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Spintronics utilizes charge and spin
currents on an equal footing

Charge current: flow of char}
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Spin current generation by FMR (Spin pumping) :

)‘f Spin Hall effect
7 V Charge Current—;
-y I /

] [Spin
Current

Microwave: h 1€ H»r
Spin Pumping; Tserkovnyak, Brataas (2002)

YIG (yttrium iron garnet): a magnetic INSULATOR
- FMR spin pumping is unaccompanied by charge transfer

FMR spin pumping is free from impedance mismatch problem
(spin injection into GaAs: Ando et al., Nature Materials 2011)



Electric and thermal generation
of spin current: Pt

Spin accumulation : s

1.

ling at the interface : J,

Interface exchange interaction (Jsd)
Between normal metal (Pt) and ferromagnet

Hsd:Jsd 2 SA(I’;)S(T;)_FJsd z SB(,I})S(T])

r;einterface r;€interface



Tneoretical modeling or rivik spin
pumping

Bloch eq. (s: spin accumulation)

gts_ J.,Mmx s+ (D\@?G) (s 5om)

Nonmagnetic metal (N)

L 3

Microwave: h

Ferromagnet (F)

d .
dat’

d
dt

Landau-Lifshitz-Gilbert eq. (m: localized moment)

m=J_4sxm+g(Hg+h,) Xm+amx—




Linear response calculation

Blocheq.: fs=J mxs+(D,V’- G(s- s,m) (s, = CySo/,)
LLGeq.: Jm=J s m+gH,+h) m+am {m

1) Define the spin current injected into N by J/'" =(1/A_ pac) <dsZdt>.
J;n ° < ’/t-SZ >= (']sd /Acontact) Im diW< S+(M/)m- (_ ,/V) >

2) Linearize above two equations with respect to s*, s¥, m*, mv.

O = gy (W) _ (s ° 5" %is”)
= Gs, =_ v
) - AW G A e fo
(m=° m* xim”)
W, - w- iaw g w- w, +iaw (M/o :gHO)

3) Substitute 2) into 1) and obtain the following result:




Acoustic spin pumping (experiment)

Uchida et al., Nature Mater. 10, 737(2012) @)
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f~3.5MHz | : magnons are OFF resonance with phonons

Volume (exchange) magnetostriction is important
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Interpretation
Start from general expression of spin pumping (derived at the beginning)
J;n == (Jszd /Acom‘act) leIm CN(M/) |XF(VV) |2<d1’.l+(,/,/)g7’l- (- '/’/) >
E,,=g.,(V-u)m-V'm) =h=-dE, |dm=dg, (V-u)V’m

Nonlinear with respect to m, and need to employ method of many-body theory
Pt

For details, see Adachi et al., Rep. Prog. Phys. (2013)

J;n =" (Jszd /Acontact )B (gm- pKOuKO )2

B= Qdwim ¢, (W) ImX,. (W) | X,.(W) [

‘Jsd
'/5

magnon
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7 :
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,€ aw- nod aew Al
@:Othg = coth T ]
& &27T o 2T &

Because magnons are OFF resonance with phonons,

any phonon frequencies are allowed to excite magnons.

Piezoelectric actuator

Analogue to the phonon-drag spin Seebeck effect



Another acoustic spin pumping
- &mroy-linear” coupling --



Acoustic spin pumping (m*-linear coupling)

Weiler et al., PRL 108, 176601(2012) (c I0OfF T~ T T T 7T 7]
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Surface acoustic wave (phonon) frequency~1.5GHz

Only when magnons are in resonance with phonons,
the spin injection signal by SAW is observed.



I nte rp retati on P. Hess, Phys. Today (2002)

SURFACE ACOUSTIC ATTENUATION DUE TO SURFACE SPIN WAVE IN
FERRO- AND ANTIFERROMAGNETS

S. Maekawa . '-
IBM Research Center, Yorktown Heights, N.Y. 10598 HEERER TR TR wERhY

> wy- (local) rotation frequency
-D[S;%, + u,,(8;,8: * S4451.1:) <~ Maekawa (1976)

MX*-linear coupling, producing h.= -dE,.,..,/dMm = -Da,,m*

mag-p

Complete analogue to FMR spin pumping Pt

with a substitution h=-Dw,,m# Jsd /m
e

Co magnon

We can employ the result for FMR spin pumping

S, 4G w(gh,) 7 siaon
A (W, - l/l/rf)2 +(amf)2 LiNbO3

contact
(wo=yH)

\ =




Two types of acoustic spin pumping

Phonons & magnons OFF resonance Phonons & magnons IN resonance

Phonon freq. ~ MHz Phonon freq. ~ GHz

-- volume (exchange) magnetostriction -- -- single-ion (spin-orbit) magnetostriction --
Pt Pt
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Polyvinylidene—fluoride LiNbO3

Analogue to phonon-drag SSE Analogue to FMR spin pumping
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Spin Seebeck effect (SSE):

Universal phenomenon of ferromagnets

Metal (Ni, Fe, Ni-Fe alloy; Uchida et al. 2008)
Semiconductor (GaMnAs; Jaworski et al. 2010)
Insulator (Yttrium lron Garnet, Ferrite; Uchida et al. 2010)

Visue Spin Hall effect
/ -7
—
~ 6 mm V
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~Z — L=Qus .
J Pt VT :

z YIG /;'H Magnon spin current

- X Transverse SSE device




Model for spin injection by thermal magnons

/Nonmagnetic metal (N)
d

H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).

s= J X s+ (DNV2—F) (s som)+1

<lL(r)>=0
<l (r,t) i (r,t) >=2k gT{r) XNT Sl.jﬁ (r-r)jo (t-t)

(Fluctuation-Dissipation theorem)

J sd (‘

< h,; (r,t) hj (r,t) >=

\\ Ferromagnet ()

%m:—Jsds xm+ Y (H.g+k) Xm + o mX

<h{r)>=0

dm
dt

2k p T(r) O
TM
(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))

8.8 (r—r’)3 (t-1)



(Local) spin injection by thermal magnons
(H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).

Spin diffusion eq.: @s = J_m x s + (D, V" —)(s—sgm) + I (s, = 2xSi/..)

LLG eq.: om=J, sxm+y(H,,+h)<m+amxom
Injected spin current: J" =<gs” >=J_,Im J do < s (o)m (—w)>

s (@) =Ts, X, (~o)yh" (@) + y) (~0) (o)
m (@) = X (0)ph (@) +J , X (@) (@) (0)
5" =0, | dot1m g (@) Im X, (@)[Fs, < @) o) >—ad,, < (@) (o) >]
@ ¢Jspump ¢\]Sback

(a" =a" tia")




Model for spin injection by thermal magnons

/Nonmagnetic metal (N)
d

H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).

s= J X s+ (DNV2—F) (s som)+1

<lL(r)>=0
<l (r,t) i (r,t) >=2k gT{r) XNT Sl.jﬁ (r-r)jo (t-t)

(Fluctuation-Dissipation theorem)

J sd (‘

< h,; (r,t) hj (r,t) >=

\\ Ferromagnet ()

%m:—Jsds xm+ Y (H.g+k) Xm + o mX

<h{r)>=0

dm
dt

2k p T(r) O
TM
(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))

8.8 (r—r’)3 (t-1)



Summary: local spin injection by magnons

T
N
Js back

-A-T
Jsd (* ‘ §/ / N
o e W

Tk

Local non-equilibrium

S J"=AT,-T,)

(4 ocJ S’ j da)iImZN(a))ImXF(a)) )
w

J" =<gs" >=J Im | dow < s*(@)ym (-w) >

S

— (Field theoretical calculation of Green s function)
To get the non-equiliburium condition, we need heat flow!



No temp-diff. between Pt and YIG in the experiment
=»need to consider the effect of temp-gradient in YIG

Consider the following model
(a)

Jsd

Static condition: |
Local equilibrium | E;




Interpretation by magnon effective temp.

’ LT L —Magnon
/ s, ) B .. - - .:_ : i \P3
Magnon  —
TNi=Tp1=Ti TNy =Ty =T; TNz =Tp3=T;3
(b) ISA I (z5)
Zs
Dynamics gives rise to . T
the non-equilibrium ! Thath o T,
© T [t

~J" = AT, -T,

J" =<os >=J_,Im J dw < s (0)m (—w) >

—— Field theoretical calculation of the Green function




Heat transport Q:

In ferromagnetic insulators,

Q = Q(magnon) + Q (phonon)



Phonon-drag contribution to SSE

Phonon drag process;
Magnons dragged by nonequilibrium phonons > spin injection

electron  phpnon

(a) N, / N, N;
) Y A |
magnon ’ |
F, STttt F, F,
TNi1=Tr1=Ti TNo =T =T, TNz =Tr3=T3
(b) 4
T(z)

ph—drag
J. o 7,,AT

Phonon drag gives low-T enhancement of SSE
due to the rapid suppression of umkiapp scatt.



Spin Seebeck eff. without global spin current

Observation of the Spin-Seebeck Effect in a Ferromagnetic Semiconductor

C. M. Jaworski"J. Yang®, S. Mack®, D. D. Awschalom®, J. P. Heremans'*", R. C. Myers™*"
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Our interpretation

Phonon drag: Effective at low-T.
GaMnAs: low Curie temp

electron

magnon

phonon Tnj=Tg;=T;

break magnon coherence

TNo =T =T,

nonmagnetic
substrate



Phonon-drag spin Seebeck effect

Uchida et al., Nature Mater. 10, 737(2012)
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Only phonons in the nonmagnetic substrate can sense gradT!



Visue(T) / Visue (50K)

Fitting of the data by our theory

J" (T = const - B(T)B,(T)7,,(T)

1

0
(T =1 @(

B(D)=T/T,) f sh*(u/2)

B,(T)=(T/T,,)""

Spin Seebeck effect

Theory

phonon—drag + magnon

Experiment

1+ (1/a)exp[-b(T,/T)]
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) Experiment ]
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Importance of phonons

YIG
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Pronounced peak
consistent with our prediction!

GaMnAs

Jaworski et al., arXiv:1102.1024
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SSE in AFM & ferrimagnet

Metal

[HN =Y {24V (1) + 2, [VV (1) (—1'hV)]°01.}01.}

Nonmagnetic Metal(NM)

ieN

Ferri/NM interface

[Hsd=J;; Y Sto+dE Y Sf-aj}

i€interface-A J€interface-B
Ferrimagnet ls
4 _ A,QA B,
HFerrj - _JA 2 Si Si' _JB 2 Sj Sf: A
<1‘,1">€A < i, j'>eB
A QB
¥ JABESI_ s
- ) % Ferrimagnet(Ferri)

Spin current injected into NM:

[ Io= ¥ (0.07(¢)) } o7 = 20,8,

IENM




SSE in uniaxial AFM

Spin current injected into NM:
7,= & (15() o
| =171/ >|
El _
= 0. magnon
10l B magnon
degenerate
0 )
_ 2
#,=0 [{,=0 0 J3ka m/

[ SSE = 0 because magnons are degenerate. }

Each spin wave branch carries different spin angular momentum,
5




Compensation effects

Magnetization(Vi) Angular momentum(S,,)
Mg=M,+M, St =94 T35
T=T, |Mg=0 T=T, [5,=0

— —

S
1 Merra(pg mote=1)
-20

+ polycrystal

MS(%mole'l) « Hofm) [Ede] 1 Er3|:e5()12
1 M. Guillot(1979)

/Magnetic moments

M, =T g (s1) v, =257k g (s7)

A

4 A B AB
J

S

o

(Angular moments

J

S, :Nié (s2) |5, =& (s?)

A1 A BB
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Why is SSE finiteat T, & T, ?

Spin current is driven by magnons

a.f _ Ood_a) a[)’ 2k
K —Gj_wzﬂZ(J q)f IMGF (g, »)Im £ (k)" (T, ~T;)

k,q

4 )
Nondegenerate magnons exit

even when S, . & M vanishes.
\ v

B magnon

.

g maenon
O—— —— IS;:O

0 \/gka /2
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Numerical Results of the |njected spin current
1.0

0.0

01 T I J——
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[ SSE from vanishing saturation magnetization! J
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In Summary:

Spin current generation:
by heat :Spin Seebeck Effect

In ferromagnetic insulators,
Q = Q(magnon) + Q (phonon)

At the Interface,
Spin flow, not Charge flow!!
(different from spin-dependent Seebeck effect)

Phonons
ferromagnets, substrates, piezoelectric actuators, ...

= A variety of spin Seebeck devices!



