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Spin(calori)tronics and Spin Mechanics

with Magnetic Insulators: Theory

Rt RZEEEMRIATFFT 25%G & E-IMR Gerrit E. W. Bauer

A0S www.bauer-lab.imr.tohoku.ac.jp

In the past few years, yttrium iron garnet and
related compounds have been resurrected
from obscurity as platform for novel spin con-
version phenomena. We wish to better under-
stand the underlying processes and guide ex-
periments as well as applications by the meth-
ods of theoretical physics.

Gerrit Bauer

lIntroduction that YIG can be actuated thermally and electrically
and thereby integrated into conventional electronic
and thermoelectric devices, raising the hope for a
new and greener spintronics. Theoretical physics, in
the Otani Spin Conversion Project represented by
the working group A5 lead by Prof. Murakami, can
importantly accelerate the progress in this field. The
research staff members of the IMR Theory Group
that contribute to the activities described in the fol-
lowing are Kentaro Nomura, Saburo Takahashi, Oleg
Tretiakov, and Joe Barker.

Spintronics based on magnetic and non-
magnetic elemental metals generates functionalities
that are employed in nanoscale devices such as
switches, memories, and sensors. Ferrimagnetic
electric insulators such as man-made yttrium iron
garnets (YIG) form another class of versatile materi-
als with high magnetic quality. K. Uchida, E. Saitoh,
c.s., at the IMR of Tohoku University demonstrated

? M Theory and computation
In much of condensed matter physics the inter-
/’ ‘ \ \ ‘ , action between theoretical and experimental groups
is quite essential. Theoretical results can be useful
for the interpretation and understanding of experi-
mental results as well as predict the results of new
experiments. This is a highly interactive process.

Much insight is gained when experiment and theory

] ) ) do not agree with each other, since it implies that
Figure 1: Spinon-magnon conversion at a nor-

mal metal/ferromagnet interface representing

spin pumping and spin-transfer torques.
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one (or both) are wrong, thereby necessitating ad-
ditional efforts. So while a theoretician should not
be desperate to explain experiments, the inspiration
by new experimental results is an essential ingredi-
ent for progress. Access to experimental findings
before they are actually being published can give a
theoretician the edge against the global competi-
tion. National programs such as the present Spin
Conversion Project play an important role to
strengthen a country’s competitiveness in scientific
research.

In order to capture the essential physics of a
new effect we may resort to analytic derivations and
simple calculations based on phenomenological
models. A large part of our work is indeed focused
on this task. Figure 1 represents the essence of the
spin Seebeck effect, viz. the conversion of an ele-
mentary excitation of a magnet into a spin-polarized
electron-hole pair in an attached normal metal and
vice versa. On the other hand, qualitative reasoning
is often not enough. The functionalities of a given
phenomenon must be optimized and maximized in
order to become useful for technological applica-
tions. Theory can support such a program by nu-
merical simulations and computational material sci-
ence, thereby predicting or rationalizing material
dependent properties. More often than not such
calculations unearth new physics as well that would
have been lost in (over)simplified analytical models.

¥ Magnetic insulators

Ferrimagnetic yttrium iron garnet is an electric
insulator with record magnetic quality factor that by
appropriate doping can be tailored to suit many op-
tical or microwave applications. New physics was
discovered in heterostructures of YIG with normal
metals, including the spin Seebeck and Peltier
effects, the spin Hall magnetoresistance, the ac spin
Hall effect, rectification of current-induced magnetic
resonance, long-distance magnons transport, opti-
cally excited magnon-polarons, strong magnon-
photon coupling in microwave cavities, etc.

The magnetic and electronic structure of YIG is
complex due to the large crystallographic unit cell.
Its electronic properties are accessible to first-
principles calculations that lead, e.g., to the predic-
tion of strong exchange interaction at the interface
to a normal metal as confirmed experimentally in
the form of a large spin-mixing conductance.

The spin-dynamics of complex magnets is still
out of the reach of first-principles calculations. The
next-best thing are atomistic simulations based on
the coupled Landau-Lifshitz-Gilbert equations for
(classical) atomic magnetic moments. Stochastic
random magnetic fields represent the temperature-
dependent coupling with the phonon bath. Figure 2
is a plot of the energy and wave vector-resolved
computed power spectrum of spin waves in YIG that
can be compared with e.g. inelastic neutron scatter-
ing experiments. Such simulations give novel in-
sights into, for example, the spin Seebeck effect.
The calculations explain the observed double change
of sign of the temperature-dependent spin Seebeck
effect in gadolinium iron garnet (GIG) and its high-
temperature decay in YIG.

25

L 100

20 B <o

+ 60

(meV)

10

20

Figure 2: Calculated low-temperature spin wave

power spectrum of YIG (J. Barker, unpublished).

B Novel systems

Magnetic insulators are interesting components
for novel hybrid systems. They can be employed to
generate proximity-exchange potentials with two-
dimensional electron systems such as topological
insulators, graphene, dichalcogenides, molecular
conductors, etc. The experiments of spin pumping
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in graphene by colleagues from the Otani Project
motivated us to study the theoretical aspects that
differ interestingly from the spin pumping into con-
ventional metals. The proper treatment of the spin
orbit interaction is the next big challenge.

While YIG is a ferrimagnet, new interest is fo-
cused on antiferromagnets with distinct advantages
such as the absence of magnetic stray fields and
characteristic current-induced magnetization dy-
namics. This topic is central to an international
workshop organized by us under the auspices of the
Tohoku Forum of Creativity in Spintronics.

B Quantum spintronics

Spin(calori)tronics based on ferr(o/i)magnets is
generally well understood in terms of semiclassical
concepts such as spin accumulation, spin pumping,
and spin transfer torques. Nevertheless, it appears
that we stand at the brink of a new area in which
quantum effects play a central role in spin transport.
The high magnetic quality factor of YIG spheres and
thin films make it an ideal system to search for
quantum effects.

On one hand, the strong-coupling regime in
which the interaction between fields is larger than
their broadening due to internal and external losses
can be reached quite easily in YIG. The elementary
excitations of the system are then strongly hybrid-
ized magnon-polarons and magnon-polaritons, best
studied in intrinsic or external cavities. The Naka-
mura group demonstrated quantum coherent cou-
pling between magnons and a superconducting
qubit via cavity microwaves, thereby opening a vast
new area of research.

The controlled injection of magnonic spin cur-
rents into magnetic insulators allows the accumula-
tion of magnons to a density that exceeds the criti-
cal one for magnon Bose condensation. The con-
densed state is predicted to display spin superfluidi-
ty and other exotic properties. An urgent task is the
realistic modelling of the current-induced magnon
distribution function and the experimental proof of a
magnon chemical potential.

Both developments sketched above are exciting
and we hope to be able contribute as theoreticians
to their better understanding in the future.

M Epilogue

Spintronics remains to be an exciting and lively
field that constantly rejuvenates itself. Its attraction
derives from the intellectual challenges to discover
and understand physical effects that have high rele-
vance for applications. The Japanese spintronics
community as united in the Otani Project plays a
leading role in the world and it is both an honor and
fun to be part of it.
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Efficient Spin Conversion and Propaga-
tion Using Antiferromagnetic Skyrmions

Tohoku University, Institute for Materials Research,
Assistant Professor, Oleg A. Tretiakov

Introduction
As a part of Theory Team A5 led by Prof. Murakami, my research group works on efficient spin conver-

sion and spin current propagation in spin spiral magnetic systems. Contributing research group members

of this project are Dr. Joseph Barker and Dr. Koji Sato from Tohoku University.

Theory and Simulations of Antiferromagnetic Skyrmions

Manipulating small spin textures, which can serve as bits of information, by electric and spin currents is
one of the main challenges in the field of spintronics. Ferromagnetic skyrmions recently attracted a lot of
attention because they are small in size and are better than domain walls at avoiding pinning while moved
by electric current. Meanwhile, ferromagnetic skyrmions still have disadvantages such as the presence of
stray fields and transverse dynamics, making them harder to employ for spintronic applications. In this
project, we propose a novel topological object: the antiferromagnetic (AFM) skyrmion. This topological
texture has no stray fields (see Fig. 1) and we show that its dynamics are faster compared to its ferro-
magnetic analogue.

We obtain the dependence of AFM skyrmion radius on the strength of Dzyaloshinskii-Moriya interaction
coming from relativistic spin-orbit effects and temperature. Generally Dzyaloshinskii-Moriya interaction
leads to spin spiral structures, but in the case of AFM skyrmion it helps to stabilize this topological object.

Moreover, we find that the thermal properties, e.g. such as the AFM skyrmion radius and diffusion con-
stant, are rather different from those for ferromagnetic skyrmions. More importantly, we show that due to
unusual topology the AFM skyrmions do not have a velocity component transverse to the current and thus
may be perfect candidates for spintronic applications [1].

The next step is to employ temperature gradients for
efficient propagation of skyrmions in antiferromagnetic §z!
insulators and build the theory of spin-orbit torque driven
AFM skyrmion motion.

References
[1] J. Barker and O.A. Tretiakov, ArXiv: 1505.06156
(2015).

Figure 1 : Antiferromagnetic skyrmion
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I am a postdoctoral researcher in the Otani group at ISSP, University of Tokyo.

My research interest is mainly aimed at exploring mesoscopic physics in devices based on the prin-
ciples of magnetism and superconductivity. All my research so far has been based on the creation
and manipulation of spin-polarized current in devices employing quantum mechanical tunneling
phenomena. I obtained PhD degree in Physics from Indian Institute of Technology (IIT), Kanpur,
India. During my PhD I worked on magnetic tunnel junctions (MTJs) made of half-metallic manga-
nites. I developed a new lithography-free shadow masking technique to fabricate micron-scale tun-
nel junctions and used exchange bias effect to engineer the coercivity contrast between
Lap.67Sro0.33MN0O5 and Co. Besides tunneling study, I also made detailed investigation on the magnet-
ic and electrical properties of epitaxial manganite thin films. After my PhD I did 18 month postdoc-
toral research at Leipzig University, Germany. My research there was to study spin-transport in
submicron graphite flakes in a non-local geometry. I was also in-
volved in high magnetic field measurements on thin flakes of graph-

ite targeted at solving some unsolved puzzles in graphite electronic
structure. From 2012 to 2015, I worked as a research associate in
Device Materials Group (DMG) at the University of Cambridge. I
studied spin-filtering phenomena in a completely new class of mate-
rials, the rare-earth mononitrides (ReNs). I showed that the spin-
filter efficiency in tunnel junctions with ReNs can be tuned with ap-
plied electric and magnetic field. I also fabricated new kind of pseu-
dospin-valve and double spin-filter devices sandwiched between two =
superconducting NbN electrodes. These devices will be pivotal for {i
the manipulation of spin-polarized current in the rapidly growing K

\research field of superconducting spintronics. J
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20th International Conference on Magnetism (ICM2015)

July 5-10, 2015, Barcelona, Spain

200 MERESZE (ICM2015) H2015%7A5H (H) 5108 (£) £To6eEM. /ULtOF X0 T
& IAHEN St T T203ZEDRIMNAIE I DEESES (Palau de Congressos) ThifEenzxELz. B
DF1I(C. Givord (CNRS) DFRIFEE [Highlights from 30 years of Magnetism| &R0 I(C% < DFEE ESERK
IREEWBHIMTONE L. EIRICEDSDTLWBEDEL T, F£9Jungwirth (NottinghamX) (B#FEH) RECKR
TNBREBEEDPZDRAEEE ML ZRAWERRANZ < RO TERENBIFEN., CNETORBIERE
R—AEFTBRAEDBE NLOOHFTIIETFVRL RGN UE L. RESBEREERZTLEUERES
O=JX. LWhWw3IAE>A—E OZOIN—DDyv> 3> (CEESHSN. IUPAP Young Scientist Medals%
SE UMK (NIMS) RREDEZLDEBEN G DI EBESEIDREZEDIFH THO>IEERWVWET, #1HDGIivord
(CNRS) DEETH. WHEMTROF—J— RN EHERBERTHDEVWDAVE—HRO SN, AZROE
RN REMBARBEERZRILETDAEYHATRICS I RMUTE TR EEZRERUE LR, £ee 55—DH
RITFHDO TVBDIE, FEERREANDAEFADIARFEE U TRED R B INREANERENIERICEZ <
ROTHED., HARPTALEONDLDICIRDTLNBZ ENEREEMN. Chien (Johns HopkinsX) MIUPAP Mag-
netism Award & Neel MedalRESLRZFEBE CECNICDWTERSINTHDELE, SEDOSETIE. REFFFMHE
BHBSE/ENZHITONELE. KRN ESCSELT. AOSHIDHIII (JAEA) (FREVEEHEAE T —
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22" International Colloquium on Magnetic Films and Surface

July 12-17, Cracow, Poland
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TRk2784H15H
ARER ERAFIERMARE (A2, AEHAFK)
ERL27EE RIFERMDBFONSRIFAERE [RECBHBHEZEN URHREER/(\D RIS SZ7 U S DO |
http://www.mext.go.jp/b_menu/houdou/27/04/1356509.htm
ER277H6H
FIEE  KIRAFAFEREBREITFMRS REHFRE (A02H)
20th International Conference on Magnetism, Best Poster Award
[Spin transport through high-quality epitaxial Ge/FesSi heterostructures in Cu-based lateral spin valves]
http://www.icm2015.org/best_posters.html
ERk2799H9H
IRREE RILXFE KLEMWRZE (A033D)
BARRFS FEmE (RLUE)
Magnetization Dynamics and Damping for L10-FePd Thin Films with Perpendicular Magnetic Anisotropy, J. Magn. Soc. Japan 39,
p.57-61 (2015).
www.magnetics.jp/wp-content/uploads/list27.pdf
ERk2799H9H
{EREtl BRXFETIFEH HEHARE (A03M)
BAMSFs ZFLEEBEE (WHBEE)
GdFeCoZ[EfE(CH DR/ UL R SRR AN - BHLEUBIEDFRBATREEEAT T
www.magnetics.jp/wp-content/uploads/list27.pdf
TRk2789H16H
BHEE RRAFEIFRMARN XKHARE (A2, AFHHAFR)
55380 (20154EFF) CAMEFREEEMNE
[Band structure of GaMnAs near the Fermi level studied by time-resolved light-induced reflectivity measurements |
http://www.jsap.or.jp/activities/award/lecture/dai38kai.html
SER2789H16H
EHERE HRAFEIFRARE XKHARE (A2, AFHFR)
TGRS 58 3R EEEREME
[Room-temperature local ferromagnetism and its nanoscale domain growth in the ferromagnetic semiconductor Ge;.Fey |
http://annex.jsap.or.jp/spintro/
SER2789H17H
2R KXEXFAFRERTFHAEN REMAFNE (A02H)
HASEFS 2015FUFFEAR EFSRISF—E
[CozFeSip sAlp 571 RS —E&EBREALVZN-GeFDERA E SA=EEE
http://jim.or.jp/MEETINGS/2015_atmn/program/mobile/src/poster_award.php
FRk27489H29H
KEAWHWE RERBIKXZFIFE SIWARZE (A4, AFHR)
FLINRFEEFREFREME [RKRFEFE—LDHAR]
http://www.atomiccollision.jp/youngprize/youngprize.htmi
ER27811H1H
KBIE— RIEKXFRBEMNARPIEERARE/ BFRERFHRAFRERERE (A0SH)
BAYIEF %3 (i) % 1EZERE (<D 2 (CRDRAE S MERDRIIGEIRR]
http://r3.div.jps.or.jp/
TRk274F11H1H
EWNAR RERXFMIEMAFRPAAAMEZE//\UBKXFMarie-Curie Fellow (A013f)
BAYEEF MBI 3 (k) £ 1EF4ERME [ BEEARCHITDIRAEFAERE X |
http://r3.div.jps.or.jp/
TRk274F11H1H
Aanst RVBXFCFEHAFTPUNEFHATE (A1)
BAYIEF SIS 3 () % 1EZERHE [ RESR—ILNLOCLDHED U —TRKROMT |
http://r3.div.jps.or.jp/
SER27812H18
S. E. Moussaoui BAXFHETFE IRAKMHAFNE (A03HE)
Magnetics and Optics Research International Symposium 2015 Best Poster Award [Ultrafast Demagnetization in GdzsFe;7-xCoxl
S. E. Moussaoui, H. Yoshikawa, T. Sato, A. Tsukamoto
http://moris2015.org/awards.html
ER27F12H18
SXE BFRXKFEIFE IFEMARE (A03HD)
Magnetics and Optics Research International Symposium 2015 Best Poster Award [The magnetic layer thickness dependency of all-
optical magnetization switching in GdFeCo thin films] , H. Yoshikawa, S. Terashita, R. Ueda, S. E. Moussaoui, and A. Tsukamoto
http://moris2015.org/awards.html
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ANFRFTHBIH CORRRICEL DA IRER TRUT OLICHEFE AN TWIKESSFEVERL EIFET,
This work was supported by Grant-in-Aid for Scientific Research on Innovative Area,
”Nano Spin Conversion Science” (Grant No.###).

\ ### (C(E. AO1BE(E 26103002 . A02HEHF26103003. A03HEHIE26103004. A04HEE26103005 . AOSHA(E

26103006 NADZFT, /
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9th International Conference on Physics and Applications of Spin-Related Phe-

nomena in Solids (PASPS 9)
HEF : F52848H8H (A) ~8A11H (K)
5P HRERRERS

IR—LR—= @ http://www.pasps9.org/
Abstract deadline : SER28%4H1H (&)

AREDEBBE=SD LD (CEM27F4BNS13BDFTESNAEATR E U THIZICHER(CSMENE Uz, €2 TASTIEET
EAFRDODIBEEDRESICIMZ T, AERFRDEES (CHEIETITOMRZBNVWZZEELUZ. TOZ1—ALHF—(CLK
DRI DERDIEE DIBFNRED EH(CHBIATRAEDRNBET OMNFICRNEEFE > TWLWET, E5—D. TNETX
E> FOZORDMIBERE(CEARRCRADEEME SN TCEEHEFXENEEFEZHDZ(CRENE Uz, KB TZDHMR
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HNEUET, FLEZa—RALI—ICCTEENTTVFEURSZEIFESFTEL LTV, BRIC. Za1—ALF—WGDEEAI(C
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