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Sp intronics and sp In current

Magnetism and mechanical rotation

Sp in current generation ﬁrom

Vigid and elastic motion
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Charge and Sp In currents

Chargecwrrent J =J. + J
— ¢ T d Charge ? S Spin

¢¢ | < ® ﬁ

ﬂOW Of C harges

Spin current ‘]S = JT — Ji

2 A e
¢ ¢ [ / [

ﬂow of spins




Sp N wave sp In current

Sp in wave spin current S]o 1 wave carries

/V
HH ! ﬁ‘\\\ﬂ

angular momentum in
magneﬂc materials.

iy,

ﬂOW Of Sp Ins

“\x i

S ——




Spin current is ﬁagile

-

Chavge current:
conserved

— can travel inﬁnite distance

e

Spin current:

] — can travel only short distance [nm~pm|
non-conserve

109-10°m [nm~um]

Need nano’cechnology — Spintronics n 215t century




Spin Hall Eﬁec’c [ Inverse Spin Hall Eﬂec‘c

Inverse Spin Hall Eﬁec’c

Spin Hall Eﬁect
|

‘ ‘ Spin- orbit interaction ' il ”

Spin current

charge current
— charge current

GaAs; MOKE Pt; FMR
Y.X. Kato et al, Science (2004) E. Saitoh et al, APL (2006)

— spin current



Transmission of electrical signa[s in insulator

nature

LETTERS Kajiwara et al, Nature (2010)

¢ /\:I

Spin current

Transmission of electrical signals by spin-wave
interconversion in a magnetic insulator

Y. Kajiwara'?, K. Harii', S. Takahashi®?, J. Ohe'?, K. Uchida', M. Mizuguchi', H. Umezawa’, H. Kawai®, K. Ando'~,

K. Takanashi', S. Maekawa"’ & E. Saitoh"** ( )
Pt (o
Y3 Fe5O1 2

~

O

N

~

charge current

— spin current [ l/ f f | I 'y — lelavge current

—————————— T —————————



Spin Seebeck Eﬁec‘c

nature Vol 455|9 October 2008|doi:10.1038/nature07321

' Nature (2
CETTERS Uchida et al, Nature (2008)
Observation of the spin Seebeck effect a Thermocouple Metal A

K. Uchida!, S. Takahashi*®, K. Harii', J. leda®?, W. Koshibae*, K. Ando!, S. Maekawa>® & E. Saitoh'®

vT
T1
b  Spin Seebeck effect
Metallic magnet )
p—"

Temperature gradient — Magnetization dynamics
— Spin current — (Inverse Spin Hall Effect) = Charge current




Energy Harvesting Iay Spin Seebeck Eﬁec’c

LETTERS nature
PUBLISHED ONLINE: 17 JUNE 2012 | DOI: 10.1038/NMAT3360 materlals

Spin-current-driven thermoelectric coating

NEC

Akihiro Kirihara'*, Ken-ichi Uchida?3, Yosuke Kajiwara®3, Masahiko Ishida', Yasunobu Nakamura'®,

Takashi Manako', Eiji Saitoh®>3*° and Shinichi Yorozu’

vV {uVv)

Pt

AT < _OBiYIG

Glass
12— 0 o LT
-200 -100 O 100 200

H (Qe)

a Conventional TE device b STE coating
Element

Vieg <>
% 3L

[Scaling method
TE module _

(n pairs _
of TCs)

Element E
(Pt/YIG)

AT
¢ 7
ﬁcaling method (enlarging area)

STE coating |
(

YIGTj,

e

N
i Phonon drag




Spin Transfer Torque MRAM

TOSHIBA  Pressrelease on 2012/12/10

Leading Innovation >

"THARROEHRBAOMEERBA LV CHAXOFEAEMREEXEY (STT-

MRAM) =M%
— WEEEAATIOEYVOHRRAEIHO 1 CER — S]O (N Tvansfev TOVO[MGZ
2012%#12/108 i ~ g
M, AV—hT7AYPITLy FEERERZINTVIEAATOLY TAFry V2 XEYBIK, ERE Sp[n cuw'ent
W) QENRBHEE 2 EXALLFSAOFERMEBEEXEY (STT-MRAME3 ) £RRL ALK, FRR

DSTT-MRAMIZ, R/ THHLTH) | X v a XEVICEBAZNTVASRAMENLENREBNTOREERBL e i
ELt, S5, WUSTT-MRAMOEY 75 2 X €U EERLA FOt s HORMES S 2 L -5 ERRL. TN - torque on magnettzatton
K70y LETY 7 2B BOERBAN, RENZENCMIILBI 70y T EHRBRUTIFDIBECE

HOENEVWSHARERLELL,

Ferrol Spacer Ferro2

SEMRLADIZ. ERBREHL 24 OSTT-MRAMEAR—R (., XEUBBENRT S EEMHC, 30nmUTET
RZOWBLERDFHRDOSTT-MRAMT Y, EROSTT-MRAMTI2. HBAH{LE BRI L= RN EOBKK electron flow
BDELLH. FHROSTT-MRAMIZ. EREBHETIF>2. BNCHEREE FF3SSCNHTRIHL. BES
DOR/ROFRBVERXASDI0OPD 1 BECERLELL, 5K, XTUH»SEHAYUTER (V-8 DI/IAHN
SBVEREFRCRHTIC LT, BARETLHRBRETS, V—IRESBCEORES/ —~T YA 7EREES
XALELL,

TRANTOLY TR, BERLECEVREBOSRAMZEFry a2 XEY)0OERONALTED, BHFREEFH
BRBENPIAOAETVDO)—I7BECERTIBNBEEORNHSMIET L L. SRAMDRBXEY & L TMRAMS®
BRNZNTLRTH, CARTHREINTELMRAMIE, FEREDOLLHFERRETO)-/BFERMILOD. B
FRETOVRNODHLFREXE (. BRBEKSRAME D BRBANKREILBIEVWSMALSB D, Cnr70ey4EM
o)'ltfiofb\i l.lk.

a5, SRAMOMAHE &40 B SRELE EHARALEBILAST-MRAMENRT B2 2T, 70ty
ORNDNHADFEEERTLELEHE, SROEMBLAFRSTT-MRAMEZSKHREMASLE, BHECHITHR
MREMELTVE LT,

B85, FRHIE, NEDO (HIFL¥— - ERHWEAMBNE) O/ —IUATIYLa—7 « > I RERANR : . -
70Y15 ORRERATED. 12810805XEY> 75> YA 1TRES N SEEEORFRFINT 3EMA [Taken from Prof. Miyazaki's website]
& TIEDM, KT, RESMOI12B11BEI12BLALETIFORIICTRELET,

o —




Sp in-mechatronics Pro J ect since 2010

2010.4 From IMR-Tohoku Univ. to ASRC- JAEA

Prof. Maekawa
ASRC, Director General

“Reconsider Einstein-de Haas/Barnett effect | b
in terms of sp In current

agctev an interval of one century.”

BRI HRE

Prof Saitoh
IMR, WP1, Tohoku Univ.

“Sp in-mechatronics group” in ASRC

“Spin current phys ICS N accelerat'mg ﬁrames.’
But, what is the Hamiltonian?”

Ultra high—speed rotor
in ASRC:
Centrifuge of isotopes



Rotation at 5kHz

skHz—rotaﬁon as gravitx ) [ZE= T

1 million G ! (@ 1 cm from rotation axis )

— Centrifugal fovce destroys the rotor itself

rQ2 =0.01mx(0.5%27x10*s™)’ 2
=10'm/s~10°G
AREAHRE
According to textbook on magnetism: Ultra high-speed rotor in ASRC[MAX:1okHz]

rotation/(gyromagnetic ratio) = “magnetic field”

10kHz-rotation as Magneﬁcﬁe ld Geomagnetism in To kyo

Gyromagnetic ratio of electron: 1T~30GHz

s5kHz—>180onT
B=Q/y Too small magnetic field?

46,000 + 50nT

176510 rad s T Rotation on spin currents?

Ve=
m




We have two answers:

1. Spin current ﬁrom V'Lg'wl motion

w/ spin- orbit interaction [Pt, GaAs]

2. Sp In current ﬁrom elastic motion

w/o spin- orbit interaction [AL cu]



Magnetism and mechanical rotation



Spinning stool with wheel

|
L SANGular Momeéntum
Conseryvation il |
SaINE Ty SIDRVETsity
ASTronomySaFEhysics




Einstein-de Haas (1915

"W = s R

"B, = IalbfEis

MATT COLLINS

‘ . - A —
Angulnrvkdom ntum
Conseryationlll
SaintMary BI0nTVErsity
AStTonomy S FHY)

TAYY 1AV DBERE WFECIEFOI
AORI—T%EHFS, BRADLICID, ELS3BERRC
KOT, PAYVAFAVER - \—RIE, HOBPEDEEA
ICAT UTze BZILIFT, BEHED ICEEEY 33 v 10X 3
—TEFDE, 2D0OEEHENTSH LS TEOES.
RIEI P A ORI—TEBLICHS LFRE, 2 DOEER
BEHELUCED, EOESHV, CORSEOEEHE
FRFENZOT, AEELOICT BHEEAFEDED
%. FRIC, BRENORRFOBEFHEICHISEMNI TR
SECEANEDE, BELAEDEDHEDSD (FAYva151
VSDEBRTRE ST, BITEEENR).




Magnetization by rotation: Barnett effect (1915)

Rotation ~ Magnetic ﬁeld '




-

Magnetization

Einstein-de Haas
Barnett (1915)

Mechanical rotation

Spin current

Direct link?



Electron sp In < Macroscop L.c rotation

Einstein - de Haas: Barnett:
spin = rotation rotation = spin

\ t N -

\ \t\ﬁy ‘<{”\f
iy N NS
ey \‘5\/} |
[{ =~



Sp In current < Macroscop Lc rotation

“Einstein - de Haas”: “Barnett”:

spin current — yotation rotation — spin current

Today’s top 'L

Can we realize angular momentum conversion between
spin current < rotation ?




We have two answers:

1. Spin current ﬁrom V'Lgid motion

w/ spin- orbit interaction [Pt, GaAs]

2. Sp In current ffrom elastic motion

w/o spin- orbit interaction [AL Cul



Spin- orbit interaction is modiﬁed on nertial eﬁects?

Spin Hall Eﬁec’c
| Spin- Orbit Interaction
— Spin- dep endent ve [ocity
¢ ! ' )
\ ~ H, = > O'-I:(p+eA)><E:|
| | i
V. :._[r’HSOI]: el o XE
ih
charge current o Sp n cwr.rent generated
— spin current perpendicular to E-field

Is Spin- Orbit Interaction modiﬁed on nertial e_ﬁ%c‘cs‘?




Inertial fovce on chavged pavﬁcle

Two ways to act on charged pavticle

Electric ﬁeld:
direcﬂy act on chavge

Inertial force: a
indirecﬂy act on mass

— Eﬁec’cive electric ﬁeld

Tolman & Stewart,
Phys. Rev. 8, 97 (1916)
“The electromotive force produced

on the acceleration of metals”

e ———— T




Magneﬁc ﬁeld and mechanical rotation




Our strategy

Genera”y covariant Dirac equation

metric, slo in connection:
inertia eﬁqects due to
rotation and vibration

Pauli—Schvédingev eq. In vacuum

Zeeman/Spin-rotation
Mechanical Spin—Ov’o it Int./

Darwin Int.

Pauli-Schvédinger eq. in solid

Renormalized couplings:

g-factor, Spin-Orbit Int.

Matsuo, leda, & Maekawa,

“Renormalization of spin-rotation coupling”,
Phys. Rev. B87, 115301 (2013)



Diurac equation with elec’cromagneﬁc and gravi‘taﬁonal ﬁe ld

Elec’cromagneﬁc and gravitaﬁonal ﬁe[ds can be included

on introduc ing “covariant derivatives.”

Dirac eq. with E-M fields Dirac eq. with E-M & gravi’caﬁonal frelds
O [ O e e

Flat space-tim
(non-acce [evaﬁng systems)

ST ST Noom T T, - ™
: E o r a(vibration) | electron wave function
] A : + 1 u . : W "

: “I'B o Q(rotation) | ! charge/ spin

' -7 | ) ") \ y,

|
|



Rigorous derivation of sp in-orbit interaction due to gravitaﬁonal ﬁled

General Relativisitc Dirac eq. Pauli-Schrodinger equation

In acce[evaﬁng systems

. 7//

Sp n-1/2 partic le in aczé lerating
systems

Gravitational ﬁeld due to massive point parﬁcle with elec’cromagneﬁc ﬁeld:

de Oliveira - Tiomno, Nuovo Cimento (1962)

Gravitational ﬁeld in Schwarzschild spacetime without electromagneﬁc ﬁe d:
e.g. Obukhov, Phys. Rev. Lett. (2000), Silenko-Teryaev, Phys. Rev. D (2007)

R'Lgid rotation & Liner acceleration without elec’cromagneﬁc ﬁeld:

Hehl - Ni, Phys. Rev. D (1990)

Rigid rotation with electromagneﬁc ﬁe ld:
Matsuo, leda, Saitoh, & Maekawa, Phys. Rev. Lett. (20m1)



Pauli—Schrédinger eq. n non—accelemﬁng systems

Low energy limit of Dirac eq. In non—accelevaﬁng systems A

1
H=—0(p+ eA) + e
2m Coulomb
& Lorentz
—l;0-B
/eeman

+%O' ‘ I:(P + eA) X (—e)E:|

Spin- Orbit Int.

lectric/
ma;yig’cgiqeld 6 « »

Coulomlo & Lorentz

/Zeeman

S
/ Cu /A/Aenz_

electric ﬁeld
l

6€A

sp In current

T< Spin- Orbit Int.



Pauli-SchrédmgeV eq. in rotating ﬁfame

Low energy limit of Dirac eq. In Vota’c'mg ﬁrame

A+2(m/e)£2

1 2

=—(p+eA) +ep -L-Q - -
2m ( Cou)lomb / Coriolis 6 « » &%
& Lorentz .

Coulomb & Lorentz Coriolis

electric/ magnetic ﬁeld + rotation =™ chavge

—,LLBO'-(B+(m/e)[2)

Zeeman Barnett LA
. . . ' ; Barnett
‘ magnetic ﬁeld+ rotation = spin ' 7 eeman Finstein-de Haas
A« :' ‘:
+%O'-[(p+eA)X(—e)(E+(.Q><r)><B)] = :
Spin Orbit Int. NEW:!




Mechanical Spin Hall Eﬁec’c due to rotation

Mechanical Spin- Orbit Int.

eA) X (—e)(E

dt

(2xr)xB)

- --,

+Azimuthal

o (E +((£2 X T) X i%

) Spin current genera‘ced
in azimuthal direction

-
7’ ——
~—
-

o~
»” g /,
S 7
S
/
s ’
/4
ry 4
/

vy
”~ = v}‘l
’ . / Il
. J |
. . —~— ~L |
. _ S |
r' ’ / 4
| - —~— . - & y,
II S— _ . . ' /
l ~<_ /
| ~— R
\ ~— /
\ S J
| ~— ;
| — /

-\.\‘
7
/

\R-
\\
: 7
\
-—

.Pt; B =1T, Omega = 10kHz, r=rmm

— Spin current 10°A/m?

Spin current > 105A/m? is detectable .

Matsuo et al., PRL 106, 076601(201)




We have two answers:

2. Sp in current ﬁom elastic motion

w/o spin- orbit interaction [AL cu]



Swface acoustic wave

SAW in geophysics SAW devices in cell phone
for noise ﬁltering

Focus oF EARTHQUAKE

ol SURFACE
WAVES WAVES

CruUST

&
~3

,4% OUuTER coRE

] '

http [ l'www.the-science-site.com/ earthquakefacts.h’cm[ www.murata.com


http://www.murata.com
http://www.murata.com
http://www.the-science-site.com/earthquake-facts.html
http://www.the-science-site.com/earthquake-facts.html

Pure ly mechanical generation of spin current loy SAW

Pure ly mechanical generaﬁon of sp in current?

No magnetic ﬁe ld,
No magnetism,
No spin- orbit interaction.



Spin-rotation coupling

G eneraﬂy covariant Dirac equation

—|:1+(L2/C)2:| L'tx/c L'ty/c L'tz/c
d_r:£+ﬁ=>g”v: i/ c 1 0 0
dr dt i,/ o 0 10
ulc 0 0 1

— A ‘ B ¥ .
H2x2=(p q ) +qA0+u'(P—qA)—15.

C Covio{i\s ) (Sp'm—rot;ion) O=Vxu




Sp in-rotation vs. Zeeman

Mechanical Elec‘cmmagnetic
- 5.3
Spin-rotation 5 - €2 Zeeman ; .
1 .
Q=—Vxu B=VXx A
2
u : velocity field A :vector potential
P DI
SN gt
Ak e
S 4" N




Mechanical Stern-Gerlach eﬁec‘c

S'- B = Spin current ~ VB

S-Q = Spin current ~VQ

Lower “Zeeman” energy
fov up-spin electron

Spin current is generated |
along mtaﬁon-gradien’c.’



Sp n d@ﬂjus lon equation with spin-rotation coupling

On-site spin flip: T of Y Diffusion: D = ﬂsz / Tsf \
Al 4

o, ol
2
€ Tsf 62 sz

Spin d@ﬂﬁs lon eq.

with spin-rotation coupling

9 1 A, tagl
— = V?* |0u = h—
8t+’c T a ot

) | Space-time dependen’c
Barnett ejgec’c: L= — @ rotation!
Magnetization by rotation € '




Spin current ﬁfom Swface Acoustic Wave

Sp in current < Gradient of rotation

Matsuo, leda, Harii, Saitoh, & Maekawa, Phys. Rev. B87, 180402(R) (2013)



Spin current induced on SAW

Spin current~(Conductivity) x(Spin lifetime) x (Frequency)+
2.5GHz: ]s(Pt)~104A/m? << ]s(Cu)~107A/m?

ﬁj;iuf:::sy Spin [ ifeﬁme [ps] gjg é(}P{S)
Pt 0.96 0.3 1
Al 1.7 100 250
Cu 7.0 42 650
Ag 2.9 3:5 34
Au 2.5 2.8 33
GaAs 3.3 X107 102 0.05

Longer spin lifeﬁme, Larger spin current!
Matsuo, leda, Harii, Saitoh, & Maekawa, Phys. Rev. B87, 180402(R) (2013)
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Summary (1) Bridge the link

Magnetization

Einstein-de Haas

Spintronics (21% c)
Barnett (1915)

4 4 &

Mechanical rotation

— Bridge the link!

1. Mechanical spin Hall e{fect
2. Mechanical Stern-Gerlac eﬂ?ect

Spin current




Summary (2)  Spin current from mechanical motion

Rigid rotation
! g— Spin current~{SO1)¥QxBxr

Pt;
B =1T, Omega = 10kHz, r=1mm

— DC Spin current 10°A/m?

Spin- Orbit

=
S
=
<
)
O
>

PRL106, 076601 (2011); APL98, 242501 (20m);
PRB84, 104410 (92011

Spin current

- ~,&Sp n lifeﬁme)

S x(Conductivity)x (Frequency)
S

3 Cuw;

;;9;_ Omega = 2.5GHz

— AC Spin current 10°A/m?

Phys. Rev. B87, 180402(R) (2013)




Thank YOu S0 much fov your attention!!



Spin accumulation at the surface: | Spincurrent ~V@




SAW n fewomagne’cs

week ending

PHYSICAL REVIEW LETTERS 18 MARCH 2011

PRL 106, 117601 (2011)

Elastically Driven Ferromagnetic Resonance in Nickel Thin Films

M. Weiler,' L. Dreher,? C. Heeg,1 H. Huebl,' R. Gross,! M. S. Brandt,” and S. T. B. Goennenwein'

"Walther-Meifiner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
*Walter Schottky Institut, Technische Universitiit Miinchen, 85748 Garching, Germany
(Received 24 November 2010; published 14 March 2011)
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PUBLISHED ONLINE: 21 AUGUST 2011 | DOI:10.1038/NMAT3099

Long-range spin Seebeck effect and acoustic

spin pumping
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Acoustically Induced Spin-Orbit Interactions Revealed by Two-Dimensional Imaging
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Manipulation of mobile spin coherence using
magnetic-field-free electron spin resonance

H. Sanada’*, Y. Kunihashi', H. Gotoh’, K. Onomitsu', M. Kohda?, J. Nitta?, P. V. Santos3
and T. Sogawa'
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Figure 1| Magnetic field-free ESR. Using SAWSs in GaAs, electrons are guided along a meandering path.
The SAWSs move the electrons in the y direction with a constant momentum, generating a constant
effective magnetic field B3° in the x direction through the spin-orbit interaction. The meandering path
oscillates the momentum in the x direction, generating an alternating effective magnetic field B3° in

the y direction.



Mechanical Spin Hall Eﬁec‘c due to vibration
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Matsuo et al., PRB 84, 104410 (2011)




Time-resolved Kerr spectroscop

R
>0.5
APPLIED PHYSICS LETTERS 97, 242110 (2010)
Kerr detection of acoustic spin transport in GaAs (110) quantum wells o0
A. Hernéndez-Ml’nguez,a) K. Biermann, S. Lazi¢, R. Hey, and P. V. Santos
Paul-Drude-Institut fiir Festkorkperelektronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany sl
K
(Received 29 September 2010; accepted 12 November 2010; published online 16 December 2010) >0.6
Time-resolved Kerr reflectometry (TRKR) is used to investigate the long-range transport of spins by
surface acoustic waves in undoped GaAs (110) quantum wells. TRKR measurements under an
applied magnetic field demonstrate the coherent precession of the optically generated electron spin
during acoustic transport over several micrometers and yield information about the relaxation
processes for moving spins. © 2010 American Institute of Physics. [doi:10.1063/1.3524218]
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Magneto-optic Kerr microscopy was employed to investigate the spin-orbit interactions of electrons
traveling in semiconductor quantum wells using surface acoustic waves (SAWs). Two-dimensional
images of the spin flow induced by SAWs exhibit anisotropic spin precession behaviors caused by the
coexistence of different types of spin-orbit interactions. The dependence of spin-orbit effective magnetic
fields on SAW intensity indicates the existence of acoustically controllable spin-orbit interactions
resulting from the strain and Rashba contributions induced by the SAWs.
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M&XWQU,S equaﬁons on mewy—go—mund

L. 1. Schﬁ‘: Proc. Nat. Acad. Sci. (1939)

"A question in geneml Velativity”

“Maxwell’s eq. on mewy-go-vound”

H,, =gh&0'-(p—qA)><(E+(Q><r)><B)

Consistent with E-B ﬁeld in votating ﬁame.

cf. Matsuo, leda, Saitoh, & Maekawa,
Phys. Rev. B 84, 104410 (2011), Appendix



E-M ﬁe ld in rotating ﬁfame
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