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Spin Seebeck Effect and Spin Peltier Effect:

i) Spin Seebeck Effect:
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Seebeck effect, spin Seebeck effect

Boiling of water

Boiling of electrons Boiling of spin current
(Seebeck effect) (spin Seebeck effect)
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Combination of magnetic insulators and conductive films
used for measuring SSE
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Spin pumping
(spin current generation by FMR)
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Spin current generation by FMR

Bloch eq. (s: spin accumulation)

%s =J ,mXxs+ (DNV2— ')(s-8ym)
Nonmagnetic metal (SS)
Spin sink
“\J od

Spin injector

Microwave: h,

Ferromagnet (SI)

d
M

%m=]sds><m+Y(Ho+h1)><m+ocm><

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



Linear response (busy slide, but important) !!

Blocheq.: ds=J mxs+(D,V’>=T)(s-s,m) (o = XnJsa)

LGeq.: Jdm=J_ sxm+y(H,+h)xm+amxdm
1) Define the spin current injected into N by J " =(1/A_,,act) <dsZ/dt>.

in Z J + -
From Bloch equation: J.' =<d.s® >= —% Imfda) <s (wm (-w)>

contact

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

s (@)= J Xy (@)G(@)Yh (@) 4 (w): spin susceptibility of N
m (0)=G.(w)yh, (®) G,.(w): spin susceptibility of F

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

S ja’a) Im (@)1 G (@) F< ¥R (@)yh; (—w) >

contact

This is the general expression valid for any types of spin pumping!



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

Nonmagnetic metal (N)
/ is — Jsdmx S + (DNVZ—F) (s som)+1

dt
T 7 <l(r)>=0
- <l;(r,t) L (',t) >=2k gTr) ANT 8.8 (r—1)8 (t—t)
J 1
sd(‘ (Fluctuation-Dissipation theorem)
T
- \‘\ Ferromagnet (IF)
d d
Em =—Jsds X m + 'Y(Hcff"‘h) Xm+ o mxam
<h(r)>=0
2k g TAr) o

<h(rt) b (1) > = 5,8 (r—r)3 (-t

YM
(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))



(Local) spin injection by thermal magnons
(H. Adachi et al.: Phys.Rev. B83, 094410 (20

Spin diffusion eq.: ds = J_m x § + (D, V" =) (s = sym) + I (s, = x,SoJ.)

LLG eq.: dm=J sxm+y(H,  +h)xm+amxdm
Injected spin current: Jsi” =<ds >=J Imf dow < s (w)m (-w) >

st (w)=Ts,G, (—o)yh'(@)+ x, (—o) (w)
m (0)=G(@)yh (©0)+J G (0)xy (@) ()

-+

(a"=a xia’)

J "= ]deda)élm )(N(w)ImGF(a))[FSO <yh"(@)yh (—w)>-oJ  <I"(w) (—w) >]
m Jspump m Jsback



J.S‘d ‘ e

Local non-equilibrium

(Ao Jsdzjdwllme(w)ImGF(w) )
f))

To get the non-equiliburium condition, we need heat flow!
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Spin Peltier Effect

Charge current
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Generation & absorption of heat
driven by spin current



Theoretical model for spin Peltier effect

Charge current
PM >
Spin Hall effect

Spin accumulation

Spi t -> magnon current
\V4 b -> heat current
— 6}“ 'Heat current A
S Interface 1 5
oC
ya 0 >]sd 1y 2% )

Q

Temperature gradient

Bulk

Kadanoff Baym equations
Of magnon and phonon

FI




Spin current driven by spin accumulation

 Spin accumulation at the interface (S. Zhang 2000)
Ols = €0lsy Ay tanh(dPM [ Aprg )E

Spin diffusion _, Geometrical X Electric
length factor field

Spin _ Spin Hall
accumulation™ angle

X
N

~

N

Heat current injection into FI

IQ = <at HF1> ---following Maki & Griffin (196b5)

int PM  FI
H" :Jsdzo-i )
i

[I 0= 5;15}( I1 PE 11, : Spin Peltier coefficient
— Pt af
I, = Jsdxha)xhnx xImG;,
kqe h 0w
Exchange wEnergyy. Spectral X Spectral Distribution
iInteraction function in PM function in FIX function

\_




Spin & heat injection

Spin diffusion eq.: d,s=(J m+b)xs+(D, V> —T)(s—s,m)+I b = ouz

= X0/
LLG eq.: dm=J sxm+y(H,  +h)xm+omxdm (0 = XS0l )

1) Define the spin and heat current injected into N.
From Bloch equation: Jsu =<9,s°>=J, Imfda) <s'(@)m (-w)>
H. Adachi et al.: Phys.Rev. B 83, 094410 (2011).
From Heisenberg eqaution: J,, "=<d H >=J, Imfda)ha) <s (@)m (-w)>

2) Linearize above two equations with respect to s and m.
" (@) =Ts5,G(@)Yh™ (@) + ) (@ + 5l (o)
m (0)=G(@)yh (0)+J,G (@) ) (@ + )l (0)

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

. <yvh"(w)yh (o) > <" (~w)>
Ty =, [doIm )(N(a)+5,uS)ImGF(a))[FsO Y Z) o }
m Jspump * Jsback
. <yvh"(w)yh (-o)> <I"(o)! (~w)>
V" =1, [ doh@ Im )(N(a)+5,uS)ImGF(a)){FSO 4 Z) o e }

¢ JHpump * JHback



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

Nonmagnetic metal (N)
/ is — Jsdmx S + (DNVZ—F) (s som)+1

dt
T 7 <l(r)>=0
- <l;(r,t) L (',t) >=2k gTr) ANT 8.8 (r—1)8 (t—t)
J 1
sd(‘ (Fluctuation-Dissipation theorem)
T
- \‘\ Ferromagnet (IF)
d d
Em =—Jsds X m + 'Y(Hcff"‘h) Xm+ o mxam
<h(r)>=0
2k g TAr) o

<h(rt) b (1) > = 5,8 (r—r)3 (-t

YM
(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))



Expression of spin & heat current

4) Substitute the correlation of noises into 3) :
T,+AT T, j

T = J%jda) Im y, (o +ou,)Im GF(a))(

® ® + Ol
- T, +AT T
JHeatl”:Jfﬁjda)ha)lmx]v(w+5uS)ImGF(a))( X -—4= ]
O O+ ) 2 =y ofk,
AT =T,.-T,

5) Obtain the linear response theory as follows:

J,. "= J;yj:de(w)[wAT + 7,01 |

Spin

J

Heat

" = J;pf;da)ha)X(a))[a)AT + 7,0 |

_Imy, (@+8) ImG, (@)  xh

X(@): @ + Ol 0] 1+(0/T) (0-,) +(0w)’




Spin Seebeck effect and spin Peltier effect

6) From the fluctuation dissipation theorem, 3) reduce as follows:

( in \
JSpin _( L11 L12 \( 5:“5 ]

\ JHeatm y, \ L21 L22 ) AT | T
L, = 2]3darkBTFjdww Im (@ + oug) Im G- (@)
w + 5:“5 ()
= Loy Onsager’s reciprocal relation

“Kelvin relation” for interconversion of heat and spin currents
Jo . " =8 AT
]Heatin — HSPE5uS

I spe = Dggp

Spin



Generation of heat by spin current

FI <,FI 4 A
QO = ha)5 G, 6G"
_Energy of ,Number density R FI
Heat = magnon X of magnons =Im X 6fkw
Spectral Distribution
_ function function )
Rate equation of magnons 1
ha)a < FI Tma —
I ko IQ ° aw
kaw T ¢ : Gilbert damping
mag constant

QFI — <T X IQ >k(o oC 5/15 <Tmale>kw :Ikwrmglg (k,w)

___Relaxation I
Heat = ;e X Iy= ] Lo(k.o)

2] oz mez



Estimation of temperature change

Pt/YIG SyStem B 3/2 .
YIG Pt oo k.T o B _
Q™" =0ug XNy, hB Yspeisp | O =23%107[eV] Paimon 2016
94 (),

_ | N, =1x10"
da=3.6x10"
a=10"
k.T
o, 03 @300K
Id\‘[ (1+y)’ (xk TT, /;,) 4sinh:(x;’2)~l
yS!’f.’.’S!‘ - J'ldv | Ny } ..
~4x107"|J ] GBI CEN)
hyH, _ha)_M
T T YT kT
Estimation of AT
YIG
AT = 0" - 20mK (cf: 0.bmK [Daimon 2016]

C’=55%x10"[J /K]



Onsager’s relation

Spin current Heat current
I -—<8 0'2> 1,=(d,Hy)

Transport C\oeﬁﬂments X

I L, Ly, ( 5/-15 )

o ) (G0 Ly ) -ATIT
Spin Seebeck coefficient

_ PM . 0f
Ssse =Ly /T le_j Jalm %oy TG, ( TBT]

Spin Peltier coefficient

df

— — 2 PM FI —

HSPE o« L21 L21 -[Mw|:J er.nZ IrnGka) aw} L21
Onsager’s relatlona_f rof

Kelvin relation for spin and heat current in PM/FM do ®aT

I, =TS8,
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