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Abstract

Spin Seebeck effect, as an emerging field of spintronics, refers to the phenomenon that under spe-
cific conditions, on the contact interface between a non-magnetic metal material with strong spin-
orbit coupling and a ferromagnetic insulator or other candidates, there will occur a temperature
gradient induced spin injection crossing the boundary. The effect implements the conversion from
heat to the spin current, and also this spin current can be transformed into the charge voltage with
the help of the inverse spin Hall effect in a non-magnetic metal. We will firstly survey the recent
experimental progress in this area, and then review the latest theoretical progress in spin Seebeck
effect mechanism. In the final, we will discuss the possibility of its device applications, and give a
perspective for the relevant theoretical and experimental research, pointing out that the applica-
tion in future thermoelectric conversion remains challenging and some viable solutions are pro-
posed.
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H ieSeebeck MR H e T — B XU, EIRPOREREXRMHT, HEikERYGERSHI#SE
BB S BB A AR SR RHE AT, S R R A R B READR . EEB T ARALE
B BT A, RIS B BRI A\ T LU I e < R o 3 B B R SR N T L . BRATRE A
FIRANFIRRIE LR, L3R T H iESeebeck B MBFTHLHIEW®, BIE/E T SN HRIN4,
FHXRERMKLRH AT T RE, 8 ENA TRRAAEERIIE— MR RS IR — g
BB

XK ia
EffeSeebeck® ML, RMAAELNE, WIRT, BHRFEH, ¥ HERERMMN

1. BREEFEIRENFEZR—BNE Seebeck M

@ I 14 77 A RS 2 1 T3 F 25 R R S A s R I 4E SR, i Seebeck &KW (Spin Seebeck Ef-
fect, fAIFR SSE)IIAILIR A AT IR 5 B e Al EAE IR 298w 78, & BB F %o am
R, BRANRIT —FAeHr A Mshm a2, AR IUGE T B ek r B ki
.

7£ 2008 4, K. Uchida 25 A 15 W %% 51 4 J& A Y F L FE B0 B2 51 S 1) e 9 B 1 1 e 1 (spiin voltage)
MIERTF[1]. 1XhAE HJiE Seebeck ZAMi. FEMUITHITAEH, YR T 10 A e /KA (Inverse Spin Hall
Effect, K ISHE)[2] W& 73X — MG iE &, I+ H W EEH) & ] LR B 5 AR Ui iz KT H i (spin-flip)
T K EMIESAAAE, BREKER . EMERK RS NN, BN B SR e 57 1
e B % (spin-flip) ™ ok 22 (B B B e 22 S R 1) S 6 i s ZE A PR FidadkBE 28), RA9KRER. 5
KLU F1iE Seebeck RN 1E Mk Rl 4 IR B4 4 Co,MnSi , BIFERLY:- Sk (GaMn)As , FEEERREA 21k

LaY,Fe;O,, ({f#% YIG #kh 5 (Mn,Zn)Fe,O, WM F[2]-[5], I EJE Seebeck N2 & EkMbibH kL &
R EAAEN IS

HJie Seebeck ZUNAE MBI FLH T, 1RKFEE FRFRR T =28 SH I E Fem i a5, Sh B e
TR — D REANE T2 v Ret. Wk, BB MR BT A IR A S B AE 25 ) LR,
X Fp i 5 P R AR AE R ARG & S8 ST, B B R EE AR (Spin-orbit coupling) R 55 5 1) 4 Je 1 &
W IEWHEh 3 IREh s o R A, A A I A T SR A R P 7R A B T (spin
voltage), B LARL A HXFf I8 R IR 304 E BRI TE B [ @I I = AR R I2 6] [ e L 72 A 2 K 2,
Eb 472 i 6 W LA i %% (magnetic random access memory) A 7] i FH E @ AT [ R A4 Al A f o B e o g 4 R s B
KrfiRisHiash, MIREE BAEEThaE. 7€ E e Seebeck XN RKILZ A, AMTCAE A IR T2 H
eI = A S HE SO T T2 TAE, WA S0 3 0 1R B e N BBk | Sk il | A 2 1 | Bk i 22 J2 5 40 e
) E iesis, M RIBERFRARH6], B IR 71LA R B R RN 8] de ) — A E L) B B AR T
> I o e 0 F3% 5 R AR P B N, L ANTE R 4 8 5 21 AR 2 8] TR R IR s o ) SR AR Bk i 4
JE B B A IR N B SR R, X FEAR AL R N B ARSI F A S B R, AR A R
PR TR X R A S s R S OR AR T BT IR, RN R R SR AR R TiE
Seebeck 2N 1 A I L ER IR AL B9 | Al
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2. BIBE Seebeck 3M R B A#ES
2.1. {EARN BN F—RER T

B, N TEREL, SBRBESE AR B e ARG, BT AR AR S SR B IR RE RO S UL A Tie
BB BL;  JELE TS 7 BE ARl [ A b Bk J AR & 51 RS A % IR BN, BT ARt 1 — Ff
A EHEHMOR T RT[9]. IXPHERL PR ONREIR T, ER I — AL e BB () M3k e AL SR
KEGETHRAGMRSRERE. —E50T, £REERARMRHASIAE) 5% 58 T R (AR
SJE) S, 2Ry AR T AR B s, R R E I R SRR TR PR B i &, O
H A% 5 FL Wi B i s BRI A B R SRR o IXREREAR TV — MRS, SEEL T4 A e Eh
AR KR EFEA[10].

22. EETIE—BRRBYN

22.1. BXER

— ek, TE ISR AR BRI S Bk 48 A 5 A G 4 S T SR T S A7 AE B R ST N, B =) i A e ik
FEIXAN G s-d RS VER[12], LhgerboC il [RAMNMEEs o7 )it sh it 75 X “ZN” BlefishE
FAERE S RS R 1] 1 BToR) . SR b, TR —LeRER TR R A S A VE B 2 i b, REAKEN )5 AR B A
B AR H N e TRUBATE — A &8 B Tt A SRR T 5 2 L R i e, Redbsh 0645
T E BRI RN, I Sad R g1k M BhEAT 4 AR T LT RS e #2 . 2002 4F, Tserkovnyak, Brataas and
Bauer %5 A\ $2 tH H & 22 (spin-pumping) HL 446 B Bg s B kB E N B HERES IR [13] . B eI B 142
AT HE R RN B O E B, — ] DU ks Bk g LR (ferromagnetic resonance. ) 77 v SRR B k|
R4 STV ESR [ 14], SR 00 J B WA A RE A R % e S AR & B e O PR A, JRTERER A
FERE IR AW IR (FR 9 Gilbert BEJB), 17 15 B & U5 - G0 R SRR e ] DLYR A G LA R4 T A3 b
RemEPk, (19 HIRMYERE T %, sAh, BRI K B el A 3 (spin-mixing conductance) >k
i BEZETH AL R [15] o EAR SR — AN EL, M H0 ok e S e L (interface gyromagnetic ratio), SEHik €
JLi Gilbert FHLJE (interface Gilbert damping). #4h, *FF Hi¢ Seebeck N Al 40 N Rk R, (e i) A
(Transverse Spin Seebeck Effect, [ Ef%4x & i #4 B H@UIE N 77 [ 3 BT A4 o I 7 Ji FEE 66 52 7 1) E) 1
FE) AN 1) #4 T (Longitudinal Spin Seebeck Effect, #H FEdiE A 77 747 TR AL B 75 W AR BY), 7
R ) BE AL A A i AR [16]

2.22. iR
H AT 5 B B2 A% B0 0 B /AR 4 ST A 2 v, i R R RS 28R L B ok S, C
Burrowes % A\ R I YIG MEAEREAT AL Ar S 21 il m] LA ) EVR & B 54 i B AR BT (b 2 AL FE T 195
f%5[17], JF B RIZ ATEB[18]HE H AT LAZE YIG 5 Au Z [AITTR—A Fe SR SLHL YIG/Fe Z 181 (f14) R
AT A LARE B F RIS TS SR AN, R BIRTTRA R Fe WL SEBRIE U2 R A, AREES YIG
VR B WEZE Al £ o 34 K. Uchida /N T-20114E7E (Nig, ey /Pt) XUZ /R WL B T 22 5 7 5
HHERA A 1) BERIM, (R RE SEIL A I A A EIRTE N, AR TR A FE AR T FL e Seebeck 808 FRIKAR
PE[19], BT 2 5 RS R T P FH AL () 5 € Seebeck 258 TAf

T P 28 5 PR S o 1) 1 B S AR BT SR 4 32 55, Andre Kapelrud 25 AU 28 14 Ak @b SR A B -
B8RP 2% - T /R1A4F )7 F2 (Landau-Lifshitz-Gilbert equation)[20](#) 75 1k VE 4B 98 T M RAME 4a 24k T (B
@ 2 ¥ 5 FEE R A 160 B BRI THT PN b SR FROAR A O 3R [21] o — R R, BSR4 A vh ) B eip e T AR
TEABBRAR ELAE FH B DTRR AT 23 9 = KA. 17 7] R 4 1 Jie gk (forward: volume magnetostatic spin waves),

()
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Figure 1. Schematic diagram for spin pumping mechanism.
The precession of the localized magnetic moment (M(t)) af-
fects the magnetic order in the ferromagnetic region, and leads
to propagation of magnons, which carry spin angular momen-
tum along the precession axis. On the boundary there is mag-
non scattering occuring, where electrons flip their spins if they
emit or absorb a magnon. The magnons which carry the dissi-
pated spin angular momentum of the ferromagnet, are ab-
sorbed on the F/N interface, leading to the transfer of angular
momentum into the non-magnetic region (N). Thus a spin
current across the interface is generated (From Ref [11])

B 1. EERENR R (4 SOk L L)) sk H R F o B
HAFE M(DBERTELRLRY RN, WEkEEARHEEFiEM T
WL, HEEREAHMAEIERAHE, EFEFNF
EREHRT - BTG, BIFELHEFELS SR
iR A neAE R Y, TRIEHMERE N ANESE
FRGUIRFIFBRANE. HERMNKESTZFH FN
AEMBREREN, BT BRRAEERMIRE

“ﬁiﬁ”

Ji [a) ER A4 [ gk (backward volume magnetostatic spin waves), 5 21 [ /i€ (magnetostatic surface
waves)[22]. 1E Andre Kapelrud fiAITHIBF 5 & B, AR 5 i Gilbert BHJE 7E I 1E I 2 I
FHXF T AAE Gilbert FHIEANFIFE LRG58 : 1) X TR B R, BRIk 38 2 R BH JE A 2 0 B e A it 214
2) NPT H e, X —IG RNk BI1065 LA b AT RN AR R AT T HUE VR, 19315 5258 [23] [24]
— U B B A, B PR T R 8 A I e ST B

2.3. WEMEE/R¥B (Inverse Spin Hall Effect)

TR UL, T AEEBGR A IEPER & & BAMRL, i N— R B TT 8 o (1 B Tigdt I i,
EWRAE S AL PRI B B AT 5 IRFAT o B4R TR B IR 3, Faa 77 [n) A 1R FRE B 7 )
FEIZZ), T2 B PGB RS SR P A8 A5 1 7 2R el 1 R B @ R 8 50 17 v ) (5] — 77 1) 32 301 [26], AT EEAE:
) PR g ] 375 7 A A ) PR P T P o XA A 00 11 J E 7K A% (Inverse Spin Halll Effect)[2], Wil 2 fros. X
PR IR F 37 R [ I LT AL I R R I R A AR EE T ), R DA E B K 2R [26]:

Eisne = (GSHP)JS Xc 1

Horh 0y, N T BB K B IR /RM[27], € ONE)E M AT /R B3 5 e i T A, T ORERAE A i
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Figure 2. lllustration of the conversion of the spin into
the charge current by the ISHE in the NM layer. M
represent the localized magnetic moment in the ferro-
magnetic insulator, J, represents the spin current in-

jected crossing the boundary from FMI (Ferromagnetic
Insulator) to NM (non-magnetic metal). From Ref [25]

2. WEREE R (Inverse Spin Hall Effect)#/Ll
~EE. M KREKHELME FMI(Ferromagnetic In-
sulator) PRI EidAERE, J KFRAE LMK FMI

RBHNIEHERE NM HBERER, J, AZ T EBEE
BERY N RHIBRELR. 78 3CHR[25]

PUBR G RIS, WEXNT Pt Au SR EHIE BN ARRE R ;. p AEBIEEZR, JOEA
B i B RETOREE, o NERBEA SR b RIS AR AL SR TT 1), R R A AR AL T

TRABATCKI G 0 AR R A, AR KL S8, 05 A 3 5 e R i, T
[A] B BN B0 B/ e it 38 R R AN RO AS I B A 2T B, R R T A e
Seebeck R4 1 THAEL 1 i »

3. BHE Seebeck MM LIS H R

HJiE Seebeck ANt — i A TRk MM R PR A B, DR AR FEAS 5 il B it — Ay
ARG S . HERPIRAERR G SNSRI, TR bkl e, LR SAR, W
AR BRI A Al SR S AR R L. B IR SR IR R I B R — R R M N — E R
JREANE R 75 (K ARG R R (— 2 P B Au), 92— AT RLSEELA- B E- R AL I XUR S5 . 3K —
RINGEM LRI H i€ Seebeck RNFIATEHAZR b, RAK R PHENEM B S RVERT UL A =K Bkl )R
KR, WVEBZIRER, B SRR,

IR Y73 50 ) 3 % B o (K S BT Ut e

31 SHERER

2008 4%, K. Uchida 5 A B VOG5 5 Bkl e I8 P ph 6L FEE R IE 512 10 1 e, (3RS F e Seebeck
SOREI ORI, JE7E Niy,Fey, /PR RIL]. NigFeyg A F1 e FBL T2 5208 i Fe 630004 0 BB 2 bR,

I HL LI OS2 P IR 5 RS2 PR T PRS2 32 L T LB 2 JE 2 A OBk 2281, B AL 32 o
5T 3L MRS IR 7 WIS R Z S P b1 9 [20], Pl T UM 7 3 e BAL SR BE o % o I TR [30], B
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ARz [31]55 . 171 J5 R. Ramos 55 A\fE Fe,0, /Au 14 5 1 [AIFE WL 22 1] F JiE Seebeck % Bi[32]. fAITHE 0.5
mm J& SITiO, (001)3% &k A E 4 50 nm ¥ Fe,0, (001)Hf, n b3 FERA 5 M7 3K 7 — T
LA RN H IE Seebeck RUNIXFIGRYHEAT T IE, HULHETL T 1E 4 @ AR B2 N 18
Y. HHULAESME Fe,O, B, ARATTILIN 2] 1 53 1 H e Seebeck 2, H 7 Fe,0, &8 - 421k
AR S5 (AR IR E 2 121 K)LL R HEAS 5 R oR EH T 08 BE R 208 (Anomalous Nernst Effect, ANE) 5
SSE, ANE R & —Fh B AIRLAE BRI A o B 42175 ™ AR Ay B R IR 4 [33], R AR X B S 5 ] DL 2
At T Fe,0, HUFHZ L PtsyiR 2, BRI AE 1 AHAZ U BA_E, W] DOBLEE 3 A7 T 2514 = ANE 1) H i€ Seebeck
55 L Pt BRI SR 5] L ANE 5 5t E9R15 2 . SI4ME 105 K IS 115153 H i Seebeck REN
52 nV/K, FFXTEE Pt I 80N i K AT Reit B SSE 5 5 Ml 1 flith, 4 7.5 nVIK.

3.2. HiMBSEER

TR AR 202 H AT E i Seebeck RN (SSE)IIEFE (B 2 () — i 52 o ARBkHE & B 1k R 3 e A
FIJiE Seebeck RN, TFF 8 il 42 I 85 PR P 248 2 A4 Ak SR S [RI RE A7 AE tH IR SSE R, IXAF AT 4R =
W F| e Seebeck RN 1)) V2 AFAENE, WARHEMRIR 1 A I — L8 56 T B e A AL 1 B A

TERRRE R A, W ANATTER R I AR 1 e e P DAAE FERE it R iz KT 1 e BRSP4 7 1 ok
BN, DN A B e H AR A, e I s R R 5 B HELT I B R R B O JE (spin-flip
diffusion length). XNk H H 5 >k A ITE SR RE LR S AR AR OISR 21 JiE Seebeck 2R K& Xiao Jiang[34], H.
Adachi[35] (I HE e TAE S 2IEIF . B2 K. Uchida /NAL[5], M ATT& BLREYE 452044 LaY,Fe O,, (YIG)H
T AT IR B R RN FLE R s IR NTEIX Lo A R R, 1 e A 3l i R3S R PRI e i (Rl
PR B A B IR BRI RIS BB . AR AT Se5e T, SR AR AMEEAE Gd,Gag0,, (111) 3K
A4 LaY,Fe O, (1LY H A, T Ar LR3PS0 AE B2 IBEAHRE — i BE A TR I AL 51 2 1Y Pt 58
(T AR NS, B I 7 4 8 B9 7 1) on IR BERR 52, IR [R5 M) ik ) 20 Oe HIAMEdm, MTMiAE43
LaY,Fe,O,, {4 7= LE HEFBE S5 1) JR IR . i T Gd Ga,O,, M kMG 3 5 LaY,Fe,O,, ILHE R 4F, Atk
PR A B2 7 T an 1<) 3 TR 3 504E Hk . ABATT NSRS B INAS 7 AT Pt 4 Je v B 22 T 1) # e s

T(300K)

LaY Fe O

2775712

Figure 3. Schematic picture for the experimental setup for the spin
Seebeck effect in magnetic insulator system. Here the system con-
sists of the YIG magnetic thin film with the attached Pt wires, and
the uniform temperature gradient and external magnetic field were
exerted in the x direction, the temperatures of the cold terminator
and the hot terminator are fixed at 300 K, and 300 K + AT , using
the heater and thermal couple, respectively. From Ref [5]

3. FiMELBS AR B HE Seebeck R R HISLIN N E X B RER,
R GAERR YIG REMIE Pt LB, 7 x FEktEm
MY H 5AMEERE . HANKERNSRRAEERM
AEFABEBAHNREEANT =300K, 5T=300K+AT . 14

B 3CHk[5]
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RIIX 5 PR AE AR F Pl BERR BE SRS A B /23 AR DG . S b, MR RPETEIR R RE RS, Bk
WEAa AR R B REAY 20 0 2% e R IR, SEDL R SR ) A Wik v S E [ E Sl ,  JE i LaY,Fe Oy, BfA =
A S Pt L S i TR AU B RO s-d SRR A12], TR e BRI Gk i Eh 11
AR BT M ERAAS] Pt & B E R e SRR, JFREZ R T AL T 17 5 SR S A B
JiIA— B AR, A CAHR E R . G 3 Fis.

AT TR T AR A 00 R JRK N 5 3 L R FE A1), A5 30 1 S B e B TR T AN
T NI X R 38 % 1), YIG APRNA B Z RIS R, I FHIRIL: 1) fERE7 e INs0E
AT [ — 2, YA ARG it 1 2 B ST I B ERTE N MRS, (BT RIA G, HL B R /N 5 A T i
() PEE A B R 2R PE DG R 0 2) ALY N 7 T [RURE B it 0 A% B 5 TRl AN R T AN ] o 3) #A R R K/INE A8
7 1) 5 BERR B2 U7 M A (R e G 0%, B MRk NS O, R T 0 FEAb i KE, 90 FEb L A%, 4) JFit
FAZ A FAHTAT (1 502 PR AT 78 AR H R 1) 25 B 20 A B, 5 BB T Y1 G A O PR A7 B DR A s i R
JE AR R s HEAN DX Ak v R /N B AR AR R PR

HJE, B. Heinrich 25 A\ I RESEIR 7 ERT 9T 7 YIGIAU 44 22 FHHI I e E ARG [36], &I 1 e 1
HEANMEKRT YIG BRih4as vk &1 Gilbert PHJE, FIFAIL YIG/Au FIH H) H eV A H -5 (spin-mixing-
conductance) =5 12x10% em™, RUAISRAFIR m A A EMEANRCR, R T YIGIAU 1A R AE N =R A
JiE Seebeck iR 2% R I 5%

3.3. ¥ Bk R PRI BRE Seebeck F

3.3.1. W F GaMnAs

Pt SRR B 2 S ARG T, % 48 o 20K AERETE - SR R 13840 IR T IR A
TE BB P F= F44[37] . C. M. Jaworski /N2 [38] 2 S 70 i 14 > 544 GaMnAs H WL %2 21| [ JiE Seebeck L4,
FREAT T AN B AR AR 5 B AN RE A B 2 T ) DA R G AR AR R AR RO o ARATTF 43 1 R AR REAE K AE GaAs
(R b, I S A A 7 AR T P BT A/ ) A SR R 4 G R R A R R D ) HUREAL B Bl T LT D, W
SRBIBENE Nernst 155 IS BRI T T Y, IUE ) HUR 2 B é Seebeck 285 V1T Nernst 2803 17
G159, HHAETE GaMnAs [I#GA Ui 2 AR5 o IXAMRAE 50 REAGSR B I 6006 R 23— M
T EiE Seebeck 24 RiAT Nernst 2508 (1 4724, FHEAE GaMnAs [f/E B DL FoAE X BB KR A
SRR IR B FEE (¥ 7 ) (¥ Y {EL 15 1 BE Seebeck (55, T USRI &4 2 B Sinh (X)) 725 1) 46
KR, X — TR SR AR R P BIE 5 B 2 R R AR R 5 R [H] . AT S 48 H T GaMnAs R
Hig Seebeck 155 /LML HELE 1%, BIHRE TR E XS B Retl it 170 A R B i, A
Fe VR H T R R DT 9] IR E R O .
3.3.2. IEHEHBRESE InSb

iMiJ&, C.M. Jaworski /NH At ARRE S48 4A & InSb #E4T 1 [ JiE Seebeck 2N i 5E[39], K ILH:
(3% H e g /R RS SRR 2.8 K JHITIA 2] 8 mvK ™, bUd o I Bk 4 Sk A | HE W 4 J8 X244 R K
SR, FONE A E Seebeck &M (giant spin Seebeck effect). InSb 44 £ Bl Hi A< £ ELA 38 4 e e 1
B B PEAE A5 AE TOREVE R B TR T WL 21 [ fig Seebeck RS BN AT BE o« FEARIR &A% InSb it in 1 7y
Wh3 R FERR RS, DB AR R RAE S, AR I T ] 52 B RE37 5 5, R A P R 2R P85
REX =R . SRR K], R RIE R EE SERE N 10 K 3] 15 K #R g, fFE—
AN CASM IR 5 FE AR BN R AR I e 3 (X s [ AN, RS 5 IR IR BERR R 8 4k, I H.,
I I T 3RS K B K e Seebeck Rk,  HANHEKF AL A IR T 2l 4 B850
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Figure 4. Typical experimental result for the spin Seebeck effect in InSh system. (left
top)basic set up: the InSh/Pt double layer structure under the external magnetic field B, and

temperature gradientV, T (right top) under the average temperature of 6.3 K, the dependence

curve of the spin Seebeck coefficient on the external magnetic field along the direction of
temperature gradient. (left bottom) Even symmetric part of the transverse voltage at selected
temperature differences between hottest and coldest strip on second sample at 31.2 K, (rigth
bottom) temperature amplitude reduction function R, , and absolute value of maximum of

S,,(B,) at2.7 T of the cold Pt bar, From Ref [39]

[ 4. InSh H B HE Seebeck N A BB SLIGLER (£ £) BRI E : SMi7 B, SIRER
EV.T TH InSb/Pt MZAF (A L) 6.3 K TEHE Seebeck FR IR B 4% B 75 MM AR
SHEWELZ(Z T)31.2 K THY InSh #RERER #umR B E B, HiFBREREE
B4 B XNE A E 75 ESMEIARRIEX R (B )& K B HE Seebeck ZHIFE Pt SE QIR
BT BkEIXR. 5183XHE[39]

NI [N 45 H C.M. Jaworski /N2 75 B ) 8K e Seebeck ZRAUL B BE Pt A w1 T MHHC

Z R B ARSRILA[39],
a1
R - 2n2kBT Siﬂh[znZkBT J} @)
gugB 9usB
BATTCLEH, 5 H HERGE kT SRS 51 R %L 3 T 2E 268 gue B FIART K /N5@ 21540
R, MHUE.

3.3.3. FEFHEH (Phonon-Drag)#L&l
SIG M) InSb FE & Hh i) H JiE Seebeck FL R R B R IA MM Kk R 5 kA4 Gk B 42 R & S 1k R AN
I], C.M.Jaworski %5 A4 JLARRE N B B HEAR AL 1T ol BB [39], 1 AR & A REAR 73R 3h . 4l 5 FoR,



H Jig Seebeck BB 77 i3k g

b B - '\__‘. T —

+¥aBAk { ;:_-_:_;:—a* i _

. + —qgugB
—Vafak L U _-?f_*_‘r—_.__# -——_;:;:_—;} —148Ak

€ B /YT

| 1
Bk { ‘_F :_____;___,_+ —————————

Figure 5. Schematic graph for the phonon-electron drag mechanism of spin See-
beck effect in InSb system. The electrons out of equilibrium scatter with the pho-
nons in InSh, causing the spin polarization dependent variation of electron energy
in the magnetic field, achieving a net spin accumulation on the interface. From
Ref [39]

5. InSb A& EY B HE Seebeck A A F - BB FHEMRALEIREE, InSb
EEATESHEFESETRENS, SIETRFREAHMIATNENR, B
Hik#mT Bk sE, At T AEFBERERR. 5183CH39]

AT AN -4 B RLN TR 1 X — Bl 75 14 5. (phonon-drag) ix A AR 15 18 5 F R Akl il 7 R4
HH 75 43 A BRI SO SR IR B ) B AR [40] . X B T 5 S RGPS T R AR B, SR E IS B 7
KPR Ak, T E T InSh AR 58 IEEE & 1 H (SOC) 3 B 1 1 B Jie M 8l & 77 1) 5 oK R IE A4
S, T AEAH R BRI 77 ) S T ARG I B R E RS A Y, T SR T Re R AR Th AR TR E
H T SR ST A A R AR, B AR AL T AN R (0 TR AR S, AR R
T2 RIS i A5 (spin accumulation), SEEL T U BRI E BEEN . X BN T NS, HAERZESEA
Ve BRI E R ERLEE T 1A, FRATANF B e R K E Zeeman BERL,  DITSEI H REMI T REE
I3Ais 105 BRI RN RS R Y, FRATEERAS T InSh/Pt FLif B E FERVEN . X SRS E T ARG
TEI0 5 (R BR L2 2 R 4 DU A4 R Ry s 11 £

F—AN5IEE E e Seebeck RUNA[F] 2 RIS it i (4 T N G35 1l e, FLURAE 5 RFFAF 5 A2,
MAERTE, [R5 17 5] LA R4 8 LT B B AN J7 e Ag, 51kl B s ZR 2808 i s 1) [\ 28
B, PN ELFREH, InSh/P A RAFEBE IR BRI (ORI, X 0] REVR-T InSb 7 F gy N\ I il 4 2 )
WHE[41], WA MLHI AR BT . B4, FBEf C.M.Jaworski Z5 A )7 FHEMELIS I, InSb el
FE TR 0T HL 3B B R I3 KL R 98D P 51 RS ) B RS AL g % Pt b B BRI AG T 5], [4]
It R E PERE G R i 0 e R RS L R 7 1)
4. EIHE Seebeck M HLFIHYEEIR PR

FJi¢ Seebeck ZABIAfE4xJE, 1= FARFILSERMEAA 0] Z KIBEOR T NATHE H BRI R S 00 I 5K
PRAT R AT PRIE K FE I Z% )0 AEIX—FB 5y, FRATT Bl Bt 3 (1 BR 12 F Je 5 LA AR ) 1 e Seebeck 2805 ()
Fo B, FAILGH A E e Seebeck RN ML A8 . 2 N oRIAIL i Jiang Xiao &5 N TR T
UK EL 1R AT H.Adachi 55 A M ZR L RN T (130 BARTE 3o B S5 TRATT SRR 7238 41 145 He I e B4
Pt X9k ) B e Seebeck N4 R (4R T B g i #E 18 (magnon spin-current theory) 17 2% B Jig 22 i #E
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1 (acoustic spin pumping theory).

4.1. 5Gi B Seebeck M IEP

4.1.1. BAHRFIRINALHIREEE
H e Seebeck M [ A A B4 AP T I HE, B REZEIH 519 B IRE /RS . fels B R 2
WEENIRTIZH B MR A T[25] [35] [42]. M Jiang Xiao[35]55 NAE B e ZZiHi(spin pumping)#
WIS AR EFEH 1 E i€ Seebeck XS fiE 4k 5-(magnon) SX AL I ARINAERE 1 B BE 5 5 KA R I
FEAENE . AR H, B R KRR AR AL SRR T B A4 R 7 RORLRE 5 W 46 8 o v 280 B ) 22
S, X G TR AR RS AL 4 B R B R AR R R I RS . RS T B ERIEA RN
WZR R PEZ BRI R, W Fis:
. _ Yhg NkB
Js =
21MV,,
$orr g™ K [ iR A 5 (spin-mixing conductance), ky 9 Boltzmann %4, V., NWAH TR, fr sk
A PN R 0% S 52 38 B 7 R 2 TR LK /N o

4.1.2. ZMEmEIIRR

M5 H.Adachi 5 NTEZ & & H liE Seebeck 0N 2k P mm 57 B 18 FE it H[36]1H 2% 2 R H AR 737l it
TR AR PR T 5 75 7RG 0 AR @ il T B e L 5 A T IR G R [16], JFaa T
B SRR MR Z 4510 . LTI DAHERT, WLIR 1A RS Sk RIAZHEZ LB R RS gk
RIS HENG, 1tk H.AAdachi 558 A 25 T BER A7 80 B 5 HEL 1A R0 P A7 A2 22 57 OO o T
fE7R H.Adachi 55 A4 H I 22 14 e B 2R 14 o

Hiroto Adachi 55 N & JE T — % H Jig Seebeck 50N {28 14 1 S BE 1 [36],  AdATT A <16 s (R gk | HE
SR AERE BN IFERHES BREREREANT, il T MERIETFESHEARRE, 55

(TFmM _TNeM ) (3)

T,~T.,=T T,,=T.=T T

NI CFl 1 N2 CF2 2

N3:TF 3:T3

Figure 6. The setup for spin Seebeck effect used in theoretical anal-
ysis. Here the ferromagnet is divided into three different temperature
zone (F1, F», and F3), coated with non-magnetic films (N, , N, , and
N,), respectively. Here the local thermal equilibrium between N and
F is assumed. There is s-d exchange coupling between the spin den-
sity of conduction electron in the non-magnetic metal film and the
corresponding localized magnetic moment, and also the ferromag-
netic coupling in the ferromagnet itself. From Ref [36]

[£6. Bt HEIA) B HE Seebeck SRR FRLA A - BRAAGIAWE 5>
AZEERE=ATEREX F, F,, BEEERBRR—EIEH
ERERN,, N, Ny, FRENFNS R, F, FkBIEigA-F .
FEHeRERPIESETRREESN N %KX EEHE
28 sd ZHEBE, BERA I, KHEBAMKHIESSE
&5 do o 5B 3CHR[36]
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BT PRI B RN, R R BRI A A R < e R 2 UK BN ) A AIR T R R N AR p Ak B A A R
JE ZE RN fIER T AR R IEA -
Hiroto Adachi &8 N2t B FEEHE S 0 45t T PIAMETE B IGIE AN RIL S, Sl AR SRANAT 2
STUAEEE, 13 2407F B Rt RIE 5,
Ny NineJ e So 2 s

SRRPN e (2 /a)°

7ike (Ty, =T, ) (4)

N _ NineJ 4 So 2n T 2,k ST )
T (A /a) e
HrNe, Ny, So, Jo, Jo IR EREEVR RSB KL, AFiEe)E b I T4, /A RN, B
PR E AR A a5, BRBEEREL SR T s-d A2 AR &5 50

XA ARG, ERRLARRL R R s-d # A R gt 4 RS NGESRREMFR (T, =Ts)
BRI EANRA SR 5, FILARMRE YIG M ST B PRI 2. A
(V)-(T)RH, 17 FERREAA 3 0L B P 2SR Ty AN F Ty Y AR R i # b, T DA 1R 10 e
TENFIAERL e, HLom B I b TR REAR Y AR AT PN R X A IR S 0 E(RDIE R T 6T =T, -T,, T 5
Ty RN G A A FR PN DR ) o H 2R PR i 7 B2 45t T 1 i€ Seebeck 2R iy B LK AR &R, B
FEHE <) v B R IAEE N R A it R A FEE 77 0 2 (R A AR B R MR A, I b S8 XL 45 SR e S [5] o

4.2. mFBIRIHR

4.2.1. #IRFBRERIEIL(Magnon Spin-Current Theory)

S. M. Rezende %5 N\{EBUR 2% S s BB HESL T, J&T Y. Tserkovnyak [ F Be 4 B8 [43], 8T
Rk 4 2 A (FMI/HE T 42 J (NM) XIUJZ &5 16 b (R 9 1) [ i@ Seebeck  RI0A. 1) 14 4% ¥~ 1 Jig Uit 2 12 (magnon
spin-current theory)[46], 134\ [ #EHR T B gim 2 KD,

D, . D
I (y)=-8v,T +7‘1|—’“Asmh[(y+tFM )/Im]+h|—m Beosh|[ (Y +tey )/l | (6)

Horp 2030, 55— TRt BE B FE X WEAIR 3 @ (9 ik, 7 IR R i I 1 B 2R (maginon- accu-
mulation) (I 5THR, S48 A 55 B L A etz L S A E . 1 Dy 5 1 2 BUOSHER TR0 R S
PHOKE, tey WERHAGERZERE, T OUKRTIRE, Abr Y BEEE S AR . fTH
if FEL IS A 5 ) B o EEAR 5 B2 1, 0PI SRAG LI B e K i IS B B kA A 25 1 R R T S AR
J& T B i B B AR R AR 2 AR R R

V o Ay tanh by
22

]a;(o) (7)

Hort 3¢ (0) FoR FLHIBAIR T U BEMIE N B E I 2 408, 4O ORARHEE B R RRE, Ay NE A £ 5 i1 1 A i
PR . A3 — 28 E QRIS R, BN YIGIPt XUZ 4 K45 72 T % % B e % 51 [ g /R
L IR B AR O RN T THL, SR B0 8T T, RIERE S Evid . KRS E
e B A 43 R/ 10 erglem? , B Pt 42 @ E G B B 94 nm,  ETEEE SR M 0.08, B e $ Pt
SRS S, A3 BN Y A EE R E S Y, 5 sE AR —HE . R T
FMINM X2 4574 H g0 1) E Tié Seebeck RiBIAR S T4 AR ¥ 1 e i 28 e Bk il 4 2% 1k v 20X — PN ZE ML
bz 4b, Silas Hoffman 25 A% R4 Landau-Lifishitz-Gilbert 752 (1) 772 [FIRERF 78 T 414 1 Jie Seebeck

N
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BRSO Bl A A 2 TR B B MO [44], FF 4 T B ik PRI HE A L LSS T SIS R, 53 171X
RS iR 271 A2 31 15 A2 K E (magnetic exchange length), [E G R, A 2 Zik K, REERE T2
K E[A4]3% DY AR BEAR FE R 5

4.2.2. B BIEZREIRIL(Acoustic Spin Pumping Theory)

Hiroto Adachi %5 A\ J& sk Bk IEIR (1) B e A8 BAS &, PR B B AE 72 7 A5 DR IR SN 1 1 iie
I R[45]. MATFRES FE R AERE & B IR A a5 4, Horh eGSR It B fEE N AR Pl S 75 TR A2
#5100 L BB 7% (piezoelectric-actuator) [o 7= A B AEF 745 75 7 5 BRBE IR I BG40 ELAE FH I, AR T
T3 A AH ELAE I 25 P AT A6, T2 BRI AN B IR R 2. X BLARRE S IR W R B %N
JUNGOKRN, A S i 7 VR B2 B KA I oK AP A S 1, TREZIw h AT TX 73
R WHRFAE A MA S 4& 5 0B 0 A e EAHTEAN AR B, AT M SO SR A
A RE I ARG & I SRR N T, Sl T W PR - B T EEH R RIAR,

En-p = Onp 2 (VUM VM (8)

(L G p WRERT - AT AEFIBRIE, U AR, M Rl (L 3 7).
HES T AMER S R IR AT RE, M SEHL ERSE IO T2, 980T 5 IR0 [ el \ 3R
i 5 75 FARIR 7 B IE e,
I, Uy [ )

WHENELLFAMER AR DR E R LR, T A TAEBRES RGUAAER 2, X755 B R 8
BB O H € 777 (spin mechanics) s fF  tHA T2 & 3L

5. BIHE Seebeck M KIS R AR

TEFBE Seebeck RN ALE H, JHENBIHAERL S R BIHNIA] e I8 I 100 H e R B8 Ak i i )
LR [2] [6] [46]. AT LA H AT UG s fr Seebeck RN AREE, MR A 3RAF B34 M4, BT LA N
— PSRN . TSR SER L Seebeck SRAFANRINAS, B H DR IE T R B TR RS T
Iri) 1 {1 4 e v R PR B 5 I HLAE 1 i@ Seebeck #54Fr, FAGRLS AT IAU 43 B9 11, 31X — i )5 i fif Seebeck
RS AEF AN, EHMEREEA R KA 28, [Kkig F B ie Seebeck %N il £ #8441 LAAE —Fh 4238 )
W aE A R R I S . IE R TR S AR T, TR REAE AR — BT R — R B T
Seebeck R A FEL B8, HL i E i Bk L 4 2 234 (spin-thermoelectric (STE) coating)[8], ] A T-#IKkzh A
HUH P ST (U5 T B e Seebeck Hi e 1) 2% [ ARG 2 1K) — 4EAL B AL IRAR[47] [48]55 . H e Seebeck 2
B H T ReE P A KA ) B s, vTLLAMEETER “RBHLY , SRIKEI— RAIARBE T84,
e I (Spin Valve), [ gl dm ik, Wik%iE 45 (Magnetic Tunnel Junction)Z, 454 E HEE R RN AT e
SRR, R i) 5% AF 5y S A7 fif 4% (non-volatile memory), #iR% ML, HIEEGE A (spin wave logic
device). IXLEZHF B AR T AR e HL 7 B 4 B E .

5.1. BRERERE (Spin-Thermoelectric Coating)

Akihiro Kirihara 25 A2 H 7 35F HlE Seebeck ikl AR[49], B A e #4 IR 2 2845 (spin-
thermoelectric (STE) coating): &4 Fj2, SeRHEEANIIIE Bi B2R11 YIG MR R TR 2 R mE
J& GGG(Gd;Ga0,, (111)) I, iBKZJ5, # Pt &)@k 2 BiYIG B A AT by RIS 17—
PRGBS JB DUZ S5 o %] 7 PR T 3 i B UK (TEM) BT, ST 0T R4 1 R T %07
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Figure 7. The design and experimental results for spin-thermoelectric coating device. Cross-sectional TEM
(Transmission Electron Microscopy) of the Pt/Bi:YIG double layer structure (left). The scalable voltage
output of the STE coating device on the size of film (right top). Thermoelectric voltage V as a linear func-
tion of N for the temperature difference equals 3 K, showing that V increases linearly with repeated STE
coating (right bottom). From Ref [49]

E 7. BREARRESRFRRTSSIRER(L)EHRRE: £ GCC EK LRIEREHI &R PY
Bi:YIG MELEM. (B L)ET SSE #Y STE MEARHME B RERBEERLIRER, SERNKE
RRIEEE. (B T)ARBLTRER 3K, HREBEEMNRERH N HMEEKBXR. 5|8HEK(49]

ERTRATYE . B = RS LR g, T DRAS AE M S E RN, IR E TR
JEREERI S, TSRS 1A 34 e R

MRS T T STE ¥JZ BIFRHEBIXT BifYIG HEJE R ROk, i d R i Z 8 NOORKE In i
JR LT ASSENHT ) e I, A RE WA IR B R IR R VE R, Wl 7 AT B, 5ish, BRfE
GGG ik - fig ik sl B ie Seebeck # L FEHAN, MATIESEHEL T E o B A RINPIERT, FFRE TR
GFEE R, e REL T XA IR IR R AIE N, ARSI N .

JE A B 2 AR I GRIX Al B e Seebeck #R AN H AR, LR Ak 2 2k ASE 55 B iR £
SR = R S IR S iR S RE AN

5.2. EME Seebeck BERUBEE 5L

Gerrit E. W. Bauer 55 A\ S i/t B 58 1 F Jie Seebeck 4N & i 5 K L Ly 2 H il L, AT AE 3 17 1278
SRR RER AL N REMIRCR A3, IR R IE RS Y 1 B e Seebeck fIEfE 21k 3([50]. fE5+
T B i L/ T AR < e O R 2R AF T, 73 B B e Seebeck IS fEL AN T A < Jas T )
TARASAL s AR IR IR Fedia [15], T DAt T BBk G AR [ < e XU Z 2341 (1 B e Seebeck fLfEZY
79 107 B, BEARZILL YT R A L B (ZT~1) /MR 2, (825 IR BIAR AL A AR SR T T NI EZ 2
A BRI A A .

6. RESRE

1 JiE Seebeck RUNIAE Y — R AU E e HL 7 2A BB, G TSl 205, Sl B iefia S5 A 2 R
BT AR B R AR E e e, s s ERROE TR AEARIEA T, FIRGERER T B e TR
SRR 2 B BB, DRI 52 BRI R ORTE . B4R B 20084 2 4 fE Bk 6 i 7 & i B K
Bl (HAEREJLERR RO SIS R 2 HE R, 050 1, AR, SRuAagik,
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hr- Ak, ARHLY SRS — RIVE RIS 70 FBE Seebeck ZUMIFIMLM, JFIE 7 HBEREN, HH
JEE 7R L IS A A AL bR 2 8], BEANINBESS UL AR G T SR L AR 22, W AT = SR RE SEBe: iF ST AR
KT AR R, Jiang Xiao 55 A LA E HEARIH RSN FRAFRE F Jie Seebeck RN A ML,
H.Adachi 55 NS 1 HH S A2 PR S RS o SRl A RESR 7 IR 8 AN 7S 2 B U 70 70 I R 2% 2 s
TIREI TR E R T BRI 45 7 S T KB (K B RSN SR IE T A SRR D R A iR T
FESRPER 5T, AT 2 g & 7 By S @ NP s RSV LK B e Seebeck v HLL LR AF,
LR R () — R B AR IR, UK B i€ Seebeck &3 1FIXR KR N I BLE 1 kAt .

SRT, LBV 2 BS  SLI6 R LA AT A SR IR S e AN B IR N RO BRIR BT L. HLAn BRI B KRR AR
FENLER, FHim ke A iR T S AR B T B T IR ZARE S5 T, 9K R B ) B iR
H, W5 IR T B e Seebeck 15 5 5 5% Al U FHIR NSRS o BLAN, HRTHY E E Seebeck R g3k
AR BRI R F(ZT 3/ T1), BOHEAE KA RE R b B o AN i T B ML 1 B e e e 5
RIS I, R R s R E e Seebeck R HIFE 25 1F A &% 524t 1 BRG], b dni@id 52
SR R AR T, <6z s (40 B AR S AL P ST A 2 SO B 159 R 5 ) e TR R DR AR e s B AR )
PRI o

B oW

AT 5T45 2 [ X 863 Til H (2013AA050901) 7% B .
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