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o(?)o Spin Seebeck effect: o
o'(?“;* generation of spin voltage as a result of heat flows renexs
Research

Seebeck effect |

Spin Seebeck effect (SSE)

paramagnetic metal
Y

Spin Seebeck effect metal or semiconductor
| 7 rcrwnlhngﬂm

Institute for Materials Research (IMR) ~ .#%sy

& "y
WPI-AIMR -;- :f
. . . \m -
Tohoku University, Sendai, Japan TOHOKU
Japan Atomic Energy Agency, Japan ) . ) .
P gy Agency, Jap Electric-voltage generation as Spin-voltage generation as
a result of a temperature gradient a result of a temperature gradient
Eljl SAITOH Spin voltage generates a spin current

into an attached conductor.
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) )
X -3 an electron has charge and spin '-:3’

TonoKy

contents: . .
Electric Charge Current (electric current)

electric charge

B REViREE o

E XI:?‘/;;u.?)E%@%%E%%Oﬁ‘%ﬂ electron - aleading role in electronics
JEXOE 907"_0)[/5?}]% electric charge (+or-)
AEVRVEVY Spin Current : aleading role in spintronics

REL ARy HR . v

[ =R YIE
NN . / e

B REVE—RyIHRDOERR

B REVREEE - a flow of spin-angular momentum of electrons

4
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. L8 - £
Spin currents ¢y Spin is not conserved..... §%
Carrier e o

Spin current type

- intensity .
of spin current charge current vs spin current
Conduction electron conduction
Spin current . . - ;
pi electrons == Charge Qs :conserved quantity
* S T y

e 7 :
Spi *
pin :nonconserved quanti
Spin wave N a v

i I
Spin current Spin Waves a[ty+a)

. <>
(magnons) Js .f.l- _.f-l- spin diffusion length | < 10 um
fk i b T
‘ 1 : Magnon- Y
- f-k \ “ ‘S : r - g . an electron loses spin memory after running |
Wi distributon function
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i . . . . Py
spin current is expected to generate an electric field ?.:3' Starting point of our co.n5|der.at|on f?.‘:?j’
- electromagnetic duality -
E Ampere’s law E Spin current — E
B Charge current B hypothetical monopole current
Electric ch t Spi t
eCl :C charge currenH pIin curren E ° H N E

N N N

Saitoh APL(2006) Nature(2010) rOt H = ‘]c rOt E = _Jm

... an electric current generates H ... aspin current generates E Ampere’s law Dirac

Spin current generation / E. Saitoh
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E magnetic-moment flow= a pair of magnetic monopole :_‘:3’

currents with opposite signs ramoky
i -J
magnetic-moment_current - m
[ . = =
s I

Magnetic-moment current E

‘]m "]m
Electric field generation due to SC

Spin current generation / E. Saitoh

. . - ‘3
spin current is expected to generate an electric field -'.:3'

TonoKy

B Ampere’s law B Spin current — E

Electric charge current Spin current
E

. H

N

Saitoh APL(2006) Nature(2010)

... aspin current generates E

10

... an electric current generates H

2011/6 Spin current generation / E. Saitoh

density Darwin term

due to the SO interaction acting on spins which contains V

spin motion generates electric dipole
due to spin-orbit interaction

spin electric dipole

.. should be enhanced in solids due to fine structures of Bloch waves

u, (™ |,

Bloch wave (1) = Uy (r)e" i |

Spin current generation / E. Saitoh

% )
. . . Lx X i3 ]
--from quantum mechanical point of view -.‘:3’ . ) .-.‘:3’
ronoKy can be argued from another point of view YOHOKY
E e/m?order correction of Dirac eq.
Dipole Term ) ) - ; )
-0 + - - + A two-particle model for electric polarization generation from spin current
o =Ve{Vu' (Xu(x)) +iu" (x)(V-V)xeu'(x)} ] ]
input spin current

Spin-Orbit Interaction
Hyo = A(VU xk)- &

Saitoh APL(2006) Nature(2010)

¢
electric field generation : called “inverse spin-Hall effect”
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- i £ £,
Spin-Hall effect family o ¢y
B Spin Hall effect (SHE) ® Inverse Spin Hall effect (ISHE) contents:
input charge current input spin current
REURVELY
output spin current Hgo = (VU le)-a‘ € electric field generation
Spin-Orbit Interaction

Spin current generation / E. Saitoh Spin current generation / E. Saitoh

. 4.“ . . -4-.4
Fundamental spin-current phenomena ‘;:""3?" Spin Dynamics f;g"-:i?;
Spin Hall effect inverse spin-Hall effect B Spin rotates only in an anti-clockwise fashion
(electric—spin current) (spin—electric current)
spin Spinning tops
Electric currgm
(input) Spin current 9
(input)
\ w%rﬁ)currem Q
Spin current A
(output) A Q
E Spin pump ; | - magnetic field A spin exhibits
! precession motion due to
! Spin current its angular momentum
f Spins carry angular momentum and thus exhibit precession motion.

Spin current generation / E. Saitoh Spin current generation / E. Saitoh



Spin Pumping operated by FMR
a pure-spin current

Magnetization

microwave

Ferromagnetic layer paramagnetic metallic layer

Spin current generation / E. Saitoh

First observation

microwave

magnétization

of iISHE induced by SP  owex
FMR and
spin pumping

spin pumping

“

+,\>

"~~__ spin ciirren

D=R J x H -

D (electromotiveforce)

Spin current generation / E. Saitoh 18

P )
3
L4

3

TonoKy

(C] spinHall; Pt =0.028

%

/ i 1.04
iy : / % 05
c # - 60| i H .
& _/\/_ ) _,_,_.4/\\;____,,;
£ — &80 > 4,7 80" ¢ =00 =, 00
s - BT | pirur e
z N 9. 1200 > M\i\}’_‘:‘ 05
= \/— i ¢ i | =
B o |
s | ; | -0

0 30 80 90 120 150 180
4, (deg)

20 0 20

NigFa,
e C ISHE v
o= v, EmmxJ.xa
oll L]

Spin current generation / E. Saitoh

First observation of iSHE

Nig,Fe,q (10 nm)/ Pt (10 nm) thin film

miCroWaYe

difdH (arb. units)
o

0 o 10 20
H-H,y,, (mT)

ud

P )
%
L4

3

Spin pumping operated by FMR"‘fﬁ]Pé(::ts
spin currents into the Pt layer

Saitoh APL(2006)
Electromotive force induced by ISHE

Electromotive force signal
appears around Heyg

20 Spin current generation / E. Saitoh




Experimental 2 f“‘g

FMR measurement with applying a current to the Pt layer

N|81Fe19 10 nm /Pt 10 nm

Spin-Hall effect:
charge current — spin current

Spin current generation / E. Saitoh 21

. . Pyn
Current (J.) induced modulation f;_%"ﬁ‘»
of spectral width
W (spectral width)~ spin relaxation
/ 0aFT 7T b
o N T
2,
[ w
=
5 %
¥
) : width
g S intensity
L \ L . d*M?erH,MLMdeM
0 5 0 15 2 d i i
a P Woa Sc=
PRL(2008). - a
Current induced modulation of o !

Spin current generation / E. Saitoh 22

. . . . &i
Damping modulation via spin torque :T‘:f‘r

spin current is absorbed by M
m——

6=90°

Spin Hall effect }+ /h n

Damping modulation

v
Aag = PEYRY Js
sVE

Takahashi & Maekawa et al.

Spin current generation / E. Saitoh

TonoKy

E We have shown that electric manipulation of spin
relaxation is possible using SHE.

TaR

WA (107
B &

d

4%
E Then, is it possible to zero this spin relaxation?
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Let’s try! - spin transfer into YIG- {"‘g

sample system:
Y;Fes0,,(1.2 4 m) / Pt(10nm)

—— spin-Hall effect —
s s i N

Generation of spin current/

detection of microwave oscillation

Spin current generation / E. Saitoh

2
. L [
microwave emission spectra .-_:3
: 1omoxy
3
T
— J
% s
1
g §
& 0 0.5 1
71 J (GA/m?)
033 Gaim? o
i A There is a threshold in the
current dependence of the
0 g emission intensity
|
4.5 5 55
F(GHz) Kajiwara & Saitoh et al. Nature (2008)

Spin current generation / E. Saitoh

Magnetic field dependence f“g;
M=Pt = 00"
J=1.33 GAIm? 8 @ exp
J20 5 | —cal
H =115 kOe é 3
= |110k0e M““ il
"'E" IOSkOe,I'\'JUhHI i
':5—'--" 1.00 kOe 0 1 2
= oesere 11 (KOE)
2 e P
w

|i,l" 0.95 kOe ‘0-‘;%
mll osoxoe| BY changing the field, the emission frequency
is shifted according the Kittel's equition
o !‘hu H = 0.85 kDe

1 1 1
45
f(GHz)

Spin current generation / E. Saitoh

Kajiwara & Saitoh et al. Nature (2008)

. . f{.“:‘a\
we can send electric voltage in YIG by the SW ;:‘ -3»
interconversion induced by SHE .... o

Yttrium Iron Garnet (YIG) : Y;FegO,,
ferrimagnetic insulator (CT-type insulator)

< charge excitation gap is large (2.7 eV).

* spin excitation gap is very small (~ ¢ eV)

* magnetization damping is very small (a ~ 6.7x10-5)
« : damping constant

YIG: insulator for charge but conductor for SC 4

SC is combined with SHE -
spin-transfer + o
torque Ly =

Spin current generation / E. Saitoh




Insulator for Charge but Conductor for Spin %“"‘g‘, ) ) . {"“g
S0 spin pumping and torque are used at the same time...  “wef
E Ferrimagnet with tiny anisotropy ) o . . }
- we can send DC signal in insulators via SC interconversion
=T\
(1
Charge sector  Spin sector YaFesOa 'l ¥ =yitput
o S Stoner excitation G ESHE
3 (|nd|V|duaI excitation) pt S ;\\
.t = L3 o 5
e ‘ spin pumping
Collective excitation ,// :
Huge and gap (spln Wave) ) J&
- e [” distance;
ol pln-transfer v 1mm
\ ‘ k\ torque // -—-\
Mott Gap (CTE!) N Coherent (spin wave) spin current spin-wave spin current
Zero Gap ! Kajiwara & Saitoh et al. Nature (2008)

Spin current generation / E. Saitoh Spin current generation / E. Saitoh

Non-local I-V curve @‘g\, - é':"g\,
“oom B Magpnetic field is perpendicular Magnetic field is parallel *w-e®
o . to electric current. to electric current. e
Magnetic field reversal — T PUY:Fe:O1a
T — —T — PHYsFes01 4L H=23k0e |
1L H=23k0e
H=2.3 kOe H=2.3 kOe .
+H s ~& E 5 E a 8=0
- s > [ g=180°
=0 0 L X
s » e ~
L | o0 ~EFF | " %
H = =
A a | |/ | | e
o — — 05 0 05 1
| -1 -05 0 20 5 1 J(GAIm2)
. . . . . : . L J(GAIm?) }
o5 0 05 1 N 5 o 05 A SHE/ISHE are not activated
j (GAIm? U i
AR 4 1BAm3 Kajiwara & Saitoh et al. Nature (2008) ESHE X« Jg X0

Kajiwara & Saitoh et al. Nature (2008)



iy
we can send electric voltage in YIG by the SW *{-3‘
interconversion induced by SHE ....

Yttrium Iron Garnet (YIG) : Y;FesOy, contents:
ferrimagnetic insulator (CT-type insulator)

< charge excitation gap is large (2.7 eV).

* spin excitation gap is very small (~ 1 eV)

magnetization damping is very small (« ~ 6.7x10-5
« : damping constant

B REVE—ARYIHE
YIG: insulator for charge but conductor for SC Pl g
SC is combined with SHE i

: %
-t i/
spin-transles” + _‘J’ E
forque L
T wave spe current

Spin current generation / E. Saitoh
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Spin Seebeck effect: ?::%’ !‘\Aost fundam?ntal F:onfiguratiqn of SSE; 'g:"‘i‘,
generation of spin voltage as a result of heat flows renexs Longitudinal” configuration without substrates

- a T+AT b T rone
Seebeck effect Spin Seebeck effect (SSE) |

Sample system
T

matal or semiconducion

paramagnetic metal

ferromagnet
\

TeaT

bulk YIG crystal
Electric-voltage generation as Spin-voltage generation as

a result of a temperature gradient a result of a temperature gradient

. X 10 20 o
Spin voltage generates a spin current aT (K}
into an attached conductor.

10
AT

Uchida & Saitoh et al. APL (2010)
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L - . e )
L ] . L ]
This is due NOT to proximity effect in Pt Yy Spin Seebeck effects (SSEs) Sy
near the YIG/Pt interface... rouex
) ) ) ) Experiments:
The SSE. glgna}l dlsappears ”.1 the YIG/SIOZ (10 nm)/Pt system, Uchida & Saitoh et al., Nature (2008). [SSE in metals]
but the finite signal appears in the YIG/Cu (10 nm)/Pt system. S. Bosu et al., Nature (2008).
andsoon .......... ]
apHa) YoFesOwPt | 2| (D)YiFesOiSiOxPt| L(C) YoFesOwiCuPt ||(d) YiFesOiaNb Uchida & Saitoh et al., Nat. Mater. (2010)7) [SSE in insulators]
AT=23K | AT=23K AT=23K AT=23K Uchida & Saitoh et al., APL (2010).
10 C. M. Jaworski et al., Nat. Mater. (2010).
s s C. M. Jaworski et al., ArXiv (2011). (SSE{in semiconductors]
=0 12 andsoon .........
-“10F - A. Slachter et al. Nature Physics (2010).
N [Thermal spin-current injection by spin-dependent Seebeck effect]
M o o ) R o R o LA A4 N Theory
E] 0 1 - 0 1 - -
H (kOe) (KOe) H (kOe) H (kOe) J. Xiao et al., Phys. Rev. B (2010) [Scattering theory]
H. Adachi et al., Appl. Phys. Lett. (2010).
. . . . H. Adachi et al. Phys. Rev. B (in press). [Linear-response theory]
The sign of SSE signal is reverseq in the YIG/Nb (10 nm)/Pt, J. Ohe et al. Phys. Rev. B (in press). N A
where Nb exhibits opposite ISHE sign. | | .. [Numerical calculation]
e . . e
4;'*‘%, Spin Dynamics f‘-‘:%’
contents: E Spin rotates only in an anti-clockwise fashion
B spin Spinning tops
E =
B )
P S N s L 7 magnetic field A spin exhibits
B 2BV IR OERE precession motion due to
P its angular momentum
Spins carry angular momentum and thus exhibit precession motion.
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) ] ] é“%\, Crucial property of spin (non reciprocity) é“%\,
Equation of motion of spin o —
Torque due to H )
N B Spin precesses one way
i - dM Y
M TiH s —=—yM xH,
d & P odt
/ M M, T =M, fermnmne e i
. [M,,M,]=iM, Gyromagnetic constant
H=-M-H, ’ .
M, M,]=iM, y= gug
H -_9%E h
eff §M o
) < Magnetic field spin precession
- - H v
M :7}/\] eff /
same as a classical EOM of angular momentum J— M

Spin current generation / E. Saitoh Spin current generation / E. Saitoh

P . P
. & Py Fundamental spin-current phenomena & Py
awareness of the issues Coof P P i
® stochastic LLG equation  (thermal fluctuation is included) Spin Hall effect inverse spin—Hall effect
(electric—spin current) (spin—electric current)
comes from commutation relation of spin
Random field Electric currgnf
dm(t) I_ T i: :_4_ T dm(t) (input) Spin current
===y M() X (Hit Nyggon ) — M) x—= (inpuy
dt | [, L [ dt \ CJ Electric current
(output)
<h; (t)> =0 S{Jm curr)em \
output;
() - 22T 5,5(¢-1) _ A
M; B Spin pump - | -
motion of M(t) is random, but anti clockwise as the expected value ! ]
(<M(t) X dM(t)/dt>#0) i Spin current
: a manifestation of non reciprocity of spin !
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Fundamental spin-current phenomena f“‘g‘,
3

inverse spin—Hall effect
(spin—electric current)

Spin Hall effect
(electric—spin current)

Electric currgnf
(input) Spin current
(input)
c Electric current
\ztpm)
Spin current
(output)

B Spin pump R |

Spin current

[ COEEEE] EEET 4

Spin current generation / E. Saitoh

P )
%
L4

3

TonoKy

A calculation result using Keldysh
- common mechanism for SSE-
co by Bauer, Xiao, Adachi, Ohe, Saitoh, Maekawa

Lo = —2J"Re [, [, [xH (k,w) XF (q,w) + XK (k,0) X (q,w)]

Tonex o coth(72=)

Tump o — coth{z7-)

x fq.k I, T (k, w)Im X (g, w) [coth{ﬂ;l’f}\_ ) — coth(_,l_l’fj - )]

T

spin 7;lectron env.

M (t)xLM ®

dt g

<m(t)>=0
- — m(t)xidrzt(t) >#0

Back from electron system in metal

Spin current generation / E. Saitoh

another configuration (simplest structure); é“"‘g‘,
“Longitudinal” spin-Seebeck effect e
a T+aT b T

Sample system

bulk YIG crystal

20 -
]

10 20 10
AT (K} aTx)

Uchida & Saitoh et al. Nature (2009) Nature Mat. (2010) Nature Mat.(2011)

Spin current generation / E. Saitoh

Two proposed mechanisms for Tg-Ty, ? .{w‘g
"o—

1. Phonon Drag (metal & insulator) ToMOKy
Maekawa Q2-1 Pt

see Uchida Saioh et al. Nature mat (2011) F

2. Long Magnon thermalization length

vT
Iton, Phys. Rev. B (1977
i i

Xiao et al. PRB (2010)

Spatial distribution of T, T,
sinh \_
I

p3)

D. J. Sanders and D.

Alwplz) =10

sinh -

The decay length 2 reaches
several millimeters in YIG.

» can induce Te-Tnand SSE

* {mm}

Spin current generation / E. Saitoh



Longitudinal spin Seebeck effect {5:?}

TonoKy

(Conventional)

h Longitudinal SSE setup
in plane SSE setup

¥4
54

paramagnetic metal

Z

ferrimagnetic insulator

The spin currents flowing
perpendicular to a temperature
gradient are measured.

The spin currents flowing
parallel to a temperature
gradient are measured.

Spin current gerfération / E. Saitoh

more complicated configuration : IPC f“{ﬁi‘,

IPC-SSE in YIG

Sample system

LaYaFesOq2

(YIG, ferrimagnetic insulator)

A ferromagnetic metal layer is replaced
by a ferrimagnetic insulator LaY,Fe;O,,.

S
TonoKy

e N
Inverse spin-Hall effect (ISHE)

LaYasFes0q2

Electric detection
of spin currents |

Ege < j;x0

z
L

N
Uchida & Saitoh et al. Nature Mat (2010

Spin current generation / E. Saitoh

¢ %
H dependence of V (LaY,Fe;0,,, 300 K) :{:?,
TOHOKY
/T
e i‘p‘ Sign reversal of V by reversing H

L1
Lower T

.

ISHE voltage induced
L | ! by the spin-Seebeck effect |

R The reversal of V corresponds
15Kk[ 15K flmet g the magnetization reversal.
\ Al

10K | 10K .

)

AT=0K|AT=0K

L] Vil S el s

00 0 100 00 0 100
H{Oe) H (D)

Uchida & Saitoh et al. Nature Mat (2010)
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Jaworski et al. (SSE in GaMnAs) £

-
TonoKy

Jaworski & Heremans et al.
(OSsuv)
Nature Mat. (2010)
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Critical difference
between spin and charge Seebeck effects

Magnetism
Mt
spin Seebeck affect
LiVe
e
Canductor 4 ":_:_,._ +
v Ty v
ll\ T

s ff—

spin Seebeck effect

Insutator ><

Vi =
T
magnese: insulator

-Vi

The spin Seebeck effect appears both in insulators and metals

SSE detection mechanism f{"":-;

Sample system

Pt 10 nm
100 pm

>

- v i mm
4mm *

Nig,Fe ;420 nm

Sign of spin voltage is reversed.

Spin current generation / E. Saitoh

TTuvy
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Magnetic-field dependence of V f“‘i

-
(@) Lower T |(®) Higher 1 (@ Nikesfiln || Nature (2008). Temery
ey hysteresis loop
9.7
& ]jf | Nature (2008).
[n.u.- vr Higher T Iﬁ
L ) | y
BE[IEE 7 ]
 — £ -
L]
o
-
L ] -
. -
IK| 3K mdiceand
[— ———t AT =14
AT=0K|AT=0K . -]
et [ no ANE signals in @ e
-100 o 100 -100 [ 100 100 [] 10 . . .
H (De) H (De) a plain Nig Fe, g film

Model calculation by Adachi et al. '{"‘:‘;

Jer

electron - ]m.\ra.-.
magnon - |

sapphire
phonon substrate

ISHE voltage: V/ :[9&][
o-!) ~.,‘

proportional to acoustic-impedance (Z)

matching condition between Nig, Fe,q

and substrate.

h ignal should d -k g

The SSE signal should depend s-F (Zer2.)

on the substrate species.

[y
phonon life time in substrate

YES! OBSERVED
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Phonon-drag SSE (Adachi, APL 2010 £ i £,
_ _ ‘g ( - b ) ™ Very recent experlmet GaMnA&_‘"ﬁ»

Localized spin in ferromagnet is excited by phonon heat cyfr&nt YIG o -

15 — T e
magnon elegtron  phpnon l % )| |
N; N, N, Q_s’ ir - E eubd L smk
‘ / ‘ 3 gl viG | ’ . = i
..... [ y W e 3 e =3

........ 2 R = vT H e i
Fy ‘ Fa g > 1 L:/‘- L] - )
Tne=Tr1=To TNz =Tr2=Tz Tng=Tra=Ts | 08" ; * - M .
[} .
Jph-drag o (T -T )l > oL lae |, oyeem "
S ph\ "mag elec [ 0 0 Elt}{l =00
T(K)
T. Ota et al., (submitted).

At low T (< 100K), phonon lifetime (tau,,) gets longer due to e \_ 7

the rapid suppression of the umklapp scattering. Pronounced _pﬁak diction! :

> Phonon—drai iives low-T enhancement of SSE! consistent with our prediction: : o

Spin current generation / E. Saitoh Spin current generation / E. Saitoh

J{J‘a\ J{J‘a\
Experimental setup for acoustic SSE ?.:3’ AT dependence of V (Nig,Fe,o/Pt wire, 300 K) ?.:3’

Nature mat (2011)
Sample: A Nig,Fe,o/Pt bilayer wire placed on a single-crystal sapphire

substrate, where only phonons can pass through the substrate.

* The V magnitude is proportional to

Conventional SSE configuration Present S5E configuration AT.
Fu P FM [NiiFors rvss pection N .
L P L \PUPY_ B — ™ sapphirafhlesFen/PLyir] * The V signal disappears when H
W y \ = ™ Wy 1VT.
I A\ = ﬁ S Hremt * The sign of V is reversed between
VT auating Substrate VT e sl the Tower/higher temperature
N regions.

—t
A
P 7

v.;
A
f

The Nig,Fe,o/Pt wire picks up
its own position

Lower T o

The Nig,Fe,o/Pt wire is completely isolated both electrically and magnetically.
Uchida Saitoh et al. Nature Mat (2011)
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10 20
AT (K} Uchida Saitoh et al. Nature Mat (2011)




Longitudinal spin Seebeck effect

TonoKy

(Conventional)
in plane SSE setup

parg

ferrimagnet

The spin currents flowing
perpendicular to a temperature

ymagnetic metal

Longitudinal SSE setup

¥4
Ly

Egpe < joxo

fc insulator

The spin currents flowing
parallel to a temperature
gradient are measured.

gradient are measured.

Spin current gerfés

ration /




