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INTRODUCTION

Spintronics, or spin electronics, exploits an additional property of the electron, namely its quantum
property of spin. It offers new possibilitiesrfapplications such as highly sensitive sensors,-tigtsity

data storage and energgfficient memories, computing, and telecommunications. Moreover, new
fundamental topics are emerging, such as topological spin structures, topological insulators,ndajora
fermions, antiferromagnetic spintronics, spin photonics, amibitronics, spin optics, ultréast
phenomena, oubf-equilibrium magnetism, THz emission, and sgaloric phenomena. These advances
make use of the fascinating developments of new matsriebntrolled at the atomic scale and
characterization techniques that allow us to probe those materials at ultimate scales, including length,
time, temperature, and field.

The purpose of the Spin Electronics and Nanomagnetism colloquium is to bringeapdg#grnational
experts from different communities, including fundamental physics (experimental and theoretical) and
materials science, to provide a broad overview of the stftéhe-art and perspectives. Additionally, it

will provide an opportunity to elebrate the birthday of Professor Eric E. Fullerton and his important
contributions to the field of Spin Electronics and Nanomagnetism.
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PROGRAM

Saturday Sept 2nd

Wednesday August 30th

Friday Sept 1st

Thursday August 31st

9:30 - 10:00 Welcome & Coffee

Coffee Break - 15 Min. Coffee Break - 15 Min. Coffee Break - 15 Min.

Lunch / Posters Lunch / Posters Lunch / Posters

Meeting on Stanislas Square -
Social event ( Guided Walking
Tour / City Train)

Coffee Break - 20 Min. Coffee Break - 20 Min.

Posters
Posters
6: 30 - Bus (Place de la républiqu
Next to train station)
7:00 PM Wine & cheese 7:00 PM Welcome Cocktails 7:00 PM Gala Diner - Chateau
(musée des Beaux-Arts) - 3 x Visl (Hotel de Ville) - Poster Prize d'Art sur Meurthe




Wedneslay August 3¢

9:30¢ 10:00

Welcome &Coffee

10:00¢ 10:25

From Metallic Superlattices to Neuromorphic Computing

Ivan Schuller

10:25¢ 10:50

Origin of theultrahigh conductivity in the delafossite metal PdCo0O2
Chris Leighton

10:50¢11:15

Some aspects of amorphous transitimetal alloys revisited

Mike Coey

11:15-11:40

Optical control of Magnetism: from ultrafast switching to brain inspired computing
TheoRasing

11:40 ¢ 12:05

Magnetic Coupling in Ferrite Nanoparticles Revealed by Polarized SANS and Inelastic Neutron Scattering
Jim Rhyne

12:05AM - 2:00 PM: lunch & posters

2:00-2:25

Determination of the saturation magnetization and Heisenberg Exchange dponwave dispersion
measurements

Hans Nembach

2:25-2:50

Using neutrons to probe skyrmions in Gd/Fe thinfilms

Dustin Gilbert

2:50-3:15

The evolution of models of FePt

Roy Chantrell

3:15-3:40

Multi-physics micromagnetic models and solvers

Vitaliy Lomakin

Coffee break: 20 minutes

4:00-4:25

Different ways to control abptical switching in Ghased ferrimagnets
Julius Hohlfeld

4:25¢ 4:50

Magneto-optics, revisited

Rudolf Schaefer
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A friendship and collaboration that started with Co/Ni
Andrew Kent



Origin of the Ultrahigh Conductivity of Metallic Delafossites

Y.Zhang, F. Tutt, G. Evarfs W. Seyfrie§ P. Sharm'&, G. Haugstdtl B. Kaisér
J. Rambergéy S. Bayliff Y. Tag M. Mannd, J. Garcidarriocand, R. FernandésT.Birol, andC.

Leightort

!Chemical Engineering and Materials Science, University of Minnesota, USA
2Earth and Environmental Sciences, University of Minnesota, USA
3Physics and Astronomy, University of Minnesota, USA
“Characaterization Facility, Univessiif Minnesota, USA

Thedelafossites are a class of complex oxides with general chemical formula ABldat have been
available in synthetic form since the early 1970s [1]. Some of these delafossites are metallic, where
conductive triangular sheets of A ions are interspersed with insulating B+Os edge-sharing
octahedral layers, generating a remarkably simple electronic structure at the Fermi level [1,2].
Only in the last 20 years, however, was it understood thatedpite their highly anisotropic
(essentidly 2D) complex-oxidic nature, metallic delafossites particularly PACoQ and PtCoQ) are
the most conductive oxides knowror reasons that remainpoorly understood [1]. In particular,
their room-temperature resistivity is better than Au and their lowrtemperature resistivity falls as
low as 8 n"Wcm, generating mearree-paths of~20 nm [1]. These extraordinary values have led
to a slew of recent advances in condensed matter and materials physiesd, 1-6]. To reach such
low-temperature values, itis widely accepted that these materialsnust somehowbe ultrapure
and ultraperfect, although the methods for their growth (which produce only small crystals) are
not typically capable of sucH1].

In this presentation, we first reporta new approach to PdCofbulk crystal growth, using chemical
vapor transport to achieve orderof-magnitude gains in sizeand mass the highest structural
gualities yet reported, and record residual resistivity ratios (440< RRR < 760 Neverthelessthe
first detailed mass spectronetry study of these materialsreveals that they are definitively not
ultrapure, typically harboring 100s-of-part-per-million impurity levels. Through a detailed
analysis however, we demonstrate that the fundamental crystal chemistry of delafossites dictat
that very few of these impurities can feasibly substitute for Pd on the A site, whereas many can
easily substitute for Co on the B site. The conductive Pd sheets are thus ultrapure while the@o
octahedral layers getter the vast majority of the impurites. The total impurity density on the Pd
sheets is deduced to bel ppm, which we show to be quantitatively consistent with the observed
residual resistivity via unitary -scattering-limit calculations [7. 7 A OEOO AT 1T Al OAA OEAO
b O O E £E Adkcéntal mesharisd inthe metallic delafossites, significantly demystifying their
ultrahigh low-temperature conductivity and meanfree-path [8]. Many exciting opportunities are
opened up, including the possibility of longrange spin transport.

Work supported primarily by the US Department of Energy through the University of Minnesota Center
for Quantum Materials under BEC0016371.

References

1. MackenzieRep. Prog. Phy80, 032501 (2017).

2. Kushwaha, Sunko, Moll, Bawden, Riley, Nandi, Rosner, Schmidt, Arnold, Hassinger, Kim, Hoesch, Mackenzie
and KingSci. Advl, e1500692 (2015).

3. Moll, Kushwaha, Nandi, Schmidt, and Macker3@ence&51, 1061 (2016).

4.Bachmann, Sharpe, Barnard, FegzKonig, Khim, Goldhab&ordon, Mackenzie, and MoNlat. Commun10,

5081 (2019).



5. McGuiness, Zhakina, Konig, Bachmann, Putzke, Moll, Khim, and Mack&mde,Nat. Acad. Scilg,
€2113185118 (2021).

6. Bachmann, Sharpe, Baker, Barnard, Putzkeffi8ic Nandi, McGuiness, Zhakina, Moravec, Khim, Konig,
GoldhaberGordon, Bonn, Mackenzie, and Mdlat. Phys18, 819 (2022).

7. Sunko, McGuiness, Chang, Zhakina, Khim, Dreyer, Konczykowski, Borrmann, Moll, Konig, Muller, and
MackenziePhys. Rev..40, 021018 (2020).

8. Zhang, Tutt, Evans, Seyfried, Sharma, Haugstad, Kaiser, Ramberger, Bayliff, Tao, Manr®ar@aceinal,
Fernandes, Birol, and Leighon, submitted (2023).

_ 4 CVT
() . Sim,
T B
 J | c
=
.| 28
- FWHM 0.0089° 0 e
£210p 006) 0 50 100 150 200 250 300
Jost 1 T(K)
0 200 \ 0 ' '
(= = 0.1 0.0 041 RRR =436 + 25
> A L = 0)
. 10k
£ . & 5
c 10°r o c
~—~ e & -1
10"+ 3 10
0
10 102F g 000
10 20 30 40 50 60 70 80 10 100
20 (deg) T

Figure 1:(a,b) Comparison of standard metathesis/figpown PdCog&xcrydals and new C\/grown

crystals. (ee) Laue and highesolution singlecrystal Xray diffraction characterization of C\gfown
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Figure2: (a) Crystal structure of PdCpénd classification scheme for potentiakAe and Bsite
substitutional impurities. (b) Periodic table of potentiabite and Bsite substitutional impurities.
Note the only four elements #t can feasibly substitute for Pd (bold border). (c) Concentrations of
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Some Aspects cdmorphous RareEarth TransitioAMetal Alloys Revisited

J. M. D. Coey
School of Physics and CRANN, Trinity College Dublin, Ireland

Intermetallic compounds offdand 3 elements, especially Fe and Co were intensively investigated in
the last four decades of the 2@entury, and the roles of crystal structure, exchange and crystal field
were elucidated. Important consequences were rational design permanent magnétsstnoing
uniaxial anisotropy using an appropriate light rare earth (SndFe4B), uniaxial ferrimagnets with
compensation (TbhGp and cubic ferrimagnets with strong magnetostriction but no net anisotropy
(Thh.sDw.7)Fe. The nonmagnetic rare earth yitim was invaluable for isolating thel 8ontribution to

the magnetism. When highuality metallic thin films began to be produced by sputtering 1970s, it
was found that some f43d binaries could be deposited as amorphous films which exhibited
perpendicula magnetic anisotropy. Ferrimagnetic 6d-Co magneteoptic recording media with
compensation point writing were an important development [1]. Amorphous alloys with strongly
anisotropic rare earth elements tend to have magnetic grostates where the rarearth moments
freeze along randomigriented axes, with a net magnetic momestparallel or antiparallel to that of

Fe or Co [2].

A revival of interest in these materials has been spurred by several developments. One is the
reappraisal of transvee magnetotransport (anomalous, spin and orbital Hall effects) in terms of real
or reciprocalspace Berry curvature. Atoragcale simulations of atomic and magnetic structures and
excitations have improved vastly in the past 50 years. The observa@®igof ultrafast singlepulse
all-optical toggle switching in thin films of perpendicular ferrimagnetic amorphoufe@ao), with x
= 0.25 [3] opened n e-opticagplicatipns, and undeeseandingof thertrangiente t o
collapse of magrtization and anisotropy [4]. A new study of spin and orbital magnetism and
magnetotransport in amorphous:XCa will be presented, which allows a reassessment of the
noncollinear magnetic structures of amorphous alloys with a heavy rare earth, Th, By and its
temperature dependence. Densities and atomic coordination are compared with those of a relaxed
model of random dense packing of two types of spheres with a volume ratio of 3:1, which gives a
packing fraction of 0.633 = 0.004 regardless @& ttalue ofx. A notable feature is the large orbital
moment of 0.31 gof Co in a¥YCag deduced by XMCD, which is attributed to the low density.

[1] S. Tsunashima, Magnetptic recording, J. Phys D, Appl, PB¥&87(2001)

[2] J. M. D. Coey, Amorphous Musgic Order, J Appl Phyi® 1646 (1978).
[3] T. A. Ostler et al Ultrafast heating as a sufficient stimulus for magnetization reversal in a ferrimagnet Nature
Commun3 666 (2012)
[4] Zexing Hu et aGinglepulse aloptical partial switching immorphous DyCaxand  TiCa.xwith random
anisotropy,Appl. Phys. Let120112501 (2022)
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All optical control of magnetism for energy efficient and brain inspired computing

Theo Rasing
Radboud University, Institute for Molecules and Materiald;leijendaalseweg 135,
6525AJ Nijmegen, the Netherlands
theo.rasing@ru.nl

The ability to switch magnets between two stable bit states is the main principle of digital data
storage technologies since the early days of the comput&ince our demonstration of
magnetization reversal by a single 40 femtosecond laser pulse, the manipulation of spins by
ultra-short laser pulses has developed into an alternative and energy efficient approach to
magnetic recording [1]. Plasmonic antennas hee allowed to push this AHoptical switching
(AOS) even down to nanometer length scales [2], while photonic networls principle allow the
development of an optically switchable MRAM [3].

While for a long time, AOS was exclusively observed in ferrimagiealloys, the work of Mangin
and Fullerton demonstrated AOS in a broad range of ferromagnetic multilayenaterials [4],
albeit that in those examples a large number of pulses were requireBy studying the dynamics
of this switching process, we havgointly with Fullerton's group, discovered that this switching
is a 2step process 5], involving nucleation and domain wall motionThis recently led us to the
subsequent demonstrationthat highly efficient AOS can be achieved by using pairs of
femto/pico -second laserpulses [6].

However, rew ICT technologies, such as Artificial Intelligendead to a compute demand that
faces a doubling every 28 months|[7], outpacing Moore's law for computer hardware and
leading to a dramaticincrease of the energy costof computing, while already today computing
systems consume about 7% of the glab electrical energy production [8,9] Therefore,
development of radically new physical principles that combine energegfficiency with high
speeds and high densities is crucial faa sustainable future.

One of thosenew principles is neuromorphic computing, that is inspired by the notion that our
brain uses a million times less energy than a supercomputer while, at least for some tasks, it
even outperforms the latter.Ultimately, future brain-inspired technologes should provide room
temperature operation down to picosecond timescales, nanoscale dimensions and at an energy
dissipation as low as the Landauer limit (~zJ).

In this talk, | will discuss the state of the art in ultrafat manipulation of magnetic bitsand
present some first results[10] to implement brain-inspired (and Fullerton-inspired) computing
concepts in magnetic materials that operate close to these ultimate limits.
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Fig. 1.(Left): Magnetaoptical image of two physicalhseparated lasemwritten synaptic weights, w, w2 (dark
spots); the bottom shows eight background subtracted images illustrating evolution of the magnetization
changes due to the right (top row) and left (btwim row) circularly-polarized fs laser pulses irradiating the
Co/Pt sample. Right): Extracted intensity changes as function of the number of laser pulses, demonstrating
continuouslycontrollable weights, shown in black (blue) formMw:). Black solid disk correspond to the
images in the bottom rows of (a). The inset shows the pulse packets used for learning.
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Phys. Lett.120, 022403 (2022)

Acknowledgement(s): Support from tieutch Research Council (NWO) and Eheopean Research Council
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MAGNETIC COUPLING IRERRITENANOPARTICLES REVEAD FROM POLARIZED
SANS AND INELASTICEUTRON SCATTERING

James Rhyn& Kathryn Kryckee, Julie Borchers, Jeffrey Lyn®, Yumi ljirib, and Sara
Majetiche
aNational Institute of Standards and Technology, NIST Center for Neutron Res&aitbRysburg
MD
bDepartment of Physics and Astronomy, Oberlin College, Oberlin, OH
¢ Department of Physics, Carnegie Mellon University, Pittsburgh, PA

This talk will review the technique of polarized neutron small angle scattering and its applicatien to
magnetic structure of spinel nanoparticles, specifically Fe ferrite (magnetite) [1] and Co ferrite [2].

The nanopatrticles were prepared by a surfactant method [3] and then washed to remove all but a thin
capping layer of oleic acid producing powdike samples with minimum agglomeration. Transmission
electron microscopy (TEM) data on the magnetite nanoparticles revealed a narrow (0.2 nm) distribution
of particle sizes about a mean particle diameter of 9.0 nm. The nanoparticlesssethble into face
centered cubic (FCC) crystalline nanoparticle arrays of lattice parameter 13.6 nm with a coherence of
about a micron. The existence of this crystalline array is confirmed from-angl# neutron scattering
(SANS) measurements that yielded a Bragg pe@k=ad.080 Aarising from the dominant (111) reflection

of the FCC array.

The inclusion of incident neutron polarization and pesattering polarization analysis to the SANS data
(PASANS) provides four scattering cross sections, two of them refleatramgttor which the incident
neutron spin is preserved in direction (nspinflip cross sections) and two for which the spin direction is
inverted during the scattering process (sfflip cross sections). Data were taken both in a remnant (0.005

T) appliel magnetic field as well as in a 1.2 T saturating field and at temperatures between 300K and 10K
[1,2]. Analysis of the four scattering cross sections for data taken in a 1.2T field at 200K on magnetite
nanoparticles revealed that the particles consisaaforeshell structure exhibiting an 7.4 nm diameter

core having ferrimagnetic spin alignment (similar to bulk magnetite) surrounded by-a 28m thick

shell in which the spins are canted ferrimagnetically away from the direction of the appli¢dfié the

core spins. The shell thickness and the effective spin canting angle vary with temperature in the range
160K — 300K. The corshell structure does not form in zero applied field or when cooled to low
temperature in zero applied field demonstnagj that the shell is of magnetic and not chemical origin. The
surface layer canting angle is determined by a competition of exchange, dipolar, anisotropy, and Zeeman
energies [4].

In contrast to the core/shell magnetic structure of magnetite nanopartidesilarly sized nanoparticles

of Co ferrite, which exhibit a higher ratio of anisotropy to exchange interaction, show an average net
canting angle of all spins in a nanoparticle with respect to the applied field [2].

In an effort to explore the dynamiad these unusual magnetic states, inelastic scattering measurements

of spin wave energies versus wave vector transfer have been made on a related system consisting of
magnetite core|manganese ferrite shell nanoparticles [5]. These results revealed aatjoaispersion

of the spin excitations with a spin stiffness parameter D = 51 -Afesignificantly reduced from bulk
ferrites. Remarkably these data demonstrate that the spin waves originate from dipolar coupling
betweennanoparticles and not from exchge couplingvithin individual nanopatrticles.

References
[1] K.L. Kryckat al., Phys. Rev. Lettei®4, 207203 (2010)
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Simultaneous determination of the Heisenberg exchange, thickness and saturation magnetization
from the spinwave dispersion

H. T. Nembach
AssociatePhysical Measurement Laboratory, National Institute of Standards and TechnBlmgigder, CO
80305, USA
Department of Physics, University of Colorado, Boulder, CO 80309, USA

The Heisenberg exchangexis a critical materials property for ferromagnetiaer. Its experimental
guantification remains a challenge for wultrathin
and logic devices. There exist many different measurement approaches to determine the exchange
parameter, which all have their respéat challenges. These approaches include neutron scattering

[1], determination of the Curie temperature, measurement of perpendicular standingvemire

modes (PSSWs) with ferromagnetic resonance (FMR) or Brillouin Light Scattering spectroscopy (BLS)
[2], spintorque FMR measurements of localized spiave modes on full devices [3] or application of

B | o c®Rlawsto t&mperature dependent magnetometry data [4]. All of these approaches have their
respective unique challenges. For example, polarized Neldcattering has a very small scattering
crosssection, which makes it impossible to use for technological relevant ultrathin magnet films. The
analysis of PSSWs requires careful consideration of the pinning of the PSSWs at the boundary, which
can include gpolar, exchange and anisotropy pinning fields. Here, we are presenting an approach for
the determination of the Heisenberg exchange, where we measure thevepie dispersion with BLS

in the DamorEshbach and in the backward volume geometry, where theneidg field is applied
perpendicular and parallel to the spimave propagation direction, respectively. By simultaneously
fitting the two spinrwave branches, we can determifg.and in addition the saturation magnetization
Msand the magnetic thicknegg5].

We sputter deposited a series of substrate/Ta(3 nm)/Cu (5 nngFeg(t)/Cu(2.5 nm)/Ta(3 nm)
samples witht=1.4 nm, 3.0 nm and 14.0 nm. We measured FMR over a broad frequency range with
the external magnetic field #plane and perpendicular to theample plane to determine the
spectroscopic splitting factay and the outof-plane magnetic anisotropy. We obtained the thickness

of the magnetic deadlayetp=0.05+0.01 nm from room temperature SQUID magnetometry. We
deposited an additional sample withGanm thick CeFeo layer to increase the accuracy for these
measurements. We then determindds of the samples using the corrected thickness for the magnetic
layer.

We carried out BLS measurements in the Dasshbach and the backward volume geometry with a
laser wavelength of 532 nm. The applied magnetic fieldw& p v mT. We changed the angle of
incidence to access spimaves with a range of different wavevecso We fitted the data for both
spinwave branches simultaneously with the dispersion equation, see Fig.1, whexand Ms were

fitting parameters:

odigun —— 2 0 o O _q vy P2
° 0 ) v %)

~ -

f 0 —0 "0 p — i Q% ,

wheref is the spiawave frequencytk the anisotropyhi s P | a n c Kethe angl®betademthet |,
magnetization and the spinwave propagation directigins the spectroscopic splitting factor, is the
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vacuum permeabilit,* the Bohr magnetonk is the spiawave wavevector and an approximate
perpendicular demagnetizing factor for ultrathin films.

We measured the temperature dependence of the magnetic moment with SQUID magnetometry and
fitted the data with the BloclT®?-law, see Fig. 2. We then used mean field theory to determine the
room temperature value foAex.

The results for the exchange parameter determined from magnetometry and BLS are in close
agreement. The weighted mean for the BLS and SQUID resultktfoealfiims ared g@grm

T8t U pd/m ando ¢ @ Y Ymdtu pd/m. The BLS measured value for the 14 nm thick film

0 ¢ & ¢8 pJm is close to the value obtained by Neutron scattering for bulksF@opof

o) ¢ @pJ/im, wherea® ¢ @ T plmiI6].

The thicknesses from the fits of the spive dispersion are t=1.36+0.03 nm, 38M7 nm and 13.93

+ 0.25 nm, respectively. This is in good agreement wittbthe T8t v T8t gm determined from the
thickness series.

Finally, the values far obtained from the BLS measurements are close to the SQUID magnetometry

values, starting from the thinnest film: 0 pR Ypmdimd, 0O PX @ wrdt ¢ U,
“ 0 P& @ wrmdt m XT, © 0 pymTtmdrt YT and © 0 p& L @ T8 p OT,
0 P&y @ wTdt T 6.

In summary, our measurements demonstrate that BLS spectroscopy can provide accurate results for
the saturation magnetization, Heisenberg baoge and thickness and has the potential for hon
destructive wafer level measurements. This technique is applicable to even thinner films and can
possibly be multiplexed by using multiple laser beams for faster sample throughput.
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Figure 1a) Spinwave dispersion for the 3 nm thick film in the Darmbach (black) and backward
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Skyrmion -Excited Spin Wave Fractal Network

N.Tang! W.L.N.C. LiyanageS.A. Montoya3#4 S.Patel35 L. J. Quigley,A.J. Gruttere M. R.
Fitzsimmons27 S.Sinha% J.A. Borcherst E.E. Fullerton3 8L. DeBeerSchmitt?D. A. Gilbert2*

1 Materials Science Department, University of Tennessee, Knoxville, TN
2 Department of Physics and Astronomy, University of Tennessee, Knoxville, TN
3 Center for Memory am Recording Research, University of California, San Diego, La Jolla, CA
4 Naval Information Warfare Center Pacific, San Diego, CA
5 Physics Department, University of California, San Diego, CA
6 NIST Center for Neutron Research, National Institute of Standis and Technology, Gaithersburg, MD
7 Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN
8 Department of Electrical and Computer Engineering, University of California, San Diego, La Jolla, CA
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Introduction

Magnetic skymions are a type of chiral spin texture which is of interest due to their
fundamental properties and for advanced spintronic application$l] These magnetic structures
consist of a coplanacontinuous wrapping of the spins into a closed coplanar loop with a core and
fencing perimeter which are oriented in opposite, ouof-plane directions. The coplanar loop can
itself have two orientations, with the spins on the loop oriented along the radial direction (called
Néeltype) or along the azimuthal direction (called Blocktype). Stacking these structures
generates the 3D skyrmion tube. The very specific loop, core and perimeter structure gives the
skyrmion a norttrivial topology. Functionally, this means that there is an energy barrier to the
creation or destruction of the skyrmion and that skyrmions can interact without merging.

The chiral winding of the skyrmion is atypical for magnetic materials sice it generates a large
exchange energy. Early skyrmion materials overcome this energy with a competing
Dzyaloshinskii Moriya interaction (DMI)[2] Recent worksperformed on Gd/Fe multilayer thin
films[3, 4] have demonstrated a twist on the traditional skyrmion configuration, achieving
stability by dipolar interactions, rather than DMI. The increased dipolar interactions ifturn
generate flux closure domains at the surface of the film, e.g. the end of the skign tubes. In these
flux closure domains, the magnetic moments necessarily orient radially from the core to the
perimeter, with an orientation that is opposite onopposite ends ofthe skyrmion tube, following
the dipolar fields. This structure closely reembles aNéektype skyrmion. A hybrid skyrmion tube
can thus be described aa stack of Néel/Bloch/Néel featuresThe Néelstructures reduce the stray
magnetic fields in the system, reducing the magnetostatic energy and increasing the skyrmion
stability. In the discussed works, we use neutron scattering, as a probe of nanoscale magnetic
structure, to investigate hybrid skyrmion systems.

Forming an Ordered Skyrmion Lattice without DMI

The above description of the skyrmion as a chiral winding and skyrmion he is accurate
for a single skyrmion, however, in traditional systems the skyrmions form an ordered hexagonal
lattice. In a lattice configuration, the magnetic configuration can alternatively be described as a 3
g helical structure, that is, three magnetitielices separated by 120°. The helical description more
accurately describes the competition between the exchange and DMI energies as this competition
exists everywhere within the sample. In the hybrid skyrmions, there is weak or no DMI, thus these
structures can form as isolated islands, or clusters. For some applications, such as the dynamic
fractal work discussed below, having closely packed skyrmions on an ordered lattice is ideal.
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While skyrmions stabilized by dipolar interactions lack the ridged ingraction (the
exchange and DMI) which facilitates the hexagonal lattice in traditional systems, the dipolar fields
do generate a repulsive interaction between hybrid skyrmions. Indeed,-Xay microscopy shows
that the skyrmions form domains with hexagonal edering. In this first work, we demonstrate a
combined field sequence and tilting scheme which facilitates loagange orientation of the
skyrmion lattice domains[5] Using SANS, the skyrmion lattice and stability window is probed.
These measuremens show that the hybrid skyrmions in Gd/Fe multilayers possess superior
stability, spanning from 10 K to 325 K, and fields betweef80 mTto 200 mT.

Determining the 3D Structure of Hybrid Skyrmions

The structure of the skyrmion provides the nontrivial topology and also the improved
stability for the case of the hybrid structure. Understanding the structure of the hybrid skyrmion
may provide insights which can be leveraged to improve the skyrmion stability. However,
experimentally determining the structure of the skyrmion is exceedingly challenging due to the
nanoscale nature of the structure, its magnetionly contrast, and the fact that he skyrmion tube
is buried within the materials. Most techniques for visualizing magnetic structures have
limitations which prohibit their use here, including surface sensitivity, or a projected signal.
Recent works have had success in needli&ke sample d traditional skyrmions, but similar
techniques would be challenging to implement in a film.
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Figurel: (a) SANS patterns from skyrmions in Gd/Fe-ftiins (b) PNR reflectometry pattern, (c) converged
depth profile (d) GISANS measurement, (e) simul@EIANS, and (f) converged model of the 3D structure.
Using a combination of polarized neutron reflectometry (PNR), small angle neutron
scattering (SANS) and grazingncidence SANS (GISANS), the 3D structure of the hybrid skyrmion
is determined in a thinfilm.[6] Analysis was performed by modeling the system with
micromagnetics, then calculating the scattering pattern from the model @hcomparing the
experimental and simulated patterns. The model was iteratively changed until the two patterns
converged. The resulting model is thus grounded within the welestablished physics of
magnetism, and confirmed by the experimental scattering rests. The simulations provide unique
insights into the structure of the hybrid skyrmion. Among these insights, the #plane winding of
the hybrid skyrmion is wider at the top versus the middle, making it attractive to attribute these
regions to the Néel ad Bloch regions, respectively. However, the wall thickness and-plane angle
of the domain wall are incommensurate, with the Néel and Bloch regions instead evolving
continuously along the length of the skyrmion tube.
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Skyrmion Dynamics and a Dynamic Spin Wave Fractal

The third work discussed here investigates the magnetic dynamics of the skyrmion and
associated spin waves while performing irsitu SANS with ferromagnetic resonance (FMRJ]
Specifically, using a static magnetic field along the skyrmion teband a dynamic (GHz frequency)
excitation field applied orthogonal to the skyrmion tube, dynamic gyration modes are excited. The
SANS pattern shows relatively little change in the ordering of the skyrmion lattice, however, at the
resonance condition, a lege anomalous scattering signal is observed at exceedingly low angles
(low-q). The intensity of the anomalous scattering grows to be >5x larger than the coherent
diffraction from the skyrmion lattice. This signal is sharply peaked at the resonant conditign
diminishing at both higher and lower fields for a fixed excitation frequency, allowing it to be
attributed to the magnetic dynamics.

(130 mT, 2.23 GHz)l 3308(180 mT, 2.23 GHz)

Figure 2SANS patterns from skyrmions in Gd/Fe #ilims with insitu excitation, taken (a) offesonance and
(b) onresonance. (c) lllustration of one of the skyrmion dynamic modes. (d) simulation of the dynamic
skyrmions and the spin wave fractal network.

The model which best fits the anomalous scattering is a magsctal model. This model is
used to describe statisical fractals, such as polymer chains, which are constructed from identical
fundamental building blocks and have multiscale self similarity. The structure of the fractal is
£ OT A 01 EAOGA A AEiI AT OEITAI EOU 1 £ BHgdnd AcutgBOT AAT A
1ATCOE T &£ Bpmnnm 11 AO OAOI T AT AA8 #1171 OEAAOETI ¢ OE/
ejected during gyration are implicated in the formation of this structure. This further implies that
the spin waves are generated with a weldlefined periodicity, as suggested by recent simulation
works. The cutoff length approximately matches the skyrmion edg®-edge distance indicating
that the skyrmions may be coupled through these spin waves. Noting the inherent sensitivity of
fractals to their genemating mechanics, this structure is expected to be highly sensitive to the
structure of the skyrmion lattice, making it a promising feature for stochastic computing
technologies|8]

Conclusions

These works together form a body of work focused on the use of neutrons to achieve new
insights into hybrid skyrmions, including their structure, dynamics and the spin waves from those
dynamics. Understanding these features presents new opportunities donrnologically relevant
skyrmion technologies, including enhanced stability and unique computing architectures.
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The evolution of models of FePt

Roy Chantrell
School of Physics and Technology,

The University of York, UK

The binary alloy FePt has long been of interest and has seen an explosion of research investigations
following its development as the most ligetandidate for Heat Assisted Magnetic Recording (HAMR)
because of its low Curie temperature and high magnetocrystalline anisotropy. It is especially
interesting because of the origin of the anisotropy in the strong-gpixit coupling of Pt and the
requirement of Fe to provide the magnetic structure. Initially it was thought likely that the symmetry
breaking usually required to provide high anisotropy was the fct structure of FePt with contraction
along the eaxis. However, the pioneering work of Oleg Myga [1] showed that the large anisotropy

was a result of the layered;Q structure of the alloy. The aim was to develop a classical spin
Hamiltonian for spin dynamics models, specifically for HAMR. This was complicated by the fact that
the Pt could not bereated as independent degrees of freedom. Instead they were found to be
proportional to the exchange field from the Fe which was shown to lead to a spin Hamiltonian
dependent only on the Fe degrees of freedom, with modified exchange and, importantlyclaange

driven 2ion anisotropy whose temperature dependence explained the experimental observations
[2,3]. Based on this model | will outline calculations which gave important insight into the HAMR
process. In particular the simulations showed that thevated temperatures associated with HAMR
introduced a new factor in the design process, specifically the requirement of a write field sufficiently

|l arge to avoid thermally induced backswitching,
Asseond i mportant factor is the existence of a no
to be essential to achieving high switching probabilities in HAMR.

More recently, the nature of the main assumption of the Mryasov spin Hamiltonian hasuweksn
investigation, specifically that leading to the removal of the Pt degrees of freedom. This is an
approximation which is valid for perfectly ordered systems sufficiently large to avoid finite size effects.
Grain sizes in HAMR media are aiming, irAB&C design for media for storage densities of 4.7Tbit/sq
in, for grain sizes of 3.8nm. Clearly a model taking proper account of surface effects is increasingly
important. Ma and Dudarev [5] and Ellis et. al. [6] have developed an approach in whit¢lldgrdes

of freedom are introduced into the model using a Landike free energy. The physical basis is similar

to the Mryasov model in that the Pt moments are considered to be induced by the exchange field from
the Fe. | will outline this model and somecent developments which reveal unexpectedly large
fluctuations of the Pt moment. | will also outline the fundamental limitations of the approach and finish
with some potential areas for future development.
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Multiphysics micromagnetic models and solvers

Jiawei Duan, Egor Savostin, Xueyang WangVéalily Lomakin

ICenter for Memory and Recording Research, ProgravhaiterialsScience and Engineeringnd Department
of Electrical and Computer Engineering, University of California, San Diego

Magnetization dynamics is described by the Landa#fshitzGilbert equation (LLE}, whichincludes
effective torques relatedto various physical interactiongConventional interactions include the
exchange, applied, anisotropy, and magnetostatic field components. Additional effective field and
torgue components play an important role in the behavior of magnetic materials andegeyn this

work, we describe how micromagnetic solvers for LLGE can be coupled with solvers for other physics
types. Specifically, we present multiphysics solvers that couple the magnetization dynamics described
by LLGE with Maxweibd €ddy cuerenuedfdcts, quations for spire mlarized
currents for describing spin transfer torque and spin Hall effects in bulk and at interfaces, and elastic
equations describing effects of magnetoelasticity.

The presentation starts with reviewing tliimite element method (FEM) in micromagnetic modeling.
The description includes implicit time integration methods, efficient effective field evaluation
methods, methods to model periodic structures, and discretization. Then, approaches for coupling
LLGE wi other physics types are introduced. As a general approach, at each time step, different
physics types are solved concurrently, and their coupling is achieved by exchanging the relevant
guantities on the fly. Following the description of the LLGE FEbegtoes, procedures for the other
physics types are presented.

Solving Maxwell s equations beyond its teagnetos
operating frequency andtructure size increases. In such casdsctrodynamic effects, such as gdd

currents, must be accounted fowe discuss FEM and integral equatiormulations f or Maxwel |
equations and present an approach allowing truncating the computational domain to any arbitrary

size, e.g., eliminating a need for having an airbox, whigipisally required in such cases. To address

this point,we present a twestep approachin the first step of tie approach, we calculate the magnetic

field assuming corresponding magnetic scalar potential to be zero on the outer boundary of the
computatiocnal domain. In the second step, we correct this solution by calculating the static field
generated by the effective surface magnetic charges on the outer boundary obtained based on the
domain truncation in the first step. We implement the approach in a EBf&and integrate itwith

the FastMag micromagnetic solvel[Figire 1a shows the total and correcting eddy field for a case

of no airbox. Figre 1b shows the accuracy of the results.

Micromagnetic modeling of spin polarized current effects is impdrfar a set of applicationgn
spintronics Drift diffusion like models2f5] have an appeal due to their ability to describe complex
spin behaviorsWe show that the ValeFert and drift diffusion models can be unifigd terms of
numerical modelingwhich allows using the Valétert related experimental material parameters in
the drift diffusion model as well as inclungj interfacial and bulk torques in ferromagnetic layers. We
also include spin accumulation generated by the dffali effect and anomalaaiHall effect for non
magnetic and ferromagnetic layersigire 2showsan example of &olution verification for a $ayer
structure.
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Straininduced micromagnetic phenomena play an important role in a number of cases, e.g.,
magnetostriction effects or ampling of elastic waves with the magnetization dynamics. phéssent
formulations for coupled micromagnetic and elastic solvers. We also prestmtia of straininduced
anisotropy in interfacial Dzyaloshinskoriya interactions (DMI) (Figa). We emply LevyFer t ' s
analytical spatial modek] to describe the DMI and derive a quantum Hamiltonian for the system.
Using the linear spin wave thedj3], we obtain the spin wave dispersion relations as a function of the
DMI anisotropy in the higfrequency aproximation (Fig3b). We implement the formulation in finite
difference andFEMbased coupled micromagnetelastodynamic codeproviding solutions for the
magnetization, stress, and velocity. Using this formulation and code, we investigate the dynamical
properties of systems with elastically induced anisotropy of DMI. The interplay between
magnetoelastic effects provides a rich landscape for studying emergent phenomena such as spin
waves, skyrmions, and domain walls.
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Figure 1: (a) Total and correction eddy fieldor a test case of a cylinder driven by a dynamic axial

magnetic field; (b) the axial eddy field dependence showing matching of the FEM based and analytical
results.
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Figure 2Comparison between analytical and FEM solution of the ungpial diffusiormodel. Inset in
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(@) (b)
Figure 3: Atomic triangle formed ora CoFePt interface (b) dspersion relation from the linear
spin wavetheory forthel’ - X -M-T pat h.
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Magneto-optics, revisited

RudolfSchifer

Leibnizinstitute for SolidStateand MaterialsResearcl{IFW)DresdenGermany

Twoaspectof magnetoopticsarereviewedthat havehardlybeenconsideredn the past: (i) For
MOKEmagnetometryit will be shownthat the obtainedhysteresidoopsneedto be interpreted
very carefullyasthey are measuredlocaly, determinedby the internal (not applied field and
local magnetizationproceses [1]. (ii) For wide-field MOKEmicroscopynumerous magnete
optical effectswill be discussedhat leadto intensity-baseddomaincontrastin the absenceof
analyserand compensator.Thisincludesthe Transverse&err effect, a novel 45°-dichroiceffect
(Oppeneereffect), the Magnetic LinearDichroismeffect, and the DichroicGradienteffect. All
these effects require linearly polarizedlight for illumination. A further effect is the Magnetic
CircularDichroismeffect that requirescircularlypolarisedillumination.

[1] I. Soldatowet al., IEEBMagn.Lett. 11, 2405805(2020)
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A friendship and collaboration that started with Co/Ni
Andrew D. Kerit
ICenter for Quantum PhenomenBgpt. of Physicd\lew York University

Co/Ni is a remarkable material widely studied for its applications intspisfer torques, pioneered

by Eric Fullerton and his collaborators [1,2]. This talk presents our research on Co/Ni multilayers and
nanostructures, focusing dheir role in advancing our understanding and applications of-spimsfer
torques. The key characteristics of Co/Ni include strong perpendicular magnetic anisotropy, large spin
polarized currents, reasonably low magnetic damping, and tunable magneimeies through
multilayer configurations with varying Co and Ni thicknesses. Our research findings encompass several
areas: 1) the discovery of sutmnosecond sputransfer torque switching and identification of an
optimal pulse length that minimizes ergy consumption in magnetization reversal [3], 2) utilizing
Co/Ni as a spipolarizing layer to demonstrate sptransfer induced precessional magnetization
reversal of iRplane magnetized free layeend switching with 200 ps duration current pulses [4],
investigating nonlinear effects in spiarque ferromagnetic resonance [5], andstiidying Co/Ni based
spinoscillators [6,7] The significance of these findings lies tieir demonstraton of several
fundamental characteristics of sptransfer torque dynamics. Anothervery significantaspect,
particularly in the context of this celebratory symposium, is that our research on Co/Ni has led to a
longterm collaboration and friendship with Eric, rooted in his generous sharingaaiples,
knowledge andideas
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llluminating Hidden Symmetries in Topologickasulator Thin Films

Authors are cited in CAPITAL Letters with their initials followed by their last name in Calibri 12
centered like in the following:
George J. de Costér B. Connelfy P. Tayldr
IDEVCOM US Army Research Laboratory, AdelphiU@®,
2Institute of Physics, University of the Bundeswehr, Munich, Germany

We observe enhanced threeld symmetric helicitydependent topological photocurrents using time
domain THz spectroscopy in epitaxiajlpwn Bi2Se3 with reduced crystallographidnming. It is
established how twinned crystal domains introduce competing responses that obscure inherent
nonlinear optical responses of the intrinsic crystal structure. Minimizing this defect reveals strong
nonlinear optical response currents whose magd# and direction depend on the alignment of the
excitation to the crystal axes and follow the thrfsd rotational symmetry of the crystal structure.
Notably, the azimuthal dependence of the photoresponse persists for helical excitaticans
unprecedened result we attribute to the photon drag effect, where the photon momentum acts as an
applied inplane field that is stationary in the laboratory frame. Additionally, the sign of the resultant
THz signal inverts when the helicity of incident light igaveid from right to left circularly polarized,
indicating a reversal of the photocurrent. Our results demonstrate that even extended domain defects
can obscure intrinsic physical processes, making the study of single domain thin films crucial to the
obsenation of phenomena that couple topological order and crystal symmetries.

[1] B.C. Connel | y, Enkergdnce oflThrgild®Symmetii Hdlical Plhatocu@entst e r ,
in Epitaxial Low Twinned Bi2Se3 230X07808
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The operation of numerous spintronic devices are enabled through spin currents and thus, it
is important to study how the generation, polarization and transmission of spin currents can
be controlled by the local magnetic/electronic environment. Holmiui iare earth metal

which undergoes a paramagnetic to afgrromagnetic (AFM) transition ak¥131K and an

AFM to ferromagnetic (FM) transition a=ROK. The AFM phase is characterized by an
incommensurate spin helix in which the average moments are fieagnetically aligned

within the basal planes but rotate from plane to plane alongdlais with an average turn
angle varying from S0layer at to to 30%layer at T. Ho is further expected to have a

good charge to spin conversion efficiency owingddigh atomic number and initial results

of ploy-crystalline Ho films at room temperature show a spin Hall Angle (SHA) 8§.0.14

Here, we explore the SHA of epitaxial Ho thin films in the paramagnetic, AFM and FM phases
to observe the effect of magnitordering on the generation of spin current. We deposited
epitaxial Ho @001) using MgO(111) as a substrate with a 3nn1 Y@ as a seed layer and
confirm the different magnetic phases via magnetometry and transport measurements. We
create the following hin-film stack: MgO(111)/W(3)/Ho(10)/W(1.5)/Py(7)/W(1.5) (where the
thicknesses are in nm) and study the SHA of Ho via spin torque ferromagnetic resonance
experiments. We systematically vary the temperature down to 70K to study the charge to
spin conversio efficiency. By relating various magnetic parameters such as effective
magnetization, gilbert damping and SHA at various temperatures, we explore how the

magnetic ordering affects the spin dynamics in this system.
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Antiferromagnetic Spintronics: Past, Present, and Future

D. Lederman
Department ofPhysicsUniversity ¢ California, Santa Cruz, USA

In his 1970 Nobel Prize lecture, Louis Néel famously wrotea t antiferromagnetic
extremely interesting from the theoretical Viewp
Although Nél was an excellent physicahd predicted the existence of antiferromagnetic materials

his assessmemegardingthe technological impact of antiferromagnets was not accurate. Starting with

the application of antiferromagnetic materials in spin valve technology, where an antiferromagnetic

layer is used to pin one of the ferromagnetic layers [2], antiferrgngds have also been used to make
thermally-stable magnetic media [3] and to stabilize spiansfer torque devices [4], among other
applications. More recently, the spintronic properties of antiferromagnets themselves have been
studied with the aim of makg high frequency (THz) devices which are relatively stable under external

fields due to their small net magnetization [5, 6]. In my talk, | will discuss how past work on the
exchange bias used to pin ferromagnets using antiferromagnetic materials qaut becontext with

the idea of the recently proposed altermagnetism [7] where the tirmeersal symmetry is broken due

to the different local spatial symmetries of the antiferromagnetic sublattices. | will also discuss how
insulating antiferromagnets cahe used to generate electromagnetic signals using-ppmping,

which takes advantage of the spin Hall effect in layers with largeapih coupling in proximity to
antiferromagnetic insulator [8, 9]. Finally, | will also discuss the possibility of aisiifigrromagnetic

insulators to interact with topological materials to break time reversal symmetry of the topological

states [10], and thus induce a magnetoelectric effect and chiral edge modes [11].
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Introduction: In the realm of optics, the control and manipulation of light have undergone remarkable
advancementsallowing for the exploration of its various degrees of freedom, such as polarization,
phase, amplitude, spin, and orbital angular momentum. This expanded control has given rise to the
generation and application of structured light fields, including teitblight, shaped light, and sculpted

light. These advances have transformed light from traditional-tivoensional transverse fields to
four-dimensional spatigemporal structured light and multidimensional quantum states, extending
beyond orbital angulamomentum to encompass control over all degrees of freedom. This paper
explores the emerging synergy between structured light and nanoscale topological structures in ferroic
materials, uncovering their implications for photonics, materials science, andedemgineering.

Orbital Angular Momentum and Optical Vortices: A rigorous analysis of the electromagnetic field
reveals that the total angular momentum of any light field can be decomposed into spin and orbital
contributions. In free space, the Poyntingctar, which describes the direction and magnitude of
momentum flow, is the vector product of the electric and magnetic field intensities. When dealing with
helical phase fronts, the Poynting vector exhibits an azimuthal component, resulting in an orbital
angular momentum parallel to the beam axis. These beams, containing optical vortices, possess a
circulating momentum about the beam axis. Notably, the orbital angular momentum is independent
of the beam's polarization and arises from helical phase frontsravthe Poynting vector deviates

from its parallel alignment with the beam axis, following a spiral trajectory around the axis at any fixed
radius within the beam.

The interplay between structured light, characterized by its topological singularities such as optical
vortices and phase singularities, and ferroic materials has emerged as a promising avenue for
controlling and manipulating emergent properties in condathsnatter systemsWe shall discuss our
recent studieghat leverages the interaction of twisted light as both a pump and probe with nano
ferroics, including magnetic, ferroelastic, and 2D Rashba ferroelectrics nanostructures, to create and
control topologcal defects. T emergent topological structures are probesingoperandocoherent

Xeray scattering andmaging techniques By harnessing structured lighie enable andnanipulate
nanoscale topological structures in ferroic materials, leadingdtential advancements in domain
engineeringspintronicsand new characterization tools.
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X-raying topological spin textures in space and time

Fischer, P
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley CA, USA
Physics DepartmentJniversity of California, Santa Cruz, CA, USA

Spin textures and their dynamics are key to understand and control the properties, behavior and
functionalities of novel magnetic materials, which can impact the speed, size and energy efficiency of
spintronics. Topological spin textures have recently attracted significant scientific interest and led to
intense research addressing a broad spectrum of challenging scientific and technological questions on
magnetic skyrmions and Hopfions [1].

Advanced charactération tools that provide magnetic sensitivity to spin textures, disentangling the
role of individual components in heterogeneous material at high spatial resolution, ultimately at buried
interfaces and in all three dimensions [2], and at high temposdgion to capture the spin dynamics
across scales, are required to address those questions, and are therefore of large scientific interest.
Various magnetic soft -y spectremicroscopies [3] using polarized sofrays provide unique
characterization pportunities to study the statics and dynamics of spin textures in magnetic materials
combining Xray magnetic circular dichroism -\%CD) as element specific, quantifiable magnetic
contrast mechanism with spatial and temporal resolutions down to fundamenggnetic length,

time, and energy scales.

In this talk, | will show our recent studies on the statics and dynamics of magnetic Hopfions, which are
spin textures that can only exist in 3D. In addition to the topological winding number which are
characterstic for magnetic skyrmions, they exhibit an additional topological linking number and can
be viewed as twisted skyrmion tubes. Using a combination of sady xmagnetic microscopies we
confirmed the creation of Hopfions in tailored magnetic multilayéiswith target skyrmions [5] being
precursors as predicted from theory [6]. Micromagnetic simulation using high performance computing
tools on the field dependence of Hopfion structures showed characteristic dynamics including a
transition to a toron stée around 60mT [7]A 3D metrology of skyrmions using scftay laminography
shows a depth dependence of topology and chirality [8].

This work was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences, Materialsctences and Engineering Division Contract NeAO&205-CH1123 in the Nen
Equilibrium Magnetic Materials Program (MSMAG).
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Crbasedbulk to nano fundamental research
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Cr and its alloys constitute the architype of a class of systems that undergo magnetic phase transitions
associated with the nesting of the electron and hole Fermi surfaces [1,2]. The beauty of the variety of
properties observed in Cr based materials, §ititd origin in the sphdensitywave (SDW) state, which
forms when the electron and hole Fermi sheets overlap on cooling through the Néel trangitjéh,

In pure Cr the SDW is incommensurate (1) with the lattice, resulting in an ISDW phase [1Fé&sthe
surface is very sensitive to the electron concentration per atefa)( it is possible to adjust the relative
sizes of the electron and hole Fermi surfaces through doping [2]. In general, doping with elements to
the left of Cr, such as V, decreatiese/a, making the electron Fermi sheet smaller relative to the hole
Fermi sheet. However, doping with elements to the right of Cr, such as MndeidrBents, increases

the e/a, with an initial increase in the size of the electron Fermi sheet, resutiag improved overlap
between the electron and hole Fermi sheets and the formation of commensurate (C) SDW with the
lattice [2]. The decrease ia/a normally results in a destabilization of SDW with a concomitant
decrease inly, while increase i®/a results in an increase ifiy to a maximum, where a criticala is
reached when optimum overlap of the electron and hole Fermi sheets occur. Followingy on,
decreases as/a is further increased. This is seen in Cr with growgeBnents used as dopants [3].
Another mechanism used in tunifg, is that of electrorpair breaking, observed when using elements
with anefa similar to Cr for example with Mo as dopant [4]. However, there are exceptions to this
simple rule, for example when Cr doping with Al and @aulting in interesting magnetic phase
diagrams and unexpected properties, such aglGlloys that become semiconducting at high enough
dopant concentrations [2]. Hence, probing Cr all
due to the excefional diverse behaviour observed, but understanding these also remains challenging.
The SDW state contributes a large component, of magnetic origin, to nearly all the physical properties
of Cr alloys [1,2]. This implies that once the fundamental rolthefSDW contributions to these
properties is understood, these alloys can be tailored to give specific desired characteristics, including
particular thermal expansion and elastic constants for invar asiivalr materials, as well as particular
electricalr esi stivity <characteristics and much more.
opportunities for a vast range of promising applications for Cr based materials. In addition, from a
purely scientific perspective, there is also renewed interest in ghaperties of dilute Cr alloys,
particularly in their magnetic phase diagrams [5], quantum critical behaviour [6] and their role as
spacer layers in magnetic muléiyered thin film structures [7] that forms the basis of many modern
innovations.

Firstly, the richness in the variety of magnetic phases observed in Cr alloy systems [2] make
investigations into their magnetic phase diagrams appealing. The theoretical canonical model is useful
to explain the main features of the magnetic phase diagrams ofetladieys, as well as many of the
physical properties observed [2]. However, the addition of detailed aspects is required to explain many
uncommon and unique features that is at present not fully understood. One such unusual aspect in
magnetic systems has be quantum criticalities that occur where an order parameter is continuously
suppressed down to lowest temperature, typically 0 K, and an instability known as a quantum point is
observed [5,6]. This suppression of the magnetic properties can be obtthneagh the tuning of
various parameters, such as concentration, magnetic field or pressure [5,6]. Research on quantum
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phase transitions led to the discovery of novel electronic ground states in magnetic materials and new
concepts of low lying excitatiompectra found in condensed matter systems [8].

Considering this new and interesting research field, the focus has during the last decade moved to
extending the physical properties measured under extreme conditions in order to probe the SDW
behaviour, studymagnetic phase diagrams and quantum critical behaviour in these systems. Results
obtained indicate various novel findings in the field of Cr alloys, including a newly proposed magnetic
phase diagram for the &xl system [9]. This system was further invgated through doping with Mo

that is isoelectronic with Cr. This led to a study on the quantum critical behaviour in-tieMr alloy

system and an investigation into SDW phonon coupling effects on the specific heat of Cr alloy systems
[10]. In line withthese types of investigations Mo doping of the&lalloy system was also probed as

to gain greater insight into this system that showed most interesting characteristics [11]. These include
a sharp first order ISDW to paramagnetic transition in certaircentration ranges, while continuous
second order CSDW to paramagnetic transition is observed in another concentration region for the
same alloy system. Results suggest [11] the existence of two critical points 8t &phase diagram:

a suggested dital end point in the magnetic phase diagram of this system and suppression of the
antiferromagnetism at a second critical point. This is the first time that this behaviour has been
reported in Cr alloy systems.

In tandem work on the magnetic phase diamiaof Cr alloys with grou® diluents [3] resulted in the
completion of the phase diagrams of these alloys to much higher concentrations than previously
reported. This opened new avenues for research into SDW antiferromagnetism, quantum criticalities
and siperconductivity in Cr alloys with grotpdiluents, not explored previously. Results obtained for

the bulk C+tOs samples confirmed the existence of a superconductivity dome in the magnetic phase
diagram, as well as the coexistence of SDW antiferromagnedisd superconductivity in certain Cr
based bulk samples [12].

Results on GRuV give information on the role of SDW effects at 0 K on relationships between various
physical properties [13]. Experimental results for the first time provided evidencertt@t alloys the
Seebeck coefficient can be used as a decisive parameter to characterize quantum critical behaviour
[14]. These findings were supported by results ofREW [15] and Gir-V [3]. An overview of all the
properties of Cr alloys with groe diluents should result in a comprehensive overview of quantum
critical behaviour in these alloy systems.

Giant magneto resistance in-€eMn alloys were observed together with spgtass behaviour [16].

Work on additional Cr alloy systems, includingR&Mn, CrSiMn and CyAl-Mn alloys, showing
possible spirglass is underway and shows much promise.

Work on various magnetic phase diagrams contributes novel aspects to the field of magnetism in Cr
alloys, emphasizing the need for similar and further stadb explore SDW and sgijtass behaviour,
magnetic phase diagrams and quantum criticalities, as well as superconductivity and semiconductor
behaviour in certain Cr alloy systems.

Secondly, as thin films and hetestructures form the basis of modern stitured materials, it is useful

to probe the properties of Cr alloys in confined geometries [7]. These materials can then be tailored
for specific applications in devices. Understanding of dimensionality effects and proximity magnetism
is essential in gaing insight into the behaviour of magnetic structures. Initial work on thin films and
hetero-structures focusing on &@in/Cr [17] and GRu/Cr [18] together with Prof Eric Fullerton,
showed innovative results with evidence of SDW pinning and the effecedhemn the transition
temperatures. Work on GAl thin film studies drew parallels between the physical properties such as
grain size, stress and the magnetic behaviours of these thin films [19]. This research gave insight into
the SDW behaviour in confidegeometries and contributed to a more fundamental understanding of
the SDW behaviour. Work on Cr alloy thin films containing Si, Co, Mo, V and Re is presently underway
in order to gain a deeper understanding of the behaviour of the SDW in confined géesnetr
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Thirdly, ventures into the fields of nano hetestructures and particles have only started recently.
Collaborative work on thermal simulation of magnetization reversals for size distributed assemblies of
coreshell exchange biased nanoparticles [Biifiated work on nanoparticles. Chromite micro and
nanoparticles are of current interest to study due to the magnrstimctural coupling in the
geometrically frustrated antiferromagnet, where structural distortion elevates the ground state
degeneracy leding to a longrange magnetic order. Early studies focusedeB,CrOs4 (A, B= Fe, Co,

Ni, Cu, Mn, Cd, Zn, Ce) compounds. Considering combinatiénanofB various compounds can be
made, each with unigque properties. Results of these studies [21, 22] indicate that control over the
synthesis assist in obtaining smaller particles having uniform size and morphology. As magnetic
properties are influenced by pacte size, attention was given to obtaining smaller, malispersed
particles. One of the key parameters that was identified was the controlled calcination and suitable
methods were probed to avoid particle agglomeration. AC susceptibility studies weresadoto
identify spinglass behaviour and neutron diffraction studies linked the structure and magnetic
properties [21,22]. Temperature dependent XRD studies also assisted in the understanding of the
coupling between structure and magnetism. Small progr@as made in moving into nanoparticle
based thin films of these materials [23]. Results reveal a change of surface morphology upon Ni
substitution in CoG0O, and demonstrate the complex nature of the oxidation states of Co and:Ni.

of the CoCiO4is modfied depending on the substrate and also with Ni substitution of Co site. Research
on various synthesis methods, including green synthesis methods with traditional African plants, as
well as capping to create coghell particles, are also in progresspimbe exchange bias and possible
medical applications.
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Understanding new topological states in condensed matter systems is a current research topic of
tremendous interest due to both the unique physics, and #ir potential in applications. Skyrmions

is an example of a topological phase that manifest in magnetic systems as a hexagonal lattice of
spin vortices. We have shown that resonari-ray scattering is a powerful tool to study skyrmions
[1,2]. We have usedesonant Xray scattering to unravel a skyrmion lattice phase in a Fe/Gd
multilayer (See Fig. 1). Fe/Gd shows a wealth of different magnetic textures and phases. It exhibits
a well aligned stripe phase that evolves into a skyrmions phase depending on apgglifield and

temperature conditions [2]. Within a small range of
temperature and magnetic field we observed a hexagonal
scattering pattern due to skyrmion lattice phase.

We have used coherent Xay scattering to address the
question of phase boundaries ath underlying critical
point in the context of stripe and skyrmion phases.
Fluctuation and stochasticity are characteristics of
Figure 1. Resonant scattering images material complexity. Itis predicted that fluctuations play
representing evolution of stripes (left) | an important role in stabilizing the topological skyrmion
to skyrmions (right) as a function of | phase in amagnetic system. Magnetic fluctuations that

manifest as domain avalanches and chaotic magnetization
jumps exemplify such stochastic motion and have been studied in great detiWe performed
Fourier space studies of avalanches using a softrXy speckle metrology technique. By using
coherent Xray scattering we obtained magnetic speckle patterns in the stripe and skyrmion phase
of Fe/Gd thin film. We calculated pairwise autocorrelation coefficient of the data as a function of
applied magnetic field and diectly observed nanoscale stochastic behavior of the domains [3]. By
analyzing the data within the framework of statistical mechanics we were able to characterize that
the distribution of fluctuations could be collapsed to a unifying scale with parametershat are
distinct in the stripes and skyrmions phases indicative of two separate universality classes.
Spontaneous fluctuatiors in the time domain were studied using Xay Photon Correlation
Spectroscopy (XPCS) at LCLS2. We have developed a-potilse probeprobe based XPCS
measurement at the LCLS that has the capability to measure fluctuation in the soé@nosecond
regime. We found existence of subanosec fluctuations near stripeskyrmion phase boundary.
Finally, I will also show our recent studies on generatin of soft X-ray orbital angular momentum
beamsand its application to magnetic materials.

Work supported by US DOE.
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Magnetic nanoparticles such as FePt in the k-phase are the bedrock of our current data storage
technology. As the grains become smaller to keep up with technological demands, the
superparamagnetic limit calls for materials with highermagneto-crystalline anisotropy. This in
turn reduces the magnetieexchange length to just a few nanometers enabling magnetic structures
to be induced within the nanoparticles. Here we describe the existence spin-wave solitons,
dynamic localized bound states of spiwave excitations, in FePt nanoparticles. We show vhit
time-resolved Xray diffraction and micromagnetic modeling that spinwave solitons of sub10
nm sizes form out of the demagnetized state following femtosecond laser excitation. The
measured soliton spinprecession frequency of 0.1 THz positions this systn as a platform to
develop miniature devices capable of filling the THz gafhe driving force for the formation of
spin-wave solitons can be traced back to the ultrafast lattice expansion of the nanoparticles.
Electron diffraction measurements show thate atoms start moving before the heavier Pt.
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Unraveling optically induced ultrafast dynamics of nanoscale magnetic textures
Roopali Kukreja

Ultrafast optical control of magnetization has emerged as a new paradigm for the next
generation memory and data storage devices. Numerous studies have been performed to
understand the mechanism of transfer of angular momentum at such fast timescalegsr Howe

it has been recently recognized that spatial domain pattern and nanoscale heterogeneities can
play a critical role in dictating the ultrafast behavighese experimental findings have been
possible due to recent advances irayx and extreme ultraviet sources which combine the
power of coherent-xays with femtosecond (fs) temporal resolution. | will discuss some of the
key studies performed atray free electron lasers (XFELS) sources in the recent years which
have shed light on the magnetic b@baat ultrafast and ultrasmall frontier. | will also describe
some of our recent experimental results at European XFEL and FERMI where we uncovered
symmetrydependent behavior of the ultrafast response. Our results on the same sample with
the same expermental conditions but different ground stéeotropic labyrinth domains vs
anisotropic stripe domainsghows that the symmetry of magnetic texture dictates the
magnitude and timescale of the ultrafast response. These results clarify the previous
controvesy in the literature for timeesolved magnetic studies for different samples showing
distinct responses. We also utilized tinesolved magnetic scattering to test recent predictions

of >10 km/s domain wall speeds. We observed fluence threshold depeoiedistortions of
diffraction pattern which are not seen for magnetization quenching, consistent with a picture
of domain wall motion with pinning sites. Supported by simulations, we show that a speed of
66 km/s for highly curved domain walls can explthe experimental dat#/e thus show that

these intriguing observations suggest preferential textependent paths for the spin transport

and provide us with a unique way to manipulate spin degrees of freedom.
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Magnetostrictive Evolution of Singular Asotropic Magnetoresistance in Topological Metals
Y. Kid3 Y. Xiad* R. Medapalfti®, E. E. Fullertart and ,M. J. Gilbe/*>6.78.9.10

Department of Mechanical Engineering, University of Illinois Urk@imampaign, USA
’Department of Electrical and Computer Engineering, University of California San Diego, USA
SMaterials Research Laboratory, University of lllinois Urb@hampaign, USA
4Center for Memory and Recording Research, University of California San Diego, USA
SDepartment of Electrical and Computer Engineering, University of lllinois UrBaaanpaign, USA
SInstitue for Condensed Matter Theory, University of Illinois Urb@hampaign, USA
"Institute for Quantum Information Science and Technology Center, Universltinois UrbanaChampaign,
USA
8Department of Materials Science and Engineering, University of California Riverside, USA
9Max Planck Institute for Microstructure Physics, Halle, Germany
Department of Physics, University of Illinois Urb&@teampaign, US

The ubiquity of topology within physics has been the source of much of our understanding of how
symmetry both stabilizes and enhances observable phases of matter. Within condensed matter
physics, the examination of topological phases of matter hastdethe discovery of both new
phenomena and the explication of previously overlooked physical responses that have been directly
tied to the presence of a topology. The emergent importance of topological phases of matter has not
only driven the examinationfansulating, superconducting, magnetic, and heavy fermion materials.
Of this diverse set of materials, magnetic materials, both ferromagnetic and antiferromagnetic, have
been of particular interest due to the presence of broken tiregersal symmetry, thamay lead to
the presence of Weyl or Dirac fermions. Furthermore, the corresponding high Curie temperdtures (
well-known to exist in magnetic metals provides the possibility of finding and manipulating interesting
topological phases at elevated tempéuees.

In this work, we seek to clarify the interdependence of magnetic structure and topology by
studying the interplay between magnetostriction and topology in elementakfilim Holmium (Ho)
using a combined experimental and theoretical effdrt.our examination, we findG rotationally
symmetric discontinuous spikes in the anisotropic magnetoresistance (AMR) of the antiferromagnetic
(AF) phase in Holmium when the magnetic field is aligned witlattes that are superimposed on a
typical G rotationally symmetric. As the temperature is increased and Holmium transitions to a conical
ferromagnetic (FM) phase, th& peaks begin to blend into a more domind®tAMR. We explain this
transition via magnetostrictive changes in the Holmium lattieat are associated with the applied-in
plane as the material transitions from the AF phase to the FM phase.

46



FeRh in multifunctional exchange spring thin films
T. THOMSON
INEST Group, Dept. of Computer Science, University of Manchester, OxfordVRoatiester M13 9PL, UK
The equiatomic alloy FeRh is of great scientific and technological interest due itsumigbiyal first

order antiferromagnetic (AF) to ferromagnetic (Flheta-magneticphase transition This transition
occurs at a technologically useful temperature, typically around T 3 7[Q, 2]Kig.1. This phase

transition is accompagid by a substanti al dr o[B] and an isotropic t r i ¢ a |
increase in | attice parameter of =0.3% (=1% volu
expansion)[4]. Apart from the inherent scientific

interest in studyng the physics of phase transitions 5w/l

this thermal magnetic behaviour has a wealth «  : «f

potential applications in data storagis] and a

broad range of spintronid$]. )

A particular feature of the metmagnetic phase

transition in FeRh is the ability to tailor its transitio

temperature T. Here several approaches can t

employed, (i) applied magnetic field which results

Tdecr easi ndg7] @)ydopmPwittKa & Fig.1 Thermal hysteresis of 50 nm thick

atomic percent of elements such as Pd, FHR]kr(iii)

selective ion irradiation which provides the ability create patterned structures and ai@ag§ (iv)
control of the strain stat§¢10, 11] FeRh can also be used as a component in a heterogeneous multilayer
where the other component layers can either be influenced by the FeRh phase transition, for example
to form a magnetic exchange sprifige structure e.g. FePt/FeR&]; or where a layer can directly
influence the FeRh such as a pietectric layer or substratfl 2]. Here the coupled nature of the pba
transition can be exploited so that actuating an increase in lattice parameter results in a change in
magnetic properties.

This presentation will give some selected highlights of our work to understand the static and dynamic
properties of FeRh and idrradiated FeRh thin filmgl3, 14, 9, 15, 16, 17, 18, 19, 20, .Phlarised

neutron reflectivity (PNR) tagher with xray reflectivity (XRR) provides the ability to simultaneously
determine the structure and magnetization of thin films as a function of film thicknestréztion).

Our results (and the results of others) show that there is a small regimse tb the substrate where

the magnetization is different to the “bul k” of
successfully fabricated. Further PNR work on FeRh(10nm)/FePt(30nm) exchange spring systems,
where the magnetization of theefPt was perpendicular to the plane and the FeRh magnetic moment
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was inplane, showed thathe characteristic
l ength for the exchi:
due to the AF to FM phase transitiofihe
exchangemediated spin reorientation
extends across at least the first 12 nm of Fe
adjacent to an FeRh layer, representing
estimate of the thickess of an FePt layer ir
which the write field may be reduced by thi
exchange spring effectig.2.

The potential of FeRh thin films as part of
multiferroic  systems was investigatec
Multiferroic systems with large
magnetoelectric coupling constants offe
exciting potential for nexgeneration devices
for data storage sensing and neuromorphic
computirg. Our workshowedthe presence of
magnetoelectric coupling in a 21 nm thic
FeRh thin film fabricated on piezoelectric

[001}-oriented PMNsPT. single crystal

Intermixed region Substrate interfac

0.15

FeRh l»lu FePt ——25°C. 1kOe |1 35
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Fig.2: The decay of the mSLD through the depth
ofthe FePtlayezd h xzBA@An EO O
interfaceandzd E1 AOAAOAO Ol x/
The decay legths d are characterised by the
distance over which the mSLD reduces to &of
the value atzé ‘E 8T 1 I" i A,I‘—:A (o)

substrate The magnetoelectric effectavere measured directly, rather than using the elecsi
resistivity as a proxy variable for magnetisation. XR0D VSMmeasurementswith in-situ applied

electric fields,
demonstrated that

magnetoelectric coupling is
guenched at temperatures
above D100 °C,due to a

M (emu em™)

300 | AM = 122 emu em™

e T e

T=85°C

H=0k0e ] 0 21 nm FeRh on PMN-

emu)

17 nm FeRh on MgO

m (10

gradual structural phase -
transition in the piezo rer
electric PMNPT. Wealso 5,
showed a large strain u
remanence effect in the B

PMN-PT

E (kVem™)
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PMNPT substrate, which
limits the magnetoelectric
coupling on successive
cycling of the applied
electric field.However,we

demonstratedthat through

careful selection of the
applied electric field range,
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Fig.3: (a) The magnetisation of PMNPT/FeRh as the applied electric
field is switched between +1.68 kVcap AT A  Mp &.@Ou firdf ¢
increasing theelectric field, the magnetisation is significantly
reduced by the strain mediated magnetoelectric effect. Subsequent
changes to the field produce diminishingly small changes to the
magnetisation due to the strain being in a highly remanent state. (b)
Repeaatable switching in PMNPT is demonstrated by applying an

S es

it is possible to induce repeatable and deterministieetdictrical switching in this system over many
electric field cyclesfig.3, although the effect is smaller than desirable for applications such as

memresistors.
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The final section of the
presentation will focus on a)
work aimed at explore the
ultrashort time scale
structural dynamics of the
FeRh metamagnetic phas
transition [18]. This $ a key
element in developing a

MOk -~ Int. Intensity 2 1°
. 5.5 mJ em
3‘% —— Peak Shift ——I ooz
) T

Norm. Intensity

complete explanatiorof the b)

mechanism  driving  the

evolution from an i — R
antiferromagnetic to —

ferromagnetic state. Using ar
x-ray Free Electron Laser- (>
FEL)with subps resolution
the time evolution of the |

;Looll:t))w:sglg?(ci(tjg:i?r?t:;?ngpzzt Fig.4: TRXRD of the {101) FeRh Peak a) Peak intensity and

- ¢/ OEEAZO AO A A£O1 AOET 1-101) XRDD (
fs laser plse was measured, peak. The extracted quantities show similar dynamics,
fig.4. The dynamics at highel initially decaying within 10-cm 0 A1 A OAAT O/
laser fluence indicates the of ps. b) The same gantities focusing on the initial excitation
existence of a transient lattice up to 15 ps. For fluences 5.5 mJ ethand above, the peak
state distinct from the high Y R S
temperature ferromagnetic phase. By extracting the lattice temperature and comparing it with values
obtained in a qusai-static diffraction measurement, we estimate the electrphonon coupling in FeRh
thin films as a function of laser excitation fluenc@ur model showsthat the transient state is
paramagnetic and can be reached by a subset of the phonon bands.
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Impacts of the halskyrmion spin topology, spiorbit torque, and dynamic symmetry breaking on
the growth of magnetic stripe domains

J.A. Brock D. Swinkel<, B. Koopmarfsand E.E. Fullertén
ICenter for Memory and Recording Research, University of Califeé@m Diego, USA
°Department of Applied Physics, Eindhoven University of Techndiagghoven, the Netherlands

The spirorbit torque (SOT) generated when a charge current is passed through a heavy metal with
sizeable spiorbit coupling [1] has attracted significant research interest, given that it gives rise to the
efficient movement & novel magnetic textures, such as chiral domain walls and skyrmions. Here, we
discuss an experimental study of the S@duced motion of magnetic stripe domains in Pt/Co/Pt and
Pt/Co/Ni/Pt thinfilm heterostructures that possess an interfacial DzyalodiHhoriya interaction

that favors the formation of chiral Ne¢ype domain walls [2]. In agreement with previous reports, we
find that the domains exhibit a significant transverse velocity relative to driving force of the SOT. In
these past works, this &vior was attributed to the Magnus fordike skyrmion Hall effect exhibited

by the stripe domain topology (equivalent to that of a ksltfyrmion) [35]. However, magnetometry

and ferromagnetic resonance spectroscopy measurements suggest that the tloadiyepredicted
transverse motion of stripe domains in our samples may be too large to be explained by the skyrmion
Hall effect. Analytically modeling the steasiate dynamical reconfiguration of the halkyrmion
profile induced by SOT, we demonstrateAhmotion with similar directionality and symmetry as the
skyrmion Hall effect can originatefurther highlighting the sensitivity of SOT to the local orientation

of the domain wall magnetization profile.
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GHz and sub-THz magnonics using ferro - and anti -ferromagnetic insulators

Romain Lebrurt
1 Unité Mixte de Physique CNRS/Thales, Université Paris Saclay, Palaiseau 91767 France

Spin waves are collective spin excitations in a magnetically ordered material. In the classical
regime, an intense field of research, named magnonics, targsan-wave based computing relying
on their integration as primary information carriers in logic and radiofrequency devicegl].
Beyond this aspect, spirwave quanta, i.e., the magnons, can also bring promising perspectives for
emerging quantum technologieqg2]. In this talk, | will first present some of our recent efforts
towards the development of on chip GHz analog devices using spirmves (such as a spiwave
microwave delay or an amplifier[3]), and towards the observation and the control of magnon Bose
Einstein condensatd4].

Secondly, | will discuss how magnonics could benefit from the integratioaf antiferromagnetic
materials that brings the prospect of devices operating at THz frequencies. Recent works
highlighted how uncoherent magnons can propagate spimformation over long-distances
insulating antiferromagnets[5,6]. However, efficiently excitation and detecting coherent magnons
remains key challenging tasks to develop antiferromagnetic magnonic. Here | will show that one
can use DC sphturrent to detect antiferromagnetic resonancdg7] and propagating spirwaves in

a canted antiferromagnet[8]. Finally, | will highlight the possibility to achieve optically induced
narrow band THz emission in antiferromagnetic materials using ultrfast spin-currents [9]. These
results highlight promising perspectives to develop antiferromagnetic phononic and opto
magnonic devices.
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Energy Storage and Information StorageConverging Materials Scierc

Y. Shirley Meng
Pritzker School of Molecular Engineering, The University of Chicago, IL, USA
2Argonne Collaborative Center for Energy Storage SciendéSH.,

Solid state devices have been at the heart of moedayg technologies. Breakthroughs in fabrication

and characterization have brought paradigm shifts in multiple energy related areas, including solid
state energy storage, perovskite photovoltaics aediromorphic memory devices, and beyond. All of
these systems share a common feature: many of the materials used exhibit dynamic behavior driving
large resistance change. However, these changes are accompanied by complex failure modes requiring
dynamic olservation for identification and subsequent failure prevention. Realization of all these
technologies requires breakthroughs in our fundamental understandings of resistive phase change
mechanisms in these devices, particularly their dynamic failure moderurealistic operating
conditions.

Electrochemical memristors are often made of beam sensitive elements (e.qg. light elements such as Li,
Na, O or metastable phases), more importantly these nstédle phases tend to only form upon
operation of the dewdes, making them difficult to capture with conventional tools. Building on the past
successl will talk about the recentlevelogment inthe fundamental understanding of reversibility in
electrochemically driven resistive phase change materials througbgenic operando analytical
transmission electron microscopy (TEM) using our-ofa-kind cryogenic biasing holder to slowing
reaction kinetics of resistive switching processes while mitigating beam damage.
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Figure 1: Amorphous ||tn(|um lanthnum titanate shows large resistance change as a function of oxygen processing
conditions (a) attributed to reduced oxygen vacancy concentration indicated by radial analysis of electron
diffraction (b) and (c) EELS. Lithium titanate undergoes a significasistance state when transitioning between
LiTisO12 (d) and LiTisOx2 (€).
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Chiral magnetic spin textures in centrosymmetric and noncentrosymmetric Fe/Gd -based
thin film multilayers

S. A. Montoyg W. Parket, H-S. Haf4,J. A. Brock M. V. Lubardg J. J. ChegsV. Lomakirts E. E.
Fullertons, M:Y. In8, B. J. McMorrah

1Center for Memory and Recording Research, University of California, San Diego, La Jolla, CA 92093, USA
2Department of Physics, University of Oregon, Eugé&f 97401, USA
3Center for Xray Optics, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4Department of Emerging Materials Science, DGIST, Daegu 42988, Korea
5Department of Mechanical and Aerospace Engineering, University of California San Diego, La Joha,
92093, USA
6Department of Electrical and Computer Engineering, University of California, La Jolla, CA 92093, USA

Designing materials capable of hosting chiral magnetic phases has been an active research area
since the first experimental observation & magnetic skyrmions [L]. Through careful tailoring of
the dipolar, anisotropy andsymmetric exchange energies of enagneticmaterial, it is possible to
form magnetic phases with an equal distribution of opposite helicity chiral spin texture<?], which
on averageyields a magnetic phasethat is achiral; this magnetic phase can be described as
exhibiting local chirality and global achirality. To realize magnetic materials that host a single
global chirality, an additional magnetic energy is typially required to break the degeneracy of the
two possible helicity distributions. Magnets with broken inversion symmetry can exhibit a
sizeable antisymmetric exchange interaction, commonly known a®zyaloshinskiy
Moriya interaction (DMI) [3, 4], which favors the formation of chiral magnetic spin textures with
a singlelocal and global chirality[5, 6]. So far, the topological transition between global achiral to
chiral magnetic phases is not well understoodn this talk, we will cover some of our recent waok

to design and stabilize intermediate chiral magnetic phaseis Fe/Gd-based multilayers[7], and
some of their interesting properties. We firstdemonstrate that competing dipole and domain wall
energy can result in the formation of subl00-nm skyrmions, bi-skyrmions and bubbles in Fe/Gd
multilayers with centrosymmetric symmetry [2, 8. Usinga combination of transmission- and
surface-sensitive microscopy techniquesand micromagnetic simulations we will show these
dipole-stabilized skyrmions possess a comlex 3D hybrid structure with Bloch- and Néel
components[Fig. 1(af)]. Then by surveying the fieldinduced evolution of chiral magnetic spin
textures in a centrosymmetric Fe/Gd multilayeras the perpendicular magnetic field is swept from
one polarity to another, we show the fieldstabilized magnetic phases undergoes local chiral
morphological changes from the stripe phase to skyrmion lattice phase which ultimately enables
the formation of two helicity dipole skyrmions under positive and negative appliediélds [9]. On
the second part of this talk, we focus on the local and global chirality changes that occur in the
domain morphology when we systematically introduce broken inversion symmetry (via heavy
metal Pt/Ir, Pt, and Ir interfaces) into an array ofFe/Gd multilayers. By carefully designinga non-
centrosymmetric Fe/Gd-based multilayer, wecanachieve a coexistence of opposite helicity chiral
magnetic spin textures with unequal Bloch population distribution [7]. Figure 1(g) shows
postprocessedL TEM image depicting thenagnetic stripeswith asymmetric population of left and
right-helicity Block-lines. Then, using transmissionsensitive microscopy and transport
measurements, we show the domain morphology in these necentrosymmetric Fe/Gdbased
multilayers dramatically rearranges under applied perpendicular magnetic fields which also
yields interesting electromagnetic properties. Overall, the ability to locally control material
properties symmetrically and asymmetrically across different thinfilm layers of a
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heterostructure presents a pathway to tailor competing local and global chirality effects in
magnetic spin textures.
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Figure 1: (a) Under-focused Lorentz TEM image of a fieldtabilized skyrmion lattice in [Fe/Gd]x80
multilayer at room-temperature. (b-c) Images detail the magnetic induction colormaps of (a). ¢
Micromagnetic modeling of the depthdependent spin structure of a skyrmion along the top (z = 40nm),
center (z = Onm), and bottom (z =40nm) surfaces.(g) Postprocessed LorentZTEM imagedepicting the
remanent domain morphology of anfFe/Gd/Fe/ Ir/ Pt}x80 multilayer at T = 160K. Rightchiral Bloch-lines
appear as bluehue lines and leftchiral Bloch-lines are shown as orangéue lines, while the
positive/negative perpendicular magretization is depicted as gray/black features.
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Nanolasers: Dynamics and Phase Locking

Shaya Fainman

We discuss nanoscale metiiklectricsemiconductor resonant gain geometries to create a new type
of light emitters focusing on three key aspects: second order intensity correlation characterizations,
direct modulation anacoupled nanolasers dynamics

Shat Bio:

Yeshaiahu (Shaya) Fainman is Cymer Chair and Distinguished Professor in Electrical and Computer
Engineering (ECE) at the University of California, San Diego (HE$&xeived the Ph. D. from
Technionlsrael Institute of Technology 1983.He isdirecting research of the Ultrafast and

Nanoscale Optics group at UCSD and made significant contributions to near field optical phenomena,
inhomogeneous and metmaterials, nanophotonics and plasmonics, and4gonventional imaging.

His current research iarests are in near field optical science and technol@k applications

targetting information technologies and biomedical sensinige contributed over 320 manuscripts in
peer review journals and over 540 conference presentations and conference plingeeHe is a

Fellow of the OSA, IEEE, SPIE, and a recipient of the Miriam and Aharon Gutvirt Prize, Lady Davis
Fellowship, Brown Award, SPIE Gabor Award, OSA Emmett N. Leith Medal, OSA Joseph Fraunhofer
Award/Robert M. Burley Prize amdick Holonyak Jrufard, OPTICA (former OSA).
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Coherent coupling to a thicket of spin -wave modes in an ultrastrongly coupled
microwave -magnon system

M. E. Flatté?andT. O. Puel
1Department of Physics and Astronomy, University of lowa, lowa City, lowa, USA
2Department ofApplied Physics, Eindhoven University of Technology, Eindhoven, The Netherlands

A major challenge for quantum technology is the integration of-ttamping and low saturation
magnetic materials with planar superconducting circuits. This would allowgdtation of microwave
signals, as well as provide a medium for nonlinear electromagnetic phenomena such as microwave to
optical quantum transduction. Here we will describe a novel material, vanadium tetracyanoethylene
(V[TCNE], which has ultrdow intrinsic damping, can be grown at low temperatures on arbitrary
substrates, and can be patterned on the nanoscale while retaining itdoesvproperties. In recent

work [1] a thinfilm superconducting resonator was coupled to a {damping, thinfilm, V[TCNE]
microstructure, achieving a cooperativity >*Hnhd entering the ultrastrong coupling regime.

The resonatoimagnon system in Ref. 1 exhibits fine structure showing multiple magnon modes. The
nature, frequency, and coupling strength of these modes appadepend on the detailed shape of

t he magnonic material. The resonator, therefore,
these spin waves together, offering the potential for coherent information processing wherein the
information is enoded in spin wave excitations.

The theory of uniform magnon coupling was supported through the Center for Molecular Quantum
Transduction (CMQT), an Energy Frontier Research Center supported by the Department of Energy
Office of Science, Basic Energy Smen(DESC0021314), and the theoretical analysis of fikite
magnon modes was supported by the Department of Energy Office of Science, Basic Energy Sciences
(DESC0019250).
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How to turn charge into spin

Axel Hoffmann
Department of Materials Science and Engineering and Materials Research Lahoratory
University of Illinois Urbar@hampaign, Urbana, IL 61801, U.S.A.

Spinand charge degrees of freedom are coupled to each other via@pihcoupling. This allows to
convert charge currents into spin currents, which thereafter can be used to manipulate
magnetizations; a concept that is now known as spinitronics. Chargéo-spin current conversion

in the bulk are called spin Hall effects. Very early-lomal measurements in gold created a puzzle
with very disparate magnitudes of spin Hall effects were measured [1,2]. This puzzle was resolved later
as being due to thehickness, when we discovered that spin Hall effects can be significantly enhanced
when the thickness of gold films is reduced [3]. In addition, we investigated how reduced symmetries
can give rise to spin Hall effects with directions of spin polarizattmatsare ordinarily prohibited. Of
particular interest are metallic antiferromagnets, since the antiferromagnetic structures may reduce
the symmetry beyond the symmetries of the crystal lattice giving rise to magnetic spin Hall effects [4].
Furthermore we discovered that FeRh can generate in its antiferromagnetic state unconventional spin
Hall effects with very large charge-spin conversion efficiencies [5].

This work was supported as part of Quantum Materials for Energy Efficient Neuromorphic @Gamput
(@XMEENC), an Energy Frontier Research Center funded by the US Department of Energy, Office of
Science, Basic Energy Sciences under AwarBBRBC0019273.
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Shaken, not stirred: a recipe fanagnetic switching via phononic resonances

Andrei Kirilyuk
FELIX Laboratory, Radboud University, Toernooiveld 7, 6525 ED Nijmegen, The Netherlands

Strong lightmatter interaction constitutes the bedrock of all photonic applications, empowering
material elements to create and mediate interactions of light with light. Among others, phonon
amplified interactions were shown to bring a specific twist itfigs, in the infrared (IR) frequency
range. Thus, phonmagnetic effects are the losdrequency analogues of inverse Faraday and Cetton
Mouton effects [1,2] where phonons, not electrons, mediate the interaction between light and spins.
In this case, lightouples to the spins indirectly by exciting coherent vibrations of the crystal lattice
(phonons) that transfer angular momentum to the magnetic ions [3,4]. The optically driven chiral
phonons in materials with strong sparbit coupling were shown to proae giant effective magnetic
fields that exceed those previously seen by several orders of magnitude [5]. The mechanism allows for
bidirectional control of the induced magnetization through phonon chirality that in turn can be
controlled by the polarizatioof the laser pulse.

Here we show that through the resonant excitation of circuldarized optical phonons in
paramagnetic substrates, one can permanently reverse the magnetic state of the submatratdged
heterostructure [6]. With the handednessthie phonons steering the direction of magnetic switching,
such effect offers a selective and potentially universal method for exercising ultrafagbcalrcontrol

over magnetic order.

Moreover, a different behaviar, characterized by displacive modificat of magnetic potentials, can

be observed when exciting materials at phonon frequencies with lingenllgrized light. The magnetic
switching was shown to create very peculiar patterns [7], confirming the mechahigrnalso creating
novel dynamic phenoena such as setirganization of magnopolarons [8]
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Magnetao-ionics with alternative ionic species

Kai Liu
Physics Department, Georgetown University, Washington DC 20057, USA

Magnetcionic (MI) effects have shown promise for enegfficient nanoelectronics, where ionic
migration can be used to achieve atomic scale control of interfaces in magnetic nanostructures, and in
turn modulate a wide variety of functionalities. To date, magrietucs have been mostly explored in
oxygenbased systems, while there is a surge of insérm alternative ionic systems [1]. We have
recently demonstrated effective M| control using a variety of ions. In hydrogen based systems, we have
found a sensitive and reversible chirality switching of magnetic domain walls [2] and writing/deleting
of skyrmions [3] via hydrogen chemisorption/desorption. In hydroxide base@do(OH)2 films, a
reversible paramagnetic to ferromagnetic transition is observed after electrolyte gating with a low
turn-on voltage [4]. In nitride based Ta/CoFe/MnN/Ta films, chellgicaduced Ml effect is combined

with the electric field driving of nitrogen to effectively manipulate exchange bias (Figb)18]. These
effects offer an ideal platform to gain quantitative understanding of magebics at buried
interfaces, leadig to electric modulation of magnetic functionalities. They are also relevant-for 3
dimensional information storage as a potentially contactless way to address spin textures, such as in
interconnected magnetic nanowire networks (Fig. 1c) [6].

This work hadeen supported in part by the NSF (EQG@33527, ECEA51809, DMR005108),
SRC/NIST, and KAUST
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Figure 1: (a) Schematic illustration and (b) the corresponding exchange bias effect that is electrically enhanced
in a Ta (10 nm)/MnN (30 nm)/CoFe (1 nm)/Ta (10 nm)/Pd (10 nm) thin film sample at 10 K. (c) Firstorder
reversal curve measuements of magnetoresistance of interconnected Co nanowire networks (inset).
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Using magnetism to act on living cells

A. Visond3 C. Naud?, C. Thébault S.PonomarevaH. Joisteh F. Bergét M. Carriéré, Y. Hofy R.
Morel!, A. Nicolag andB. Dieny

Univ. Grenoble Alpes, CEA, CNRS, Spintec, 38000 Grenoble, France
2BrainTech Lab, U1205, INSERM, Univ. Grenoble Alpes, GBltenoble, France
3Univ. Grenoble Alpes, CNRS, LTM, 38000 Grenoble, France
4Univ. Grenoble Alpes, CEA, CNRS, IRISyMMES, 38000 Grenoble, France

The mechanical vibration of magnetic particles (Fig.1) under low frequency magnetic field allows
applying mechanical stress at the cell levelhe magnetic particles are designed to have
superparamagnetitike properties to avoid gglomeration [1] and sufficiently large volume to exert
forces in the pN range to produce significant mechanobiological reactions onTdesmechanical
stress induces a large variety of physiological reactions from the cells depending on the ndlére of
cells and on the intensity of the magnetsechanical stimulation. A great advantage of using
magnetism in this field of mechanobiology is that the induced stress caaslg tunedremotely by

playing on a number of parameters such as external magnetic field amplitude, direction, frequency.
The mechanical stress has a strong influence on the cells cytoskeleton which triggers a variety of
signalling pathways and consequently, of physiolog&attions.

Using U87 glioma brain cancer cells, we observed that a weak stimulation induces already a
disorganization of the cell cytoskeleton (Fig.2) resulting in a cell contraction, a loss of motility (ability
of the cell to migrate) and a stop of tingitosis (stop of proliferation). A stronger stimulation can induce

the apoptosis (spontaneous death) of the c€l#g.3)[2-4]. Thanks to a stimulation with a moderate
alternating field of 20mT at 20Hz for 30minutes, the death of 80% of the cancecaellse induced,

in particular via apoptosis. Remarkably, the still alive cells do not proliferate any more during several
days. The magnetmechanical treatment can be repeated until the cancer cells are fully destroyed.
This approacttan lead to a new appach towards cancer treatment, used alone or in conjunction
with chemotherapy. An even stronger stimulation can result in a disruption of the cell membrane and
thereby cell necrosis, which is not desirable because it goes with inflammatory reaatidnsay

cause metastasis

Studies on cancer cells were conducteditro as well asn-vivorevealing quite different results for a
variety of reasons. Ongoing studies are carried out on spheroids of cells embedded in 3D gels which
representin-vitro modelsmuch closer tan-vivosituations.

Experiments were also conducted on pancreatic déllsWe demonstrated that the magnetically
induced mechanical stimulation of pancreatic cells allows enhancing insediretion from INS1
pancreatic cell§Fig.4) Theexperiments were conducted both by culturing pancreatic cells on vibrating
magnetic membranes as well as by dispersing vibrating magnetic particles among the pancreatic cells.
This observation can also open a new route towards innovative diaBdteatments [3]wherebythe

insulin levebf a diabeticpatient would be increased not by injectiarf insulinwith a syringe but by

an external magnetic field with magnetic particlesingpermanentlydispersedn the pancreas.
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Fig.1: Two types of superparamagnetidike
particles used for the magnetemechanical
stimulation of cells :Magnetic Au coated NiFe
vortex nanopatrticle (left) and magnetite

nanopowder (right).

with MF

Fig.2. U87 cancer control cell with stained actin
cytoskeleton (left). Cell with damaged
cytoskeleton after NP magnetemechanical
vibration (right).
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Fig.3: a) Glioma cancer cells incubated with NiFe vortex microdisks. Interestingly, the cells catch all
magnetic particles even without functionalization. b)Iin vitro testing of magnetomechanical stimulation of
glioma cells. Blue and red bars correspond to controls (cells without particles and cells with particles but
no oscillating field), green bar: Cells with particles submitted to oscillating field (20mT20Hz). ~80% of

the cancer cells die after treatment. Interestingly, the still alive ones do not proliferate during several days.
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The World Materials Forum

Victoire de Margerie
ICoChair of the World Material ForuaNancy- France

The World Material&orum (WMF) is an international conference dedicated to fostering collaboration
and accelerating the implementation of sustainable materials solutions that make it possible to
decouple economic growth from the use of our natural resources, while meetegéeds of our
citizen and creating value for our industries. We emphasize the vital role e$dabhg research to
bridge the gap between groundbreaking ideas and-nedlistry applications, recognizing the urgency

of the situation. And we expect thiadt scaling from gathering in person at the forum 300 + industry
leaders, top league researchers, global policymakers and breakthrough entrepreneurs.

The World Materials Forum takes place every year in June or early July in-Nénate and feature
keyrote speeches, panel discussions, start up awards and networking opportunities.
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Figure 1: Philippe Varin and Prof. Victoire de Margerie with the Global Battery Community at WMF
2023.

Eric Fullerton is a friend of the world Mateg&lorum. In 2022 he vgaa speaker for a second time and

animated a scientific debate with Luc Julia i€€iScientific Office~ Renaulj on the impact of
Electronics.
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Progress towards 10 nm spin Hall naoscillators and mutuakynchronization of thousands of
oscillators

N. Beherg A. Kumar? A. K. Chaurasiyjav. H. GonzalézA. Litvinenky L. Bainsfa A. A. Awd'?,
andJohan Akermait
Department of Physics, University of Gothenburg, 412 96 Gothenburg, Sweden
2Laboatory for Nanoelectronics and Spintronics, Research Institute of Electrical Comunication, Tohoku
University, 21-1 Katahira, Aob&u, Sendai 988577, Japan

Mutually synchronized spin torque nawscillators (STNOs) are one of the promising platforms for
bioinspired computing for tasks such as vowel recognitignRecently, mutual synchronizatif®y of

spin Hall nanescillators (SHNOs) was used for the same f2lskHowever, the number of mutually
synchronized SHNOs remains limited: up to 50 in thetmecent chain§4] and 64 in 2D array8]. To
synchronize much larger arrays, one must increase the mutual interaction strength between
oscillators. One way of increasing the coupling strength is to make the oscillators more closely packed,
and the filst important step is to make all narmnstrictions in a 2D SHNO array much smaller.

Here, we present a detailed experimental study on how to shrink the width of -nanstriction
SHNOs. We show that at extreme miniaturization, current shunting thraogist substrate becomes

a problem and results in poor scaling below 50 nm. We, therefore, investigate the use of different seed
layers and find that an ultrthin (3 nm) AlOx layer between the Si substrate and the W layer in
W/CoFeB/Mg@based SHNOs, proesd a dramatic improvement. As a result, we demonstrate 10 nm
SHNOSs operating at threshold currents as low as 3B LAVe finally fabricate very large SHNO arrays
based on this optimized stack and find that we can synchronize thousands of SHNOs.
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Local probing of electric fieldihduced manipulation of magnetization

K. EMST, S. ©OUET, M. BISHT, H. MODARRESM. TREKEESV. MENGHIN]
J-P. IOCQUETR. RIFFERV. IAZENKAM. J. AN BAE, and A. WNTOMME
Unstituut voor Kerpen Stralingsfysica, KU Leuv@glestijnlaan 200D,-8001 Leuven, Belgium
2Laboratorium voolasteStoffysica en Magnetisme, KU Leuven, Celestijnlaan 26800 BLeuven, Belgium

SEuropean Synchrotron Radiation Facility, 6 Rue Jules Horov@i®&)43 Grenoble, France

In multiferroic materials, the coupling between ferroic order parametersfék@magnetism (FM) and
ferroelectricity (FE) (called magnetoelectric (ME) coupling) attracts significant attention. In our work
we couple the FM and FE materials via an interface in a multilayer structure with the aim of studying
in detail the magneticgin structure at the interface. W have studied the evolution of the interface

of Fe/(LNO, BTO) systems as function of the applied electric field using the isotope sensitivity of
Md&ssbauer spectroscopy and nuclear resonant scattering (NRS) of synchidiation on samples

with a 1 nm®’Fe probe layer at the interface. The results show the formation of a thin magnetically
dead layer at the interface between the metal and the FE oxide due to ion transport across the
interface. Based on our results we praggoa model [1] for the effect of an electric field on the metal/FE
oxide interface and validated it with MOssbauer spectroscopy results. During the growth of a metal on
top of a FE oxide, electron transport occurs across the interface due to the workolumifference
between the metal and the oxide (with high dielectric constant), which leads to the formation of a
built-in electric field at the interface. Depending on the direction of the Hnilield, the direction of

the applied electric field eithefavors the ion transport across the interface or opposes it until the
external field overcomes the builh field (after applying electric field above a critical value). With
recent NRS results, we have identified the values of the critical field for B@fBTO and Fe/LNO
systems. These findings are not only applicable to Fe/(LNO,BTO) interfaces but also improve the
understanding of metal/FE oxide interfaces in general.
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Fig.4: a) INS1 pancreatic cells: b) Insulin production when the pancreatic cells are exposed to increasing
glucose content (CTL=control=INS1 cells without glucose exposition); c) Insulin production under
magnetically induced mechanical stimulatiortloé cells. It clearly appears that for stimulation longer

than 10 minutes, a very pronounced increase in insulin secretion is observed; d) Influence of filed
amplitude (10, 20, 50mT) and frequency of oscillating field (10, 20, 40Hz) on insulin secretion.
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Towards photoniespintronic integration

Bert Koopmans
Departmentof Applied Physics, Eindhoven Hendrik Casimir Institute,

Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

In the spirit-and honor of Eric Fullertonthis presentation will address the opportunities for the
integrationof spintronics with photonicéFigure 1) Novel schemes for controlling the ferromagnetic
state at femtosecond time scales by pulsed laser excitation have received great interest. By driving
systems into the strongly neequilibrium regime, it has been etvn possible not only to quench
magnetic order, but also to switch the magnetization by single laser pwlsescalled aHoptical
switching (AOS). In parallel, it has been found that pulsed laser excitation can also induce spin currents
over several to éns of nanometers, which can act as an additional source ofpmasecond
magnetization dynamics. Thereby, a scientifical/l
and spintronic transport physics has emerged. Moreover, it is being envidibatcbmbining the two

fields could pave the way to a new class of hybrid spintrphiatonic devices, in which data is copied
between photonic and magnetic (spintronic) domain without any intermediate electronic steps,
leading to ultrafast and highly engy-efficient IT solutions.

In this presentation, some of the underlying phenomena will be addressed, and recent progress on
scientific issues that are considered key for realizing the envisioned technology will be discussed.
Examples of progress towards integrated spintrgptiotonic devices will be presented, including
currentinduced domain wall motion in Pt/Co/G@shsed conduits that display efficient AOS [1] with
domainwall velocities over 2000 m/s [2], AOS of MTJs [3], as well-akipmmagneteoptical reading

of 300 x 400 nm2nagnetic elements structured on top of InP photonic waveguides [4]. Finally, to
further reduce the device footprint and increase data densities, ffiedd plasmonic approaches will

be in inevitable. Recent device simulations on using photonic cavitieplaathonic haneantennas

for subdiffraction limited optical writing and reading [5] provide inside into pushing the ultimate
performance.

Magneto-optics

Opto-magnetism

nics spintronics
pho

Figure 1:Schematic representation of photorgpintronic integration

[1] M.L.M. Lalietet al., Naure Commun.10, 110 (2019).

[2] P. Li, T. Koolst al.,, Adv. Electron. Mater. 2200613 (2022)
[3] L. Wanget al, PNAS.19, e220473211@2022).

[4] F.E. Demiremt al., Nanophotonic41, 3319 (2022)
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Tunable coupling in magnetic thin film heterostructures with a magnetic phase transition

C. W. Miller, K. Stojak Repa, B. J. Kirby
!College of Science, Rochestastitute of Technology, Rochester, NY, USA

The magnetic properties giermalloybased trilayers of the form Py0.8Cu0.2/Py0.4Cu0.6/Py/IrMn
were studied as the spacer layer undergoes a paramagnetic to ferromagnetic phase trdaitive

find the coupling between the free Py0.8Cu0.2 layer and the exchange bias pinnedd>gttorigly
temperaturedependent: there is negligible coupling above the Curie temperature of the Py0.4Cu0.6
spacer layer, strong ferromagnetic coupling below that temperature, and a tunable coupling between
these extremes. Polarized neutron reflectometnas used to measure the depth profile of the
magnetic order in the system, allowing us to correlate the order parameter with the coupling strength.
The thickness dependence shows that these are interface effects with an inverse relationship to
thickness, ad that there is a magnetic proximity effect that enhances the Curie temperature of the
spacer layer with characteristic length scale of about 7 nm. As a demonstration of potential
functionality of such a system, the structure is shown to spontaneouplyrfim the antiparallel to
parallel magnetic configuration once the spacer layer has developeerdmg magnetic order.
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Tuning magnetic phase transitions in thin films and multilayers

A. Berger
1CIC nanoGUNE BRT&0B18 DonostisSan Sebastian, Spain

In the field of magnetism, phase transitions play a very important role for scientific, historical and
practicalreasons. On one side, the ferromagngi@ramagnetic phase transition is a prime example

of a 29 order phase transition and associated critical behavior and the same is true for magnetization
reversal and ¥ order phase transitions. As such, the fiellmagnetism has contributed and still
contributes to the scientific analysis of phase space behavior of macroscopic system and the
understanding of thermodynamic properties [1]. In a similar way, magnetic systems are also relevant
in developing a quantitéely accurate understanding of naaguilibrium physics and dynamic phase
transitions, for instance [2]. On the other hand, phase transitions are a core ingredient of the utility of
magnetic materials in many applications, both for existing mass markbhtdogies as well as for
emerging novel applications. A prime example of the former is the utilization of tkbility that is
associated with ferromagnetic hysteresis in the vicinity of the plmsandaryfor the purpose of non
volatile data storagesuch as in HDDs, tape storage, MRAM and more recent device concepts that
combine magnetic information storage and processing [3,4]. In all cases, the operational quality of
these devices is reliant on the precise tunability of materials properties, incpkat the exact shape

and dimensions of the ferromagnetic hysteresis loop, its speed and temperature dependence, in
addition to other relevant materials properties. On the opposite end of the application spectrum as far
as the hysteresis properties of femagnetic materials are concerned are transformer and electro
motor and-generatorcomponents where the steep change of magnetization with magnetic field near
the 15 order phase transition is being utilized. For these applications it is crucially ampdx
suppress the occurrence of hysteresis to avoid relevant energy losses in operation, and associated
material designs and developments are targeted towards this goal. Examples of utiliziri§ ahee?
ferromagnetic phase transition include magnetdrigeration, hypothermia cancer treatments as well

as data applications that use thermally assisted processes [3,4].

Phase transitions have played a similar rolehia field of magnetic thin films and multilayers,
because on one side, certain technokgisuch as data storage evolved in the direction of thin films,
and thus magnetic thin film properties and phase transitions had to be explored and associated
materials sciencavas developed. On the other side, key fundamental aspexft magnetic phase
transitions could be explored, such as for instance the transition fratim@&nsional to Zdimensional
behavior, which was predicted to behave very differently andgested tde incompatible with long
range ferromagnetic order for certain lattice symmetri&o, very substantial efforts were dedicated
to exploring phase transitions in thin films and multilayers [5].

Due to the finite thickness of thin magnetic films and the associated very specific geometric shape
of a laterally extended, thin plane, othehase transitions couldlsobe explored One such example
is the reorientation phase transition, that can lead to rather anomalous effects and temperature
evolutions of magnetic properties due to the very distinct competition of different energy
contributions, specifically magnetic anisotropy and magnetostatic energy, making it frequently
possible to precisely predict domain phases and pattern that are generally not feasible in bulk
ferromagnets [6,7]. Also, surface induced phase transition, such as tli@csuspinflop phase
transition are possible and observabla thin film geometriesaiding the qualitative and quantitative
understanding of magnetic phase transitions by exploring them in thin films and multilayers [8].

Besides the dimensionality, finithickness and shape aspectdéher aspects can also alter and
modify the occurrence and evolution of phase transitions in thin films. This can occur in terms of rather
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local electronic state modifications of moment strength, exchange coupling, or amsotvehich
generally leads to a shift of the energy minimum and associated phase diagram, such as for instance
by enhancing perpendicular magnetic anisotropy in Co/Pt or Co/Pd multilayers [9]. However, also more
fundamental modifications of magnetic phaséagrams can occur, as for instance, by mediating
interlayer exchange coupling through namagnetic interlayers, which breaks the independence of
individual layers and thus leads to an enhanced complexity of the collective magnetic multilayer
systems [9]. fiis also occurs, when different layers in a multilayer stack have different order
parameters, that are not necessarily compatible at the interface. This can lead to a multitude of phases
for the combined system such as for instance in Fe/Gartld multilayers [10,11].
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Figure 1: (a) schematic of°F as a function of depth z in a multilayer sequence compasfeal base layer with

high T8, a top layer with intermediatecland acouplinglayer with an exchange graded profile. The solid portions

of the horizontatcolored lines represent the regions of the film, in which a FM state can be expected for three
different temperatures 1, Tz, and &, while the dashed lines symbolize presumed PM regions. On thehagttt

side, schematics of the FM magnetizatiprofiles are displayed for the three highlighted temperatures. The
green color grade represents the local exchange energy, and the-tiéetied lines represent the expected
PM/FM interfaces. The arrows represent the portion of the film exhibiting a &b ;stb) colorcoded map of the
experimentally measured total sample magnetization as a function of T andaHinfoltilayer sample containing

an exchange graded layer with t = 20 nm. The data are obtained for decreasing field sequences, each for a fixed
Tvalue. The color bar on the righand side represents the values of total moment; (c) experimendatsHT

data normalized to their room temperature value for the t = 20 nm multilayer sample (black) and a reference
film sample without top layer (red).hE greydashed vertical lines represent the temperature range, in which
two separate FM entities coexist and the light blleshed horizontal line represents the constant coercivity in
this specific temperature range [14].

While such novel phases and theexploration and classification are fundamentally very
interesting, much of the materials related work has been focused on tuning specific magnetic
guantities for application purpose by utilizing available fabrication capabilities of magnetic multilayers.
One such example is the exchange spring recording media approach, in which alepetiient
anisotropy strength enables high magnetic stability in conjunction with sufficiently low coercive fields,
a technologcalachievement that enabled most substant&dvances in HDD recording densities [12].
An alternate approach was the introduction of exchange graded magnetic multilayers and films, which
have a distinct depth dependence of the exchange coupling strength. While the basic concept of this
approach wag&nown for years, recent work demonstrated that it is possible to fabricate magnetically
anisotropic films, whose coercivity is essentially zero for a substantial temperature range below the
Curie temperature due to the massively enhanced susceptibilithieoample portion that is near its
local Curigtemperature [13]. More complex designs of exchange graded materials even allow for the
design of wide temperature ranges, in which the coercive field plateaus as shownlindsign if the
constituting fims and materials by themselves have very conventional temperature evolutions of
magnetic properties, including a strongly decreasing coercive field with increasing temperature [14].
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Figure 2: (a) Depth profile of Ru content for CoRu graded alloy, filtmsh is part of an overall layer growth
sequence to facilitate epitaxy (layer thickness in nm)—f) temperature dependence of the normalized easy

axis magnetizatiom = M/M(T/Tc= 0.5) for a Gs7sRW.32s homogenous film (b), and graded structures $or

7.4% (c), 3.7% (d), 1.4% (e), and 0.5% (i The data were measured while cooling each sample ffen300

K toT=50 K in the presence of an applied figti = 4 mT; (g) F¥dependence of the extreed critical exponent

I (black circles) together with the confidence interval of each ksastares fit, and the corresponding
coefficients (red triangles). The red line displ&s 1. The pink dashed line indicates the average measured
value forthe homogenous systems investigated for comparison, shown on the right side of (g), while the straight
green line indicates this value + 1. (h) and (i) show schematics of the temperature evolution of the magnetization
depth profile for a system with $~200 nm and 13 nm, respectively [15].

Recently, sch exchange graded materials have also been demonstrated to allow for a very broad
manipulation of critical behavior near the Curie temperature, including an extremely large
modification of the magnetic @et critical exponent , which like all other critical properties was
understood to be universal and thus nainable by any kind of materials design. However, this
universality can indeed be circumvented by a materials geometry that makes the magnesigdiem
a mixed dimensionality entity, which is neither 2 nor 3 dimensional as demonstrated 2Fg. This
is obviously of fundamental relevance, mainalso have significance in terms of applications that have
to do with the onset of ferromagnetism, such as theripalksisted processes, given that it opens up
additional design optiosifor materials engineering.

Phase transitions in magnetic films amltilayers have been crucial for many scientific and
technological developments for many years. Recent work and advances demonstrate that this very
successful scientific and technological journey is by no means at itdnstelad, it can be expected
that the symbiosis of thermodynamic and dynamic phase transition work with the development of
novel thin film and multilayer material concepts will keep producing significant progress and relevant
scientific advances in the future.
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From Spin Transfer Torque (STT) to all optical STT

Stephane Mangin
Yinstitut Jean Lamour, Université tlerraine UMR 7198 CNRS, Nancy

Over the past two decades, | have been fortunate to have Eric Fullerton as a mentor, manager,
colleague, collaborator, and, most importantly, as a friend.

In August 2004, Eric Fullerton became my manager during myeagenure as an invited scientist

at the Almaden Research Center in San Jose. It was under his guidance that we developed a
groundbreaking approach to growing [Co/Ni] as a Perpendicular Magnetic Anisotropy (PMA) material.
Through this innovation, we succes$fudemonstrated currentnduced switching in PMA spualve
structures [1], as well as curreimtduced domain wall motion in PMA films [2]. These achievements
were made possible by the exceptional properties of PMA materials, which allow for efficiestsur
induced switching via the generation of spin transfer torque (STT).

In collaboration with Andrew Kent's group at NYU, we further investigated the dynamics of STT
switching in PMA devices and successfully demonstrated rapid switching in these syjtems |

In August 2012, Eric extended an invitation for me to serve as an invited professor at UC San Diego for
one year. This marked the beginning of our exploration into magnetization switching usinghdtta

light pulses across a range of magnetic materi4]. Building upon this work, we advanced our
research by generating ultsshort spin current pulses to effectively switch magnetization in various
spinvalve structures [5]. Our most recent breakthrough showcases the observable effects of these
pulseson magnetization.

Throughout these collaborative endeavors, Eric Fullerton has been an invaluable source of knowledge,
guidance, and inspiration. His mentorship has greatly influenced my professional growth and our
collective achievements. | am immensajsateful for the privilege of working alongside him and
eagerly anticipate future collaborations fueled by his expertise and friendship.

Thank you so much Professor !
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P1:Alberto Anadon Large Enhancement of Sptn-Charge Conversion in Fe/Graphene/Pt Interface

P2 Vladimir Belotelov Unconventional ultrafast spin dynamics in the nawllinear phase of a
ferrimagnet

P3 Jude ComptonStewart Novel LowTemperature THz Spectroscopy Setup for Investigating
Spintronics THz Emitter Behaviour in Cryogenic &ugherconducting Regimes

P4 HéloiseDamas Spin current generation and self sporbit torque in GdFeCo ferrimagnet

PS5 EvaDiaz Spinorbit torque switching in ferromagnets and ferrimagnets in the picosecond scale

P& NielsFennemaUniversal switching omagnetization by circularlypolarized phonons

P7. AnnaMaria Friedel Magnetisation dynamics of epitaxial Co2MnSi Heusler thin films and
Co2MnSi/X/Co2MnAl Heusler bilayers for coupling investigations

P& Juntalgarashi:Laserinduced ultrafastmagnetization reversal in STT spin valves

P9 HenriJaffres Dynamical spircharge conversion probed by THDS spectroscopy: from transition
metals to ultrathin epitaxial BitxSbx topological insulators

P1Q Lin JunXiaa Single Femtosecond laser Pulsedliced InPlane Magnetization Switching in
Ferrimagnetic GdxCo16Q alloys

P11: PoWeilLee Bulk spinorbit effect in single rare eartiransition metal alloy on the magnetization
switching

P12: AnandManaparambil Underscreened Kondo cloud in superconducto

P13: Carmen Martin: Layerresolved Vector Magnetometry using generalized magnaiptical
ellipsometry

P14: Ratthaphondrangngoen Advanced design of mtj for the application of spin torque naascillator
P15: AnsarSafin Enhancing control okexceptional points through nonlinearity in coupled magnetic
oscillators

P16: Biswajit SahodEffect of magnetic ordering on the spin Hall angle of epitaxial Ho(0001) thin films
P17: dntao Shuai Separation of heating and magnetelastic coupling effectai surface acoustic wave
enhanced magnetic domain wall creep motion

P18: Thanapon Sinkruasoithe optimal condition of L10/A1 FePt magnetic nanodot for the application
in Heated Dot Magnetic Recording technology

P19 TobiasSparmannSkyrmion diffusion cotmolled by alternating current excitations

P20 Ryunosukd& akahashitaserinduced magnetization switching in NiCo204 thin films

P21: Artem TalantsevEffects of pattern dimensions on displacement sensitivity of positioning sensors
based on magnetic tunnglinction array

P22 VojtechUhlir. Phase Coexistence and Ultrafast Dynamics of Magnetic Order in Metamagnetic FeRh
Nanostructures

P23:Yaohan XuParsing the ultrafast nodocal spin transfer in Gdhased Ferrimagnetic spin valves
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Enhancement ofpin-charge conversion combining 2D and 3 D materials: towards a hew
generation of spirorbitronics devices

Alberto Anadod, Iciar Arnag, Ruben Guerrerp Adrian Gudify Julio Camarefp Sébastien Petit
Watelot!, Paolo Perna JuanCarlos RojaSanchek
Institute jean Lamour, Université de Lorraine CNRS UMR 7198, Nancy, France
2 Instituto Madrilefio de Estudios Avanzados, IMDEA Nanociencia, Madrid, Spain
3Department of applied Physics, University of Castilla la Mancha, Toledo, Spain

The search for ghly efficient systems for the conversion of spin current into charge current is one of
the main research activities in today’ shelsitpi ntr on
or spinrmomentum locking in Rashba states or topological mteus have advantages over their 3D
counterparts [1]. Graphene has very weak spihit coupling (SOC) on its own, and thus is a poor
converter of spin current into charge current. However, graphene in contact with a high atomic number
element such as Auds been shown to strongly increase the SOC [2]. Interestingly, it has also been
shown that a significant Dzyaloshinsklioriya interaction, and thus a sizable interfacial SOC, appears

at the Co/Gr interface [3].

Here we present studies of charge currenvguction by spin pumping. For our study we have grown
atomicthick epitaxial graphene sandwiched between Fe and Pt, Fe/Gr/Pt. As shown in Fig. 1, we see a
gain of a factor 20 in charge current production between the Fe/Pt bilayer and our new Fe/Gr/Pt
systan. Our results show unequivocally the advantage of combining 2D and 3D systems to strongly
increase the overall efficiency of spin current and charge current conversion. Consequently, we

establish a new route for spiorbitronic devices.
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Figure 1: Roortemperature raw data of DC spin pumping voltage normalized by slab resistance. We
can see a gain of about 20 times in Fe/gr/Pt with respect to Fe/Pt. The inset shows a micrograph of
spin pumping device for DC voltage detection. The GSG coplanar wavésgegarated from the

slab trough 100 nm of SiO2.

[1] J.C. RojaSanchez & A. Fert, Phys. Rev. Appl. 11, 054049 (2019)
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Unconventionalultrafast spin dynamics in the nogollinear phase of a ferrimagnet
V.1. Belotelo¥?, D.M. Krichevsky N.A. Gusey D.O. Ignatyevd, A.V. PrisyazhnygkA.K. Zvezdin

1 Photonic and Quantum Technologies School, Lomonosov Moscow State University, 119991 Moscow, Russia
2 Russian Quantum Center, 121353 Moscow, Russia

There are two magnetic phases of the ferrimagnets: collinear andcobimear ones. Up to now spin
dynamcs in ferrimagnets has been studied mostly in the collinear state without paying much attention
to the kind of the magnetic phase.

We identify an importance of the magnetic phase of a ferrimagnet for its ultrafast spin beffbviar
rare-earth iron garet near magnetization compensation temperature was considered. We
demonstrated several crucial peculiarities of spin dynamics in acoimear state that contrast
sharply with the usually observed spin dynamics of the exchange and ferromagnetic moaes in
collinear state far from the compensation point. In particular, when temperature approaches the
compensation point the frequencies of quasitiferromagnetic (§AFM) and quasierromagnetic (g

FM) modes behave oppositely: the former decreases, whildetter one grows. The situation changes
after crossing the compensation point for higher temperatures. We also discovered that the transition
from the noncollinear phase to the collinear one is accompanied with softening of tAkl qnode
which leads to duge increase of the excitation efficiency and amplitude. The amplitude of the soft
mode becomes more than 4 times larger than for the collinear state and up to 10 times higher than
for the noncollinear phase. As the deflection angle of the soft mode fwasd to reach ~7°, it can be
interesting for aHoptical switching and nonlinear magnonics.

The other crucial property of the neecollinear phase is bistability of the Neel vector. It is described by
the double wdl potential enegy. If the number of spins in a sample is small enough (~100) then
probability of tunneling between two states becomes noticeable and the film will behave in a quantum
regime.

Support by the Russian Science Foundation, project-622I0024 is acknowledged.

[1] D.M. Krichevsky et al., arXiv:2212.00085v2.
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A Novel LowTemperature THz Spectroscopy Setup for Investigating Spintronics THz
Emitter Behaviour in Cryogenic and Superconducting Regimes

ComptonStewart, J.
linstitute JearL_amour, Université de Lorraine
Maxwell Centre, University of Cambridge

With the emergence of spintronic THz emitters over the last decade, THz spectroscopy has
become a powerful tool for investigating spintronic phenomdth When a feromagnet

(FM), coupled to a nemagnetic (NM) heavy metal (typically Pt, Ta or W) is excited by
ultrashort laser pulses, the FM layer is rapidly demagnetised. This generates a spin current
that upon interaction with the NM layer may undergo a sphrargeconversion via the spin

Hall or inverse Rashba Edelstein eféedthe motion of these charges causes the emission of
THz frequency radiation, that can thenbeeconstructed to reveal
spintronic behaviourThis is outlined below inigure 1.

Another emerging field of research is that of superconducting (SC) spintfahias this field,
unconventional regimes of SC behaviour are utilised to enhance spintronic behairets:.

exist spiraligned Cooper pair states accessible when SC layers are coupledato
inhomogeneous FM interface or are in the presence of-sploit coupling. These can carry

spin currents substantially larger than those seen in the normal state of the same mf&grial
There is also a neaquilibrium regime in which chargeless quasiparticles can be excited above
the SC band gapith spinflip lifetimes orders of magnitude higher than spins in the normal
state [4]. Thesephenomena are promising indicators that superconductivity may be able to
significantly enhance certain spintronic behaviours and so we have designed a novel
experimental setup for the investigation of cryogenic and superconducting spintronic
behaviour viarHz spectroscopyghown below in Figure 2.

Figure 1: Diagram showing the basic mechanism for spintronic THz generation xhagie conversion of a

Sub. NM FM Cap

-
Js |

M i (1 e
® L L_‘ l.“ | k

Jc
Emitted THz

spin current, s) incident on a NM layer, most often Pt, Ta or W.
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Figure 2: Rendering of a 3D model of the new experimental setup designed to investigate cryogenic and
superconducting spintronic phenomena.

This setup uses a cefthger cryostat as a sample mount plackétween the poles of an
electromagnet, giving us conditional ranges of rough868 Kin temperatureand up to+1.5

T in in-plane magnetic fiel. The sample can be excited from either side with THz being
collected by the parabolic mirrors, labelled aboVais allows for both emission and reflection
geometries of THz spectroscopy. We can also access two different eourie regimes,
allowing for spintronic recovery dynamics or doukbecitation experiments to be carried out.

In one regime, we measure axdéd point of one THz signal while smoothly varying the
difference in the pumgpump separation ét. In the other where we can manually vay¥yand
characterise a full doublpump THz spectrum. Wiairther planto include a sample holder
capable of electricatransport measurements These characteristics make this a highly
versatile experimental setup, capable of investigating a wide range of material systems,
sample geometries, and spintronic phenomena.
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Spin current generation and self spiorbit torque in GdFeCo ferrimagnet
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Spirorbit coupling (SOC) enadl the interplay between charge, spin and orbital transport, allowing
chargeto-spin current conversion in heavy metals (HM) via the spin Hall effect [§HNpwadays,

this effect is exploited in spintronics to induce a spibit torque (SOT) on the magnetization of a
neighboring magnetic lay¢2]. In this work, we present a material that combines the properties of the
magnetic layer and SOC: the GdFeConfergnet, in which the 5d band of Gd induces SOC. GdFeCo is
the source of spin currents of different symmetries arising from the spin anomalous Hall effect (SAHE
like spin current)3,4] and the spin Hall effect (SHikke spin current)5,6] respectively.The latter
symmetry allows the material to generate a torque on its own magnetization, which we cadirsgié

[7].

First, we present the study of the spin current generated by GdFeCo and absorbed in a NiFe layer using
the STFMR technigue. From thénkeshape analysi® Fig (a)we show that the SHIike spin current

has the same polarization across the magnetization compensation tempef&jui/e then present

the study of selorque performed using harmonic Hall voltage measurements on GdFeCtaosad

with a light metal. We first focus on the temperature dependence of the effective fields associated to
the selftorque and show that the effective fields are enhanced near the magnetic compensation
temperature and reverse sign abovd i as depictd in Fig (h)

This study highlights the rich physics of GdFeCo and the potential of rare earth ferrimagnets to be used
in spintronics for their SOC.

This work was supported partially from Agence Nationale de la Recherche (France) under
contract N° ANR18-CE240008 (MISSION), ANR9-CE240016-01 (TOPTRONICS) and ANK/-
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Figure 1: (a) Lineshape analysis at 15K and 300K when the materialdism@dint and FeGdominant
respectively.The symmetric part of the signal (orange fit) is positive for both temperatures, indicating that the
polarization of the SHhke spin current is independent of the magnetic state of the ferrimagdi@{Temperature
dependence of thedampinglike effective field b in GdFeCo(10)/Cu(2)/Al(3). Its sign changes through the
magnetization compensation temperature represented by the background color change.
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Spinorbit torque switching in ferromagnets and ferrimagnets in the picosecond scale

E. Diaz A. Anaddéh M. Morassi, A. Lemaitré M. Hehn, and J. Gorchdn
Unstitut Jean Lamour, CNRS, Unsitérde Lorraine, Nancy, France
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The development of highpeed devices with low energy consumption is currently an important
challengen the memory technology industry. In this regard, spnic deviceswhich are based upon
theuseoftheel ectron’s spin degree of freedom, show gr e
devices. Within thigealm, spirorbit torque (SOT) switching is a largely studied mechanism which
offers desirableualities, such akigh switching speed and energy efficiency. The fastest SOT switching
to date has been achieved using a 6epexctrical pulse over a sample of perpendicularly magnetized
Co [1]. The electrical pulse is generated by excaimghuston svtch with a single laser pulse, and is
transmitted througha coplanar waveguide (CPW) towards thagnetic sample. By measuring the
switching dynamics, it was found that the zemmssing of magnetizationappens in about 70 ps [2].
Moreover, good agreemérbetween data and a macrospin model coupled wititrafast heating
brings forth two important points: (i) the reversal is greatly assisted by Joule heating, wakiens

the anisotropy field and thus decreases the energy cost of switching; and (ijvitohisg process is
coherent, as opposed to the expected domain nucleation and propagation that has been reported for
the case ofis pulses [3, 4].

Many aspects of SOT switching remain mysterious in the ps scale. Critical current density, essential for
characterizing energy efficiency, has been quantified so far only for pulse durations from the ms scale
downto around 200 ps [5]. Regarding materials, SOT switching has been observed in ferromagnets [3
5] andferrimagnets [68] in the ns scale, but the psale has, to our knowledge, only been studied in
perpendicularlymagnetized Co [1, 2].

In this work we show SOT switching of both ferromagnetic and ferrimagnetic materials in the ps scale.
We have prepared various samples by magnetron sputtering sntstrate of LAGaAs. In a similar
fashion to Ref[1], we have developed a sample design including both an Auston switch and a magnetic
stack embedded intae CPW. Moreover, we have established a method of characterization of electrical
pulses in terms ofcurrent and energy [9]. Figure 1 shows MOKE images of ferrimagnetic
Ta(3)Pt(5)Co(1)Gd(1)Ta(2)Pt(1), whitvez number between grentheses corresponds to thickness in

nm. This sample was shaped by UV lithograpttya 4x6  fifilm. We have found that magnetization
reversal of this sample can be achieved by lower curdemisities as compared to previously studied

Co samples, in concordance as what was reported in Ref. [6] farsss.

Further details and comparison betwedifferent materials will bg@resented in the conferenc& hese

results can help deepen our understanding of the SOT mechanism in the ps scale and also pave the
way for newSO7Thased spintronics devices [10, 11].

86



Initial JA&

1>0

H,<0
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Universalswitching of magnetizationby circularlypolarized phonons

F. G. N. FennemC. S. DaviésA. Tsukamot I. Razdolskly, A. V. Kiméland A. Kirilyuk
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In our experiments performed at the fremdectron laser facility FELIX [1], we expésgimagnetic
GdFeCo samples grovon c-cut sapphire (AOs) substratesto infrared and ultrashort circularly
polarized pulses. A single pulse, with wavelengtt1 um and sufficiently short in duration, switches
the magnetization deterministically via thétnashort heating of the ferrimagnet (Figja). By extending
the duration of t hpgs, weabsesve adear faine of@ftidalrswwitohing, with 5
only randomized domains being formed (Fig. 1b). In contrast, upon exposing the sarhpledteds

of circularlypolarized 3.3pslong pulses<€=21um), we achieve switching of magnetization. This is
made clearer by scanning the laser pulses across the sample surfackc)Fithis unambiguously
indicates that a different mechanism is at treot cause of switching at these longer pulse durations

[2].

Hg. 1(a)-(b) Magnetooptical images showing the effecof a single pulsegwavelength<=2 1 ) jwith
duration_=0.7ps and 3.3s respectively. (dlagnetooptical imageshowing the effect of sweeping
circularlypolarizedpulses(<=2 1 ,p=3.3ps) across the sample at a speedxfi m/ s .

Upon tuning the central wavelength of the optical pulses, we observe that the switching efficiency
dependsdramatically on the pumping wavelength (R2y. The efficiency of switching scales with the
absorption spectrum of the substrate, which correlates to the spectrum of transverse optical phonons
in the sapphire substrate.
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the respective absorption spectra characteristic of the substrate.
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Magnetisation dynamics of epitaxial GEInSi Heusler thin films and GBInSi/X/CaMnAl Heusler
bilayers for coupling investigations
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2 Fachbereich Physik und Landesforschungszentrum OPTIMAS, Rh&fimsthe Technische
Universitat (RPTU) Kaiserslautdérandau, 67663 Kaiserslautern, Germany

Magnetic materials with low Gilbert damping aneandatory for future spintronic and magnonic
applications. Halfmetallic CeMn-based Heusler compounds are of particular intereftr such
applications mainly due to their 100% spin polarisation at the Fermi level and the associated ultralow
Gilbert damping in the Ifrange [1].

Motivated by the observation of multiple peaks in ferromagnetic resonance (FMR) spectroscopy
measurementsascribed to the ceaxistence of various chemical (dis)order types inMBebased
Heusler compounds, our study aims at exploring the coupling between adjacent Heusler layers of
slightly different magnetic properties. To investigate coupling effects in @atralted model
environment, we study the behaviour and interaction of-bPdered CeMnSi and Bardered
CaMnAl Heusler thin films mediated by metallic and roetallic interlayersFor the purpose of this
study, CeMnSi and CgMnAl single films as welsa&CeMnSi/X/CaMnAl multilayers with X = {Mn, MgO}
were investigated.

The epitaxial Heusler films in this study were fabricdiganolecular beam epitaxy as described in [2]
Qystalline quality and chemical ordering were confirmed by transmission electrmmoscopy
techniques as shown in figufie(A). FMR measurements were performed on the thin films in order to
study the magnetisation dynamic®/e investigate the magnetic coupling mediated(bgn-)metallic
interlayers of various thicknesses, see an eglaninfigure 1 (B). Comparisons of the magnetization
dynamics in different configurations lead us to the conclusion thatdynamics are governed by
biquadraticcouplingbetween theCaeMn-based Heusler thin films
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Figure 1: (A) HAABFTEM micrograph(dis)ordering types in the two Heusler compounds iis gtudy. (B) In
plane FMR measurementdifferent behaviour for the GMnSi/X/Co:MnAl with interlayers<={Mn, MgO}.
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Laserinduced ultrafast magnetization reversal in STT spin valves
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The manipulation of magnetic materials without the use of magnetic fields is of great fundamental
and technical interest. The discovery of spiansfer torque (STT]L,2] allowed us to control the
magnetization direction electrically in magnetic devices within nanoseconds, which paved the way for
non-volatile applications such as sgitansfertorque magrtoresistive random access memory (STT
MRAM). However, curredbduced STT switching below a few hundred picoseconds with low power
consumption while maintaining high thermal stability is still challenging. \Shiat optical pulses can
also be used to nrapulate the magnetization direction without a magnetic field, which is called all
optical switching (AOS). So far, only specific materials containing ferrimagnet such as GdFeCo have
shown ultrafast AOS [3,4]. Thus, these methods to manipulate magnetizhtive been mostly
developed independently within the fields of spintronics and ultrafast magnetisnthis study, &
demonstrate sukpicosecond magnetization reversal of a Co/Pt ferromagnetic layer induced by a single
femtosecond laser pulse within armmnon [Co/Pt]/Cu/[Co/Pt] perpendicular spiralve structure [5,6].

We also reveal that the mechanism behind this phenomenon could be understood in the analogy of
currentinduced STT switchin§,7].
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RecentlyTerahertZ THzgpintronicshasemergedasaprominentfield at the frontier betweenmagnetism,
spintronics, and photonics. Sin-to-charge conversion in femtosecond laser excited magnetic
heterostructuresmayprovidehighefficiencyandwide-bandwidthterahertzemissionwith amagnetically
controllablepolarizationstate'. Theorigin of this THzemissionhasbeenassignedo the generationof a

spinpolarizedcurrentfrom aferromagneticsourceafter afemtosecondaserexcitationand subsequent
conversiorof the spincurrentinto atransversechargecurrentt. Twomainmechanismsnaybe involved:

the Inverse Spin Hall Effect (ISHE)and the Inverse Rashba EdelsteinEffect (IREE)as provided by

topologicalsurfacestates.

In that mind, the occurrenceof metallicquantum statesat the surfaceof 3D topologicalinsulators(TIs)
has opened exciting new functionalitiesin spintronicsowing to their topological protection and spin
momentum locking (SML)properties. The combinationof band inversionand time reversalsymmetry
(TRS)esultsin a peculiarspintexture in momentumspace.Theresultingspinchamge conversion(SCC)
efficienciesin topological surface states (TSStombiningstrong spin-orbit coupling(SOClxand SMLis
expectedto be at leastone order of magnitudelargercomparedto the spinHalleffect (SHEDf 5d heavy
metals.SCGasbeenthen demonstratedin arangeof BirbasedTlcompoundsjncludingbismuthselenide
BiSe, bismuthtelluride Bk Te;, Bb(Se, Te)or Bi«Sh (BiSb) Tobenefit fully from IREEthe chargecurrents
should be confinedin the surfacestates and any current flowing through the bulk states should be
avoided.The prerequisitesare hencei) a sizeablebandgaptypically largerthan 0.2to 0.3 eV,andii) a
perfectcontrol of the Fermilevelposition, usuallyachievedby stoichiometryand/or strain engineering.
Wewill report on our detailedinvestigationof the surfacestate SMLpropertiesof ultrathin (111}oriented
Bi-«Sh epitaxial films. Theyexhibit a topologicalphaseas recently confirmed by our angularresolved
photo-emissionspectroscopy(ARPESheasurement$ as well as in-plane spin texture more recently
evidencedby SARPESJoreover, the SCOnediated by the BiSbsurfacestatesis probed at the sub-
picosecondimescaleusingan adjacentmetallicColayeractingasa spininjector.
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Figure 1: SCC and THz emission from Bp m3bx/Co bilayers.

(a) THz time -trace from Bi 0.85Shn.15(5)/C0o(2)/AIO «(3) for £B compared to Co(2)/Pt(4) (grown on high
resistivity Si substrates). THz phase reversal is a signature of SCC -mediated T Hz emission.

(b) Spectral components of the THz emission from Bi 0.85Sho.15(5)/Co(2)/AIO «(3) and Co(2)/Pt(4) for +B.

y 1T 0AOQ .1 01 Al EUAA 4(U0 AEAEAEAT AU s4 (U AADPAT AAT AA
Bio.ssShn.15(5)/Co(2)/AIO «(3).

i AQ 4 (U A mEBSAFIAdICR Of thg Bi 0.79Sko.21 layer thickness (2.5, 5 and 15 nm) compared to
Co(2)/Pt(4).

(d) THz signals from Bi 0.790Shn.21(15)/Al(5)/Co(4)/AIO0  «x(3), Bio.79Sho.21(15)/AIO x(3),
Bio.79Shn.21(15)/Co(4)/AIO x(3) on BaF2 and Co(2)/Pt(4). Inset) Fluorescence map obtained from a TEM
cross-section for Bi 0.79Skn.21(15)/Co(4)/AIO0 x(3) (brown frame) and
Bio.79Sho.21(15)/Al(5)/Co(4)/AI0  x(3) (green frame) grown on BaF 2 for the elements and the color code
given below the maps.

Unprecedentediflarge SCQGs measuredwith efficienciesbeyondthe level of optimized Co/Ptsystems.
Partof the resultfrom THzemissionmeasuremeniare summarizedn figure 1. Ourresultsindicatethat
surfacestate related IREHES the mechanismresponsiblefor SCGnechanism Tightbinding calculatons

andlinearresponsetheory accountfor our findings.

Our results address the role of sgextured hybridized RashH#ke surface states offering unprecedented
SCC efficiency despite the breaking of the TRS symmetry due to the local exchangednteagtosed

by the magnetic contact. These results hold promise for efficient and integrated THz spintronic emitter
based on BiSb.
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Single Femtosecond laser Pulswluced InrPlane Magnetization Switching in Ferrimagnetic
GdcCaooxalloys
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Single-shot all-optical helicity-independent switching (AGHIS) is demonstrated and
systematically studied in inplane magnetized GdCaox thin films. Compared to their
perpendicular magnetized (PMA) counterparts : (i) the deterministic single-shot toggle
magnetization switching is observedfor a much wider window of concentration ranging from
x=10 to 25%; (ii) in case ofGdsCos, AGHIS could be observed for thicknesses ranging from 5 to
30 nm with a reversal threshotl fluence that nonlinearly increases as the thickness increases;
(iii) time -resolved magneteoptic Kerr effect measurements show that the time needed to reach
thermal equilibrium is similar to the one with PMA. Our results shows that ABIIS in inplane
magnetized GdCoaigox provide extended potential for applications on optespintronic and studies
on ultrafast magnetism with respect to their PMA counterpart.
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Figure 1: The magnetic properties as a function of Gd content in Glass/Ta (3 @5 nm)/Cu (1 nm)/Pt
(3 nm). (b) For a GeCass thin film starting from a twedomain magnetic state of opposite direction along the
easy axis, Kerr images and normalized contrast esesson after three single laser shots inducing-lAlS. The
arrows' directon indicates the Co sublattice's magnetization direction.
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In the early workl], we have shown the sporbit torque (SOT) switching on the single TbhCo
layer with or without the heavy metal (HM) in different thickness to identify the dantiimg
torque of bulk SOT effects generated in the TbCo lalere, we prepared two sttuces for the
detailed investigation as shownRigure2(a) left For both structures, the interplay of seifque

and the spin orbit torqugenerated in HM was clearly observed. Since the spin hall angle is
opposite from the bulk TbCo, the addition of SOT from top W anetsejiie from CeoThbsoleads

to smoothly enhanced switching efficiency when the thickness afTGg is increased. On the
other hand, the competition of SOT from bottom W andtsetiue in CaoThzo of W/CoroThso
devices was revealed by increasing the thickness afT6®. The comparison of two Vased
structures reveals two critical points: (1) The geifjue effect in TGo requires a threshold
thickness (6 nm) to establish and (2)The sign of spin hall an@le;iiTbzo is independent of the
layer position which is very different from the traditional heavy metal and we attributed it to the
bulk spin hall effectNext, we measured the effective DMI effect for both systems by the loop
shift measuremen]. With the increased EbCoro thicknesses, we can clearly observe that the
effective DMI fields are enhanced accordingly, as showrigare3. It has been reported that the
thick ferrimagnets have additional contribution of DMI effect from the bulk nglyrehatever

the materials of the interfaces on the ferrimagnetic layer are, the consistent increment of the DMI
effect is observediccording to our results, we find that an clear positve correlation between TbCo
thickness and eftdgive DMI fields, meanning that the bulk properties is dominalbdse results
broaden the scope of spambitronics and provide a novel avenue for developing silayler-
based SOT memory with simplified architecture and improved scalability.
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vol. 563, 2022, doi: 10016/j.jmmm.2022.169879.

[2] C-F. Pai, M. Mann, A. J. Tan, and G. S. D. Beach, "Determination of spin torque efficiencies in

heterostructures with perpendicular magnetic anisotrdplyysical Review Bjol. 93, no. 14, 2016, doi:
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Underscreened Kondo cloud in superconductor
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The Kondo effect is a fascinating méwydy phenomenon where the conduction band electrons
screen a magnetic impurity. One of its interesting outcomes is the formation of a screening cloud called
the Kondo cloud mund the impurity. Recent studies have revealed that the mere presence of a
magnetic impurity in superconductors induces a quantum phase transition in the system. This
transition arises due to the competition between the Kondo energy scale and the supeitong

energy gap [1].

In this study, we investigate the behavior of an underscreened Kondo cloud created by-agirge

impurity in the presence of a superconducting energy gap. We employ Numerical Renormalization
Group (NRG) and Density Matrix Renatization Group (DMRG) methods to analyze the
compensation Kk, which measures the screening i mp
clouds.

This work was financially supported by the Polish National Science Centre Preludium grant Nr.
2021/41N/ST3/02098.
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A major challenge in nanescale magnetism and spintronics today revolves around the
experimental confirmation and precise understanding of satial magnetization configurations or
spin structures in homogeneous and nothomogeneous materials. This is crucially important
because very relevant fundamental phenomena and cuttirgdge devices rely heavily on the
presence of specific spin structures ahe nanometer scale, particularly within the depths of their
structures [1,2]. Therefore, a spatially resolved identification of the spior magnetization-vector

is the ultimate goal for any kind of characterization methodology. Here, we consider a subsd
this ultimate or full characterization challenge and attempt to determine the magnetization depth
profile by means of magneteoptical measurements, which by itself is a highly demanding task.
Previous efforts have successfully distinguished magnetoptical signals originating from
individual layers within multilayer sequences, but these studies only measured one magnetization
component and thus, did not achieve vector magnetometry [3]. However, generalized magneto
optical ellipsometry (GME) has been dmonstrated to allow full vector magnetometry using a
single reflection experiment and measurement sequence [4,5]. In addition, we successfully
demonstrated recently that this GME methodology has the ability to distinguish between two
magnetic layers, not aly if they generate comparable magnetmptical signal levels, but even if
they produce vastly different signal strengths [6].

In this work, we determined the magnetic depth profile of a multilayer sample with two ultrathin
ferromagnetic (FM) layers and its evolution with an applied fi¢l&or this purpose, we utilized GME
measurements and recorded the entire optical reflectibatrix Ras a function of the applied field,
containing pure optical and magnetiptical signals. Considering the fact thBtcontains two
independent values for the signal produced by each magnetization component at every field value,
namely the real an@naginary components of the complex valued magreptical elements oR, and
the fact that the different vector component signals exhibit different symmetry, we were able to
achieve layeseparated vector magnetometry. Upon utilizing samples, whose fiefghonse is
determined by magnetization vector rotations, such as epitaxial magnetic films and multilayers, the
signals produced by the different magnetization components are correlated, even if different layers
show different rotation dependencies and k& noncollinear states. Correspondingly, GME acquired
data sets are overdetermined and allow for a robust methodology to achieve layer resolved vector
magnetometry, enabling us to disentangle its magnetic depth profile.

In order to achieve this, we hae first designed and grown a set of FM/NoiMagnetic
(NM)/FM epitaxial multilayers, with the two FM thin layers having different anisotropy strengths,
but the same easy axis orientation. Also, we have varied thiM interlayer thicknessest in a series
of such samples, as shown in Figl(a). Specifically, our magnetic bilayers consist of Co (2
nmM)/CoRUp.41 (t NM)/CoPto14 (2.1 nm) multilayers, which are inplane uniaxial and generally
exhibit lateral uniform states that are well described by one specific magspin vector for each FM
layer. The different anisotropy strength of the two FM layers allowed us now to systematically
induce non-collinear states byorienting the sample with its easy axis (EA) at an angke away
from the applied field direction, as ndicated in Fig 1(a). In this design, we can tune the level of
magnetic alignment in between the layers, both by applying a fielehd by means of the NM layer
thicknesst. Whent is small, the FM layer will be strongly coupledgiven that the NM layematerial
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is nearly ferromagnetic by itself,and the sample will behave in a collinear way independent from
the field strength. Ast increases, we obtain a range of collinear to necollinear magnetic behavior.
This set of samples with different magnetic dgth profiles enabled us to test the capabilities of our
layer-resolved vector magnetometry methodology, based upon GME measurements and
associated data analysischemesOne exemplary result for our sampless shown in Fig 1(b) for
the specific case ot = 8 nm, for which the two FM layes are fully independent. This can be
corroborated by our data analysis, which shows that the magnetization vectors of each of the FM
layers rotate and switch independently with the applied field strength, and only exhib# collinear
alignment for H= 0, because the easy axis of both films are aligned by meanthefspecificsample
epitaxy that we have selected and experimentally verified.

" (b)
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Co-pt

-200 -100 0 100 200
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Figure 1: (a) Schematic of the FM/MN/FM structure used in this study indicatindie FM materials, which
were utilized, as well as the EA and magnetization vector orientations and their angles with respect to the
applied field direction (+ ,» ande ). Also, the NM interlayer thickness is indicated; (b) layer

resolved magnetiation vector orientation in a sample witht = 8 nm versus the field strengtiH, extracted
from GME measurements for fields of decreasing strength and ¢ ueg.
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ADVANCED DESIGN OF MTJ FOR THE APPLICATION OF SPIN TOROSJIHINANOR
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Sin torque naneoscillator (STNO) is a fascinating spintronic dewgssl inthat impacts on
wireless communication, recording technology, and data processing in the future. Its exhibits
outstanding performance in generating a broad spectrum of frequencies spanning from gigahertz to
terahertz, by utilizing spitransfer torque (STT). The work provides a theoretical investigation of the
angular dependence othe critical current density required far K Kigh-performance generation of
stable signals in CoFeB/MgO/CoFeB HTNOTo conduct this investigation, an atomistic model
combined with spin accumulation is employed, which differs fraost previous theoretical studies
that utilized micromagnetic simulation coupled with LandafshitzGilbertSlonczewski (LLGS)
equation Qur approachopens the possibility teonsider the penetration of the spin current in MTJ
depending on the thickness of the MgO layer andridative anglebetween magnetization in pinned
and free layersFurthermore, it allows for explaining a comprehensiaderstanding of the interfacial
surface between CoFeB and MgO film layéfe found thatby increasing the size of the magnetization
angle, the critical current density applied to the STNO was decreased due to the increase in torque
between the magnetizzon in the free layer and the spin current. At the same time, increasing the
relative angleleads toa decrease irSTNOfrequency. Nevertheless, the STNO system operates at
relatively high frequencies above 21 GHz at each angle. Moreover, the systeiy ceackes a stable
state within 1 ns aftemtroducingthe chargecurrent density.

It can be concluded that the relative angle between magnetizatimssa significant role in achieving
stable and high frequencies within smlanosecond This study isn important milestone toward
applying STNO for the next generation of data and communication techiralog

references

[1] H. Bhoomeeswaran et al ., “Fr equ éasedfiltedpoldrizgngpwer enha
torque nanco s ¢ i | Appliedd’hysics A, vol. 125, no. 8, 2019.

[2] Y. Kur o k a-wide-bantl milinheterwavé déhetatorausing spin torque oscillator with strong
interlayer exchange couplingsScientific Reports, val2, no.1, 2022

[3] S. Sampak-Paie¢ al . |, “Magnetization dynaJigiOc & aste df iMTiJtse "t €m

Reports, voll13, no.1, 2023

100



Enhancing control of exceptional points through nonlinearity in coupled magnetic oscillators
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Exceptional points (EPs) are points in the parametric space of physical systems where the
eigenvalues aneéigenvectors coalesce [1]. Such degeneracies are intrinsic téleamitian systems
that possess PBymmetry.Spectra of these systemsdergo a transition from real toomplex in EPs,
where spontaneous symmetry breakingcurs. An EP can be achieved inggmmetric systems by
changing the value of gain and loss and coupdingr e ngt h bet ween the system
they have alsdbeen predicted and experimentally demonstrated in spintror8t dnd magnonic
systems 4-7], where intrinsicdamping can be compensated by the spin transfer tor(®8€T).The
connection betweerparts of a magnonic system with gain and loss has the naifidipole and
exchange interaction. It is wekhownthat these interactions are directly proportional to tlléstance
between the coupled partdA position of arEP, in turn, directly depends on the coupling strengih [
Therefore, to control theparameters of the appearance @i EP, it is necessary to change the
geometrical dimensions of the system, such as the thickness of the matmetis, the width of the
waveguides, or the shape ofthee s onat or s. Thi s mean ®niduhreathablear yi ng
within the same structure. It is, thereforerucial to find an additional parameter that the positioh
an EP can be shifted.

We have considered a system of two ferromagneticnormal metal structures coupled by a
magnetic fieldwhere anexceptional point arises due to the balarafenagnonic gain and loss because
of the spintransfer torque. The position of the EP can only be alteredchgnging the physical
parameters in magnonic systenssich as the width of its layers or the distan@ivieenelements, so
it is important t tunirfgiWeedemplyegteva caupledilandaiishitz equaloRs s
to analyze the system, considering intrinsic damping and STT. This led us to a system of coupled Duffing
type equations, a standard adel for describing nonlineadynamic systems, along with such models
as, for example, the Lorenz and van der Pol oscillators. By tmag equations, a broad range of
physical systems angdrocesses can be modeledfrom pendulums and electrical circuite cell
proliferation dynamics and climate han g e . Our analysis shows that
directly impacts the position of the EFig.1a)An i ncrease in B |l eads to de
damping A which di rrequeanties (Figlh)fHowetes, alterimg thetpasitioe &' s f
the EPwithout changing the structure parameters results idexrease in the resonant amplitude due
to the hysteresis effectVe e x ami ne how t h edepedds ontthe conpling codstanmtp i ng
pandthe nonlinearitp ar amet er B. I n the |inear case, where
on pis linear, specifically, = A. As previously stadefdf,i @ainerntncf er
in the EP forming at lower values &f which also becomes apparent as the coupling parameter p
changes. The dependentepbdéd) yEAA (BKkASs whteis o Am>
characteristic (see Fitp). Therefore, with greatecoupling (i.e., smaller distance between magoet
structures), the presence of nonlinearity results in a decréagesertion loss, at which the EP appears.
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Separation of heating and magnetelastic coupling effects in surface acoustic wagehanced
magnetic domain wall creep motion
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Surface acoustic waves (SAWSs) show significant potential for eaffiggnt control of magnetic
domain wall (DW) creep motion owing to the magnefastic coupling effedtl]. However, the SAW
induced heating can also contribute to the DW motj@h In this work, the heating of a SAW device

was measured locally using an-ohipPt film as a thermometer within the SAW beampath. Fig.1 shows
the diagram of the devices. Two interdigitated transducers (IDTs), whose centre frequency is 48 MHz,
were patterned on opposite ends of ani2m-wide stripe of Ta(5.0)/Pt(2.5)/Co(0.9)/Ta(5.0) tkilm
(thicknesses in nm). The film was prepared by dc magnetron sputtering onto a lithium niobate
substrate, which can support the propagation of SAWSs. Results show that a temperature increase of
~10 K was observed within the SAW beampath with the apgitaf SAWSs at the centre frequency

of 48 MHz and a total RF power of 21 dBm (Fig. 2a). DW velocity was also measured using Kerr
microscopy at various temperatures or in the presence of SAWs (Fig. 2b). With a 10 K increase in
temperature and no SAWSs apgdi, DW velocity increases from 333 um/s (at room temperature) to
104+8 um/s at an external magnetic field of 65 Oe. Travelling-8#8igted DW velocity (116+3 um/s)

is slightly higher than that with a 10 K temperature increase suggesting that heatirggtipéaynajor

role in promoting DW motion, whereas the DW motion is significantly enhanced (418+8 pm/s) in the
presence of standing SAWSs suggesting that magektstic coupling effect is more important than
heating in this casp3].
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Figure 1: (a) Schematic diagram of the SAW device (not to scale). (b) Schematic diagrastecfribal
transport measurements using Pt film. (c) The structure of the Ta(5.0)/Pt(2.5)/C0(0.9)/Ta(5.0) (nominal
thicknesses in nm) thin film. (dyf&rameters for IDTs used to launch SAWSs.
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Figure 2 (a) Temperature changes of the devicégdioagainst applied SAW frequency. TW1, TW2 and SW
denote travelling SAWs form IDT1 IDT2, and standing SAWSs, respectively. (b) Domain wall velocity at different
temperatures or in the presence of SAWSs plotted against the applied magnetic field.
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The optimal condition of L10/A1l FePt magnetic nanodot for the application in Heated Dot
Magnetic Recording technology
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Heated Dot Magnetic Recording (HDMR) is proposed as the challenging megpaatiing technology

that combines a heaassisted writing process and bit pattern media to achieve iigh areal density
beyond 10 Th/in2. This work focuses on investigating the magnetic properties of FePt material, which
is a promising candidate fofH/R technology, using atomistic simulation with the rescaling technique
[1]. The FePt core/shell structure is modeled by setting the ordered L10 and disordered Al structural
phases in the core and shell grain regions, respectively. The Al phase repstisantsal defects that

are inevitable during the experimental fabrication process and becomes crucial for the realistic model.
Therefore, theeffect of grain geometry, structural phase ratio, and grain sige the magnetic
properties ofL10/A1l FePare irvestigated to consider the optimal criteria of core/shell FePt.

Initially, it was observed that the cylindrical shape demonstrates high thermal stability and a high
magnetization. This is attributed to the highest composition of atoms in the L10 strugthasie
compared to other geometries such as cubes, hexagons, and spBerfesequently, thénfluence of

L10 and Al structural phases on magnetic properéies examined and the results show tha
increase in the proportion of L10 content leads to thewersion of the initially soft magnetic material

into a hard magnetic materiaHowever, an efficient increase in areal density in magnetic recording
technology can be achieved by a reduction in grain, sibéch reduces the energy barrier and against
thermal stability.To achieve optimal conditions for FePt magnetic grains, it is advisable to maintain a
core/shell ratio of 0.75 or higher and ensutieat the grain sizeis not smaller than6 nm. This
combination effectively addresses thermal instability cenms.

Reference
1. R.F.L.Evans, L. Rozsa, S. Jenkins and U. Atxitia, Temperature scaligncdmveotropy in pure and
mixed anisotropy systems, PHYSICAL REVIEW B, 102, 020412(R) (2020)
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Skyrmion diffusion controlled by alternating current excitations
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Magnetic skyrmions areonsidered promising candidates for implementpigbabilisticcomputing
devices since they respond strongignlinearly to external stimuli and featuraultiscale dynamics

[1].

The implementation of such probabilistic computing relies on therematitaion and diffusive
movement of the magnetic skyrmiongithin thin films, which exhibit pinning due to sample defects
[2]. Especially the combination of skyrmion diffusion and curiedticedmotion has been shown to
be useful in Brownian reservoir computidgvices [3].

As thermal skyrmion diffusion is often slow due to thwact of pinning, a depinning procedure can

be key for application®rocedures suggested so far provide depinning, but at a relatively high energy
cost, due to for example the use ekternal magnetic fields. Therefore, a l@mergy procedure is
desirable.To reach such a regime of very high diffusion, we propose and experimeatgaiynstrate
depinning by applying alternating currertsthe sample [4].

In particular, we show thathe energy landscapés effectively flattened and diffusion drastically
enhanced for sufficienturrent densitiesand by tuning the applied the excitation frequency even
outside of the flow regimeThis can therefore be useful to reduce pinning effectdaccelerate non
conventional computing devices.

Figure 1Skyrmion system as studied experimentally
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Laserinduced magnetization switching in Ni@0a thin films
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Ultrafast spin dynamics have attracted attention because they are expected to be implemented in
next-generation nonvolatile spintronic devices with a laser after the discovery of theisobecond
demagnetization in a Ni foil reported in 1996 [1]. Dgrihe past two decades, there are a number of
studies, in which ultrafast spin dynamics have been observed in various magnetic materials in both
fundamental and applied perspectives.

In this presentation, we will report laser irradiation effects on feagnetic NiCgDa4 thin films. Thanks

to the perpendicular magnetic anisotropy, this material is a candidate of new spintronics materials.
The metallic nature was confirmed based on the finite Fermi edge in @ay yphotoemission
spectroscopy measurementso Tobserve the ultrafast dynamics and laser irradiation effects, we
developed our own pumyprobe setup for two experimental studies: tinmesolved magnetapptical

Kerr microscopy and magnetiptical Kerr microscopy with laser pulse irradiation. We used dzhar
(Yb: KGW) as a light source whose wavelength is 1030 nm and pulse duration is 200 fs.
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Fgure 1 (a) Magnetic domain image$ NiCaOs under laser irradiatiorcollectedat severaldelay points (b)
Pump-fluence dependent dynamics of the sample magnetization estimated by the cowiréis¢ imageof the
laserirradiated ared2].
Firstly, to observe the dynamics of laseadiated magnetic domains of the Nif&x thin film, we
combined the two systemsg., the pumpprobe method and magnetoptical Kerr microscope. With
this setup, the ultrafast demagnetization within 0.4 ps was observed (Fig. 1) [2]. This is an unexpected
behavior in view of the halihetallic electronic state predicted by the firstipciple calculation [3]. On
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the basis of the thre¢emperature model, it is less likely that the spin temperature increases in a half
metal because of the small spatectron interaction. However, the actual spin polarization of a b0

thin film observel by the tunnel magnetoresistance was found to be small (approximately 0.7 [4]) and,
therefore, the spirelectron interaction can effectively be large and can lead to the fast
demagnetization within 1 ps in Niga thin films observed in our measurements.

Secondly, we also observed magnetic domains after laser irradiation by using a magties Kerr
effect microscope with a laser pulse accumulation. Figure 2 shows the magnetic domains.@k NiCo
thin films after the linearly polarized laser irrad@ti While only multdomains due to the laser
heating was observed at 300 K @itical switching (AOS) was observed above 380 K with irradiating
linearly polarized multiple pulses. As the temperature of Ni@z¢hin films approaches to the Curie
temperature, the coercive field and saturation magnetization decrease and thereby the magnetic
domain size increases. We argue that this temperatigpendent domain size is crucial for AOS rings
formations above 380 K. The precise relationship betvveen the magdetnain size and AOS ring is,

however, still elusive.
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Figure2: The magnetic domains of the Ni thin film after laser pulse irradiation at 380[K.
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Effects of pattern dimensions odisplacement sensitivity
of positioning sensors based on magnetic turijanction arrays

Artem TalantseyAndre Araujo, Elvira Paz, Ricardo Ferreira
International Iberian Nanotechnology Laboratory, Braga, Portugal

Magnetic positioning sensing is an advanced method of displacement detection, in which the
object position is transduced into variations in local magnetic field in the area of the sensor. A typical
configuration consists of magnetic field sensor and a tprsd object with micromagnet. The
positioned object induces a highly ntlmogeneous magnetic field. The magnetic sensor detects
local magnetic field variations, associated to displacements of this object. The main advantage of the
method isa possibit t o detect mechanical displacement *
optical or mechanical access to the positioned object. The method is very actively developed
nowadays, and multiple manufacturing companies provide solutions of remote sebas®gl on
magnetic positioning approach.

Linearity of the signal to the displacements is a key performance characteristics of these
systems. However, active elements in most of magnetic sensors are-dacices, patterned by
lithography. In addition, manapplications require compensation of signal offsets and drifts. To fulfil
this requirement, a set of devices should be connected in a single electrical circuit (ex. Wheatstone
bridge). In that case, the special gaps between the active elements of treingedevices are
unavoidable. In this work, we will discuss effects of pattern width, length and gap size on the resulting
positioning transfer curves of the magnetic positioning systems, based on magnetic tunnel junction
arrays.

When the magnetized objéds positioned in a close proximity to the active element of
magnetic sensor (the distance between the sensor and the object is smaller than the sensor pattern
size along the positioning direction), the special gap between the patterns of the MTJ aady<d
non-linearity of the signal to the positioning displacements. The positioning sensitivity becomes
reduced, when the magnetized object is positioned in a close proximity to the sensor array, over the
area of the special gap. The variations in pattéength provide accurate control of the positioning
sensitivity and ranges of signal linearity with displacement. An increase of the distance between the
sensor and the object positioning trajectory reduces the4inearity of the positioning signal, ceed
by special gaps between the sensor patterns. The optimal conditions for improvement of signal
linearity were found by adjustment of this distance together with the sensor pattern length.

The work is supported by the project NeWeSew generation otyberphysical Weighing
Systems, with the reference n.° PA1t0247-FEDER69716, cefunded by COMPETE 2020
Operational Programme for Cgmatitiveness and Internationaksion under the PORTUGAL 2020
Partnership Agreement, through the European Regionak@ment Fund (ERDF).
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Metamagnetic materials are outstanding candidates for finding and exploiting new functionalities
and emergent phenomena on small spatial and temporal scales.rkostance, the transition from

the antiferromagnetic to ferromagnetic order in submicron-wide FeRh wires becomes greatly
asymmetric when comparing the heating and cooling cycles [1,2]. This recovery of the abrupt
transition in nanostructures enables fastlow-energy control of magnetic properties, leading to
potential applications, for instance, in sensing, spintronics, and magnetic resonance imaging. Local
control of phase coexistence in FeRh microand nanostructures is therefore essential. It is
achievable by using magnetic field, strain, or femtosecond laser pulses. Here, we discuss the
associated mechanisms for systems ranging from continuous thin films [3] through patterned
structures to selfassembled nanoislands [4], which sustain the metamagneticansition.

&OO0OEAOI T OA]L xA OEIT x OEA AUl AT EA OAOPITOA 1T £ OE
laser excitation can be followed by timeDA 0T 1 OAA DET O AT EOOET T Al AAOOI 1
unlike technigues probing the total magnetization in tke sample provides a direct comparison to

the dynamic response of the structural order. The transient photoemission spectra of FeRh thin

films show that the FM phase of FeRh, characterized by a minority band near the Fermi energy, is
established in less tha 500 fs after the laser excitation [5].

Finally, we use ultrafast xray diffraction to study the laserinduced magnetostructural phase
transition in FeRh nanoislands. The comparison with a comparable continuous FeRh film reveals
less tetragonal distortion of unit cells in the ferromagnetic phase, which originates from an in
plane expansion of the nanoislands lowering the transition temperature in thermal equilibrium.
We observe an intrinsic 8 ps timescale for nucleation of ferromagnetic domains in bothraales
[6]. Unlike the excitation of continuous films, the more homogeneous optical excitation of
nanoislands results in a faster nucleatiordominated phase transition.
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Parsing the ultrafast norocal spin transfer in Gdbased Ferrimagnetic spin valves

YaohanXut, JuliusHohlfeld, Yann Le GuanMichel Heh#, Séphane Mangith
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Optically induced ultrafast demagnetizatican simultaneously give rise ta non-local spin transfer
because of the conservation of the angular momentum. This mechanism can be manifested in a
ferrimagnetic spin val/[1] via a exotic phenomenon of the adiptical ultrafast switchingof the
ferromagnetic layerlt is believed that the spin current originated framtrafast demagnetization of

the Gd sublattice( t h e wi del yd Md d $ ¢ u smsecmpaathdosinantly in this
nonequilibrium process of spin cooling thift the critical slowing dowj2]. Very recently it is
demonstrated thatultrafast switchingcan even be realized in the raearth freespin valveg], the
authors believe that the ultrafast demagnetization of the Co lattice can generate spin current with an
opposite alignment that motiates the unidirectional P to AP switching.

Based on the above observatidmth Co and Gd can produce a spin currénatt traverses the whole

spin valve to transfer the spin momenturm\ question naturally emergesan the spin current
originating fromte Co be treated on the sSMhetfoomeichgnas mt
ballistic transporting manner?

To sole this problem we study the static and dynamic behaviors upon femtosecond laser pulse
stimulation in a Caich spin valve. The stacks tructure are listed below:
Glass(substatéya(5YPt(3Y[Pt(1)/Co(0,5)}/Cu(10)/Gd25%Feo(5)/Ta(5) where numbers between

brackets are thicknesses in nm and the Co/Pt multilayer is referred to as the reference layer and the

top GdFeCo layer is referred to as the free layer. In thisdbespin valve, we managed to observe the

single pulseundi recti onal “P to AP” and “AP to P” swit
fluences, which is absent in the @dh spin valves but can be observed in the reagth free spin

valves.

Exploiting the Timeesolved MOKE imaging technique wittquarter wave plate, we measured the
dynamics of each layer's magnetization with different pumping fluences. Figure 2 shows the dynamics
starting from the P (left) and AP (right) configurations respectively with pumping fluence of 3.61
mJ/cnt. For the ARo P switchingthe onset of the reversal takes plaaeound600 fs anccrosses the
zerowithin 1 ps. The line shap@dicatesthe switching process consists of a pequilibrium spin
cooling followed byan equilibrium gradual recoveryWhereasfor the simulation startingfrom the P

state, it is obvious that a robust critical slowing downlateau exists for 5 ps after the fast
demagnetization process and then starts to reverSe,we could estimate that the onset of the
switching is around 5 ps, whichnmsich slower than the situation of the AP to P switching

This discrepancy strongbpintsto an implication of the coexistence of two different mechanisms that
generate the ultrafast spin current. We anticipate that the 5ps time delay after the onset of
remagnetization of the CoPt layer indicates a more diffusive manner of the corresponding thermal spin
current which needs more time to traverse the 10 nm thick Cu layer in between the spin valve; whereas
the much more rapid spin current coming into playhii 1 ps indicate a more ballistic behavior of the
spin current which may come from the ndmermal spinpolarized hot electrons excited by the rapid
heating.
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Figure 1single pulse switching for the GdFeCo free layer upon different pumping fluéiweg.
configuration is defined as the CoFe moment of free layers parallel with the Co moment of the
reference layer.
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Figure2: TRMOKE dynamics of the magnetizations of both free and reference layers starting from P
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