by

H, = cosa ZSi +S;41 +sina E(Si - 8i1)?

L l

has been calculated by the exact-diagonalization method. As a result, we obtain the phase transition point a,
from fully magnetized classical ferromagnetic phase to a new fractionally magnetized ‘“quantum”
ferromagnetic phase. The S=2 case is summarized in the Figure. At the rigorous eigenstate correspondence
point a,., it is easy to understand that ferromagnetic ground state even after spontaneous magnetization can
have quantum entanglement because corresponding antiferromagnetic ground state is known to have quantum
entanglement. A key to realizing an entangled ferromagnetic state is to partly create an antiferromagnetic
quantum state in a ferromagnetic classical background, that is, “spin liquefaction” of a ferromagnet. In the
presentation, we will detail spin-1/2 liquefaction in spin-S bilinear biquadratic chains.
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Enhanced coherence in crystals containing HoW;, molecular spin qubits was demonstrated by use of so-

called clock transitions (CTs).[1] Later it was shown that, while operating at the CTs, it was possible to use an
electrical field to selectively address subsets of HoW;, molecules within a crystal that contains two kinds of
identical but inversion-related molecules.[2] We recently theoretically explored the possibility of employing
electric field pulses to effect entangling two-qubit quantum gates within a 2-qubit Hilbert space resulting from
dipolar coupling of two neighbouring CT-protected HoW;, molecules in a diluted crystal.[3] We lay out how
to combine a sequence of microwave and electric field pulses to achieve coherent control within a switchable
two-qubit operating space between symmetric and asymmetric qubit states that are protected both from spin-
bath and from phonon-bath decoherence. This two-qubit gate approach presents an elegant correspondence
between physical stimuli and logical operations, meanwhile avoiding any spontaneous unitary evolution of the
qubit states. Current experimental efforts are ongoing to implement an extension of the proposed protocol.
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The coherent interaction between microwave photons and magnons is well understood and originates from

the Zeeman coupling between spins and a magnetic field [1-2]. Interestingly, the magnon/photon interaction is
accompanied by a phase factor which can usually be neglected [3]. However, under the rotating wave
approximation, if two magnon modes simultaneously couple with two cavity resonances, this phase cannot be
ignored as it changes the physics of the system. We consider two such systems, each differing by the sign of
one of the magnon/photon coupling strengths. This simple difference, originating from the various coupling
phases in the system, is shown to preserve, or destroy, two potential applications of hybrid photon/magnon
systems, namely dark mode memories [4] and cavity-mediated coupling [5]. The observable consequences of
the coupling phase in this system is akin to the manifestation of a discrete Pancharatnam—Berry phase [6],
which may be useful for quantum information processing.
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Over the last decade, quantum systems offering new computational and sensing capabilities have emerged [1].
One of these promising hybrid systems involves the interaction between photons and magnons. This interaction
is quantitatively known by the strength coupling g and furthermore by its ratio with the cavity frequency g/o.
It exists three different domains of this ratio: the Strong Coupling (SC) for g/m <0.1; the Ultra-Strong Coupling
(USC) for 0.1 < g/o < 1; and the Deep-Strong Coupling (DSC) for g/m > 1. One of the objectives of this last
decade is to achieve the USC, and to approach the DSC [2].

Here, we present an experimental study of the SC to USC regimes at room temperature (RT) in frequency-
reconfigurable 3D re-entrant cavities coupled with a YIG slab, as show in Fig. 1(a). The observed coupling
rate, defined as the ratio of the coupling strength (g) to the cavity frequency of interest (w/2m), ranges from
12% to 59%. One of the measurements is presented in Fig. 1(b), where is shown the S parameter according to
a sweep on RF frequencies and the static H-field. We show that certain considerations must be considered
when analyzing the polaritonic branches of a cavity spintronic device where the RF field is highly focused in
the magnetic material. Our observations are fully confirmed by electromagnetic finite element simulations in
the frequency domain.

Frequoncy [GHz]

H, III'i!
Figurel: (a) Double re-entrant, and (b) experimental transmission spectra versus frequency and applied magnetic field.
Measurement at RT

We prove the ability of a double re-entrant cavity to reach the USC regime at RT and its tuneability to radically
increase the coupling rate. The validation of the FEM model (including the FMR expression for a millimeter
slab YIG sample) in the frequency domain allowed us to highlight the importance of the form factor on the
understanding of CMPs in cavity spintronics.

Acknowledgements

This work was funded by Brest Métropole through the CPER Project SOPHIE/STIC & Ondes, by the CPER
SpaceTechDroneTech

References

[1] D. Lachance-Quirion, Y. Tabuchi, A. Gloppe, Appl. Phys. Exp., vol. 12 (2019), p. 070101.
[2] I.A. Golovchanskiy, N.N. Abramov, V.S. Stolyarov, Phys. Rev. Applied., vol. 16 (2021), p. 034029.

171


mailto:*guillaume.bourcin@imt-atlantique.fr

SYMPOSIUM 04. POSTERS 13y[MS

Scanning NV magnetometry of focused-electron-beam-grown cobalt micromagnets for

spin qubit control
Liza Zaper'? ", Peter Rickhaus’, Boris Gross', Marcus Wyss®, Martino Poggio’, and Floris Braakman’
p B% 88
!Department of Physics, University of Basel, Basel, Switzerland
2Onami AG, Muttenz, Switzerland
3Swiss Nanoscience Institute, University of Basel, Basel, Switzerland
* liza.zaper(@unibas.ch, liza.zaper@qnami.ch

We fabricate highly magnetic cobalt nanostructures patterned in a single-step process using focused-electron-
beam-induced deposition. We image the magnetic stray field of the micromagnets using scanning NV
magnetometry and find good agreement with micromagnetic simulations and the TEM analysis of the structure.
Our scanning probe measurements indicate the structure of the magnetic domains, extended halo particles, and
the profile of the magnetic stray field. Furthermore, we estimate the effect of the disordered halo stray field on

spin qubit decoherence. These measurements guide the use of single-step micromagnet patterning for future
spin qubit devices.[1]
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Figure 1. a) Optical micrograph of Co Hall bar, with halo distinguishable as dark shape. (b) Scanning NV fluorescence map of area
outlined by red box in (a). (c) Histogram of equivalent square side of grains in SNVM data. (d) SNVM map of area outlined by red
box in (a). (e, f) Maps of estimated T *2 (X, y) for spin qubit displacement amplitude of 10 pm and 1 nm, corresponding to
displacement due to charge noise (¢) and EDSR driving (f), respectively.
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Pattern Recognition Using Nonlinear Magnons
K. Schultheiss'*
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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 [3]. I will present a comprehensive overview of
experimental results and numerical simulations demonstrating the capabilities and advantages of magnon reservoir
computing in reciprocal space. Additionally, I will elaborate on the potential of modifying nonlinear magnon scattering
by the distortion of the magnetic vortex using static [4] and dynmic in-plane magnetic fields.
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The performance of artificial intelligence (Al) technologies has improved significantly over the last decade
in such a way that Al is now everywhere in our daily life via software neural networks. However, this continual
growth in computational performance of these networks comes with large increases in the computational time
and energy needed to train them. Developing Al at the hardware level has the potential to bend this curve and
provide fast and lower energy computing. In this talk, I will present a new hybrid magnetic-superconducting
device that can be used as an artificial synapse in neuromorphic circuits [1,2]. The device is a nanoclustered
magnetic Josephson Junction (nMJJ) that consists of a barrier of magnetic nanoclusters between two Nb
electrodes. The critical current of these junctions can be tuned by varying the magnetic order of the clusters,
which can be used to perform synaptic weighting. I will describe the properties of the nMJJ and show that its
synaptic properties can be obtained in different material systems [3] with an energy cost as low as 107].
Finally, I will present circuit simulations where MlJs are included in a neural network for image recognition
operating at speeds over 100 GHz, and show some preliminary experimental validation of the simulations.
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Physical computing is an exciting paradigm where the complex behaviours of material systems are exploited
to perform computation. Spintronic platforms are especially promising due to their inherent nonlinear and
hysteretic behaviours, proven nanofabrication routes, and ability to interface with existing electronic platforms.
Many spintronic computational systems have been proposed under the reservoir computing (RC) paradigm [1-
4], where input/reservoir connectivity weights are randomly generated and untrained, and the complexity of
the underlying dynamic system provides the computational power [5]. However, experimental implementations
often rely upon time-multiplexing techniques to construct networks of ‘virtual’ nodes from a single dynamical
node. This limits both the throughput of data as well as the computational properties of the platform, with
external delay lines often necessary to augment the system’s dynamics to generate memory.

Another computational paradigm which similarly uses random input connectivities is the Extreme Learning
Machine (ELM) [6]. In this paradigm, the network consists of a single hidden layer of unconnected neurons,
and the outputs are trained via linear regression techniques similarly to RC. However, this technique is usually
limited to time-invariant problems and has not seen widespread deployment for in-materia computing. In our
work, we show how this paradigm can be extended to time-signal processing tasks with spintronic neurons
(here, interconnected magnetic nanoring arrays), forming Extreme Learning Reservoirs (ELRs). We
demonstrate the performance of in-memory computation without the need for connections between physical
neurons- vastly improving the experimental viability of multi-neuron physical reservoirs. Using a neural-ODE
model [7,8] to simulate the nanoring array’s response, we show how computational capability can be
maximised by ensuring the random input weights are appropriately scaled to drive the system into different
dynamic regimes, then verify the results of these simulations with experiments in hardware. Finally, we show
how the computational performance can be further enhanced by generating feed-forward networks of these
ELRs with inter-layer connectivity, forming deep-ELRs capable of solving time series prediction tasks,
surpassing the accuracies of other spintronic computing platforms (NRMSE 0.203 vs 0.367 [2]).
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Multi-input Channel Skyrmion-Based Reservoir Computing
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Reservoir computing (RC) is a type of computing framework based on recurrent neural networks that
capitalizes on the inherent dynamics of complex systems. In RC, signals from a fixed input are introduced to a
reservoir that is intentionally constructed to possess high-dimensional nonlinear dynamics. This reservoir then
transforms the input patterns into a high-dimensional, linearly separable feature space, allowing for easy
training of an output using uncomplicated techniques like linear regression. Physical reservoir computing
(PRC) is a version of reservoir computing that utilizes a physical system as the reservoir rather than software-
based implementation. PRCs leverage the unique properties of the physical system to perform computations in
a way that would not be possible by conventional means.

We propose a multi-channel input skyrmion RC model made up of a magnetic thin-film hosting skyrmions in
a random configuration, capable of nanosecond timescale pattern recognition. In contrast to single input
channel RCs, multi-channel input systems provide the advantage of lower error rates and better power
efficiency [1]. We demonstrate the outstanding multi-dimensional classification capabilities of the reservoir by
subjecting it to a standard benchmark audio recognition test, where we classify isolated spoken English digits
(from 0 to 9). During this process, audio samples are first converted into voltage signals with acoustic frequency
bands as their parameters before being sent as inputs into the reservoir. The outputs states of the reservoir are
then used to create a linear classification model, which can identify every spoken digit regardless of the speaker
with an overall accuracy of 97.4%. The entire procedure is summarized in the figure below.

) Figure: Skyrmion-based reservoir computing scheme used
for audio recognition. (a) Audio waveforms are converted

o to (b) voltage signals which in turn are used as inputs for
38 | (c) a multi-input skyrmion reservoir. (d) Reservoir output
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Traditional neural networks based on CMOS architecture are notoriously inefficient, with substantial energy
costs in both training weights between nodes and shuffling data between memory and processing units.
Reservoir computing (RC) offers one potential solution by replacing conventional recurrent networks with a
reservoir, composed of a dynamic system, where only output layers are trained. Additional efficiency is
obtained moving from a von-Neuman system simulating a dynamical system to using material systems whose
physics inherently provide the required properties. Two broad requirements for a material’s suitability for RC
are non-linear responses to input stimuli, and a ’fading memory’, where the current state is dependent upon
past states. Magnetic materials satisfy both of these criteria, making them ideally suited for in materio RC.

Several magnetic systems have been proposed for RC, notably spin-oscillators [1] and artificial spin-ice
systems [2], each with their own benefits and drawbacks. Recently, the domain wall population of an array of
interconnected magnetic rings has been observed to be an emergent property and proposed to be a possible
vehicle for performing RC [3]. We have shown the capability of such an ensemble at performing a range of
benchmark tasks [4] and reservoir configurations. However, a common problem with magnetic RC platforms
are inefficient methods of data input/output. Typically, magnetic states require sufficient external magnetic
driving fields to alter their configurations as input, while measuring the states of complex metamaterial systems
in sufficient detail for a meaningful output is not trivial.

Here, we present the results of a series of studies which show the promise of the ring system as an on-chip
RC platform through efficient interfacing. First, we show how the microwave spectra of ring systems provides
insight into the internal states present in a uniform ensemble of interconnected permalloy rings (see figure),
and how this information can be utilised as an output for RC. We then show how heterogeneous ring array
systems with structural variations can fill this measurable space, providing a rich set of outputs to train on.
Finally, we show how data input based on external magnetic driving fields can be replaced via spin orbit
torques, through careful design of a Pt interface. The stochastic nature of domain walls at junctions allows for
a large state space as a function of inputs in both the polar field and current amplitude applied (see figure), with
the observed dynamics analogous to those measured with an external driving field. Together, these results
illustrate the possibilities of creating powerful and efficient reservoir computers based on magnetic
metamaterials.
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Task-Adaptive Physical Reservoir Computing Using Magnetic Skyrmions

Oscar Lee!”, Tianyi Wei', Kilian D. Stenning®, Jack C. Gartside®, Shinichiro Seki®, Aisha Ageel*’, Christian
Back?, Yoshinori Tokura>®’, Will R. Branford2’8, Hidekazu Kurebayashi]’g’**

'London Centre for Nanotechnology, University College London, London, United Kingdom
’Blackett Laboratory, Imperial College London, London, United Kingdom
3Department of Applied Physics, University of Tokyo, Tokyo Japan
*Physik-Department, Technische Universitat Munchen, Garching, Germany
SMunich Center for Quantum Science and Technology (MCQST), Munich, Germany
SRIKEN Center for Emergent Matter Science (CEMS), Wako, Japan
"Tokyo College, University of Tokyo, Tokyo, Japan
8London Centre for Nanotechnology, Imperial College London, London, United Kingdom
’Department of Electronic and Electrical Engineering, University College London, United Kingdom

*zceesjl@ucl.ac.uk  **h.kurebayashi@ucl.ac.uk

Physical reservoir computing (PRC) is a neuromorphic architecture potentially offering energy-efficient
solutions for various machine learning (ML) tasks [1]. However, due to the rigidity of configuring the crucial
hyperparameters required to maximise computational performance, physical reservoirs are typically
constrained to execute a set of particular ML tasks. In this talk, we experimentally demonstrate a flexible task-
adaptive PRC using the spectrum space of a single magnetic system with distinctive phase properties [2]. The
reservoir is constructed with data-mapped collective spinwave excitations (Fig 1. a-b) of skyrmion and conical
modes. We scrutinise the task-adaptive nature via trivial magnetic phase control in a chiral magnetic insulator
Cu20Se0; as a model system and bridge the key reservoir properties with various magnetic phases. Our results
highlight that skyrmions excel in forecasting chaotic signals, unlike the conical modes that are optimal for
nonlinear transformative tasks with MSEs in orders of 107 and 107, respectively. Room-temperature
demonstrations on FeGe and CosgsZngsMng s confirms that our task-adaptive approach to PRC via magnetic
phase control is transferable to other phase-rich systems, taking a step closer to energy-efficient computing.
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1,2

A spinwave Ising machine (SWIM) [1] is a newly proposed type of time-multiplexed hardware solver for
combinatorial optimization that employs feedback coupling and phase sensitive amplification to map an Ising
Hamiltonian into phase-binarized propagating spin-wave RF pulses in an Yttrium-Iron-Garnet (YIG) film. In
this work, we increase the mathematical complexity of the SWIM by adding a global Zeeman term to a 4-spin
MAX-CUT Hamiltonian using a continuous external electrical signal with the same frequency as the spin
pulses and phase locked with one of the two possible states.

For large field amplitudes, we are able to induce ferromagnetic ordering in both directions of the artificial spin
phase space despite antiferromagnetic pairwise coupling and observe degeneracy in the solutions for
intermediate amplitudes in the form of 3+1 spin states. These states arise due to non-linearity on the power
transfer curve of the phase sensitive amplifier in the circuit that induces a shortening of the effective spin
amplitude for heterogeneous electrical phases. We show that these suboptimal solutions can be supressed using
digital feedback with a field programmable gate array (FPGA) or designing a custom amplifier with a smoother
saturation curve. By introducing a magnetic field to a planar antiferromagnetic spin system, we can leverage
its increased complexity [2] to unlock new degrees of computational power and explore the boundaries of
spinwave-based hardware solvers.
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Magnetic textures are promising candidates for unconventional computing due to their non-linear dynamics.
We propose to investigate the rich variety of seemingly trivial lamellar magnetic phases, e.g., helical, spiral,
stripy phase, or other one-dimensional soliton lattices. These are the natural stray field-free ground states of
almost every magnet. These states which can be viewed as a labyrinth of one-dimensional topological solitons,
are coming back into the focus of spintronic research due to their unique symmetry. They have been shown to
work as emergent inductors [1], lead to non-reciprocal charge and spin transport [2], or may actively pump
spin and charge as Archimedean screws [3]. Moreover, they can serve as a non-trivial background for other
topological excitations such as skyrmions or dislocations [4]. Only recently, it has been shown that the
orientation vector q of this lamellar phase can be combed and steered by external magnetic fields and even
electric currents [5].

We argue that the order parameters of these phases may be of potential interest for both classical and
unconventional computing, which we refer to as helitronics. For the particular case of a chiral magnet and its
helical phase, we use micromagnetic simulations to demonstrate the working principles of all-electrical (i)
classical binary memory cells and (ii) memristor and neuron cells, based on the orientation of the helical stripes.
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state 0 switching state 1
Figure: Example of two distinct helitronic states 0 and 1 in a finite size system. Additionally, the transient state during switching is
shown. Result of a simulation with spin transfer-torque. Color indicates the direction of the magnetization. Small gray arrows indicate
the inplane component of the magnetization. The surrounding gray background is vacuum.

182



SYMPOSIUM 05. ORAL PRESENTATIONS 13y[MS

Fully Parallel Spintronic Convolutional Layer with Frequency Interconnectivity
Erwan Plouet'*, Dédalo Sanz Herndndez', Pankaj Sethi', Nathan Leroux', Bruno Dlubak’, Victor Zatko',
Alice Mizrahi’, Julie Grollier’!

L Unité Mixte de Physique CNRS Thales, Université Paris-Saclay, Palaiseau, France

*erwan.plouet@cnrs-thales.fr

Convolutional neural networks (CNNSs) are state of the art algorithms for image processing. Despite a small
number of synaptic weights, CNNs remain computationally costly to train in software due to the sequential
application of the convolutional filter over the input. The field of neuromorphic spintronics offers the
possibility of new promising parallel architectures that would perform a convolution in a single time step.
Previously it has been demonstrated that the spin diode effect can be used to selectively apply a synaptic weight
on a radiofrequ