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Collaborated Magnetic Effects by Spin and Orbital Angular Momentum:
Spin-Orbit Torque and Orbit Torque
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For spintronic devices which describe information by spin and magnetization orientation, finding a highly efficient electrical spin-
manipulation mechanism is a critical issue. Novel magnetic effects caused by the spin-orbit coupling has been regarded as an attractive
issue and studied actively during this decade since it is considered to support efficient electrical spin-manipulation. In particular, the
spin-orbit torque and the orbital torque, which commonly arise by the charge current injection, open a way to decrease both the
operation energy and the switching time (< 1 ns). Moreover, the study on these torques shares interests with condensed matter physics
outside spintronics and chemistry in terms of novel phenomena and materials, thus encourages multidisciplinary studies as a
consequence.
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Fig. 2. (Color online) Magnetization switching by the SOT in a
magnetic structure.
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L. AEHEE ALY EYUSEE
2ANZES Yodle @2 FA HA AlRoxe] 2~ &
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Fig. 3. (Color online) Schematic images for (a) ordinary Hall effect,
(b) anomalous Hall effect, (c) spin Hall effect, where M and H are the
magnetization and the external magnetic field, respectively.
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Fig. 4. (Color online) Spin textures at (a), (b) a spin Rashba interface,
and (c), (d) a surface of a topological insulator. Spin textures under
(a), (c) zero current, and (b), (d) non-zero current (e- indicates the
injection of electrons).
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Fig. 5. (Color online) (a) A scheme of the ST-FMR measurement. Jc,
Js, and M are the charge current, the spin current, the magnetization,
respectively [99]. (b) A scheme of the harmonic measurement. (c)
SOT dependence on the Ta thickness [27].
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(a)

(b)

Fig. 6. (Color online) (a) A scheme of the spin pumping and the
inverse spin Rashba Edelstein effect. Jc, Js, and M are the charge
current, the spin current, the magnetization, respectively [99]. (b) Spin
transport nearby a spin conversion interface [69].

Rashba-Edelstein effect)@ 2+ H|, Rojas-Sanchez 5-°]
H53E o] vk BiAgelA] o 23 epabeldrERR]
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3t = H=Ze Hel YAE WA FHeE 2~ W
3ol B85 WA F oA & FES Ik A,
Mellnik 52 20144, 1 A AR F5-S 9 BiSe 9
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o 93l dofuk= A9l HIsIA 10~1008] o) HAA B2
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s, AW-FE7) GUR] Aol Holdo] 2ol
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Z SO/} ASHA €}, w2 AdFANARE 2ARE
FUZIFA Aol A% 2¥o] SAHTE 2dstE= A
B} ohA] AlollA B o] 2PdF0 R HEob ke s Al
SalA, ZAFM HeARE HEE7|= oA "o o]
o} o] AHox dojub= 2= Wk A FRoA] Yo
e B 29 58wl 9 2414 s 9
Highs & Kol 797 ok o]ddh d2 A £
Holl 8kE] %] 9451 Bi,05/Cu AWy} 22 23 2} Al
ANE HE]7] wfFel] EAAET 2 22k AsA Y
o doju= AFORE olEEe Frhal AT
[69,70].

23 Wl oJaf siEEe F 7] @4, A IAS A}
T4 o5 thell AEsNEA}L FAHAR 23 WS oAz}
Al WAEA] et A28 A IATS doTled], 28FE
BYAE HAUZ wek 28 F AP (spin Hall
magnetoresistance, SMR)[77,7813} ¥ od{FEIR] 2}7] A
S}(spin Edelstein magnetoresistance, spin EdMR)[69,79]
o7 vdo) 7 89 25 29 wgk A58 AHFoE
E AT ZONA dojul= Fdoltt. o] Fxo) HeFE
Il 2 wSlol] ofsf) 2Ry WAl AMdFoR IF
SHl "ck(Fig. 7(a)). ©] Wl AIFY Ao} 2~Fo 2~
Wao] M FRolet 28 EA(Mx(Mx )& 2717
FHA o A7}t Ho, 2ARE AGslal U AEdA= &
A ARE 2PdFel ALspar g3l Fdt. o] v
7o) AEAEL 20 BRE A3l Algspax] 2= W
gro] WsHA ==, o] e ol& MA} wAlEY] of
2 O o Akl Zldshs Hatolss & = WA
ot = FU3 HepdFe] dEUF 2AFY FEE 5
AREAH™ 233 22 a3 dojuh ATxe] AR
2og A "ot vl 2pdFe] A5k} 2uFe] 23
Wako] M2 Y RPgejolehd 23 B 0] Hojwy &
AFE Adske Az AT F75A F8kaL oA
Ashfe] Fel2 defje] A2E 524 Aok S U A
SR HA] @al adE e giEeR 22 A
s YERAl FTH0,81]. olm) ZHHHSke] §&o] F45F
o] & Tt A¥Afel= AR Wi, d=dt A SHe
2 2AWgke] 8835 SAskes do] duiA Eok ¢ Yo}
74 o Y x3 AS T AR R 00 uR
AFe™E THHE, ol & At At s=2= W

[e]

o R AUS ASH 202 WEshe AsE e = 3l
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(a)

Large resistance

'\// TSpm current
|
sin il el Ll

Charge current

(b)

High resistance

Up-down DW

2903 A= 5 AV AT B A B2 - A

AN
2

Small resistance

FM
Spin current

Fm
O

—_—
Charge current

Low resistance

Down-up DW

Fig. 7. (Color online) (a) A scheme of the spin Hall magnetoresistance. FM, and M are the ferromagnet and the magnetization, respectively. (b) A
scheme of the unidirectional spin Hall magnetoresistance [82]. (¢) Formation of Neel domain-wall and domain-wall motion by the SOT [85].

ChFig. 7(b))[82]. W HFE SHFHE AL, FAF o=
ARl F5ot H]—HI’_ ATk AR 2o}, g A)
2ol WEAFE Qi FukE g ATE9] AgHlEko)
el A, ek Aele) A} gl WEERE 9]
s o] 2Rl 23 Wk el A= AE] ok
W, 1R A7) FYoll vt Adute] Ajsle) ~iRFe] &~
A W3k Wie T 05 7Y HelT vEE) AlelE
ZE3HA "ot A HAFHN-AHA 1A (Current in-plane
giant magnetoresistance, CIP-GMR) AlZol|A ~HHISHF
o] 29 Wkt zAsPdE7L ot wgsiolute] wet A
59| Ago| v Aéprt HuH v ok o]e} fAlsHAl
Apgete] Ajslel ~mFo] 2y wieko] PYmgss vt
A S 1 ABE AEE Fol AR ARE AR 2
Zyog A} ey AUt 3 e ek s Ay
S S, RS AT} A Fo|EE AR F
5 200 ARSI AFEA o ol

unidirectional

magnetoreswtance(UMR)O]F/}" HEt) o] ] XE AR
2yWgto] a8AY 75 I HEE, UMR % 23 g
4 A& BEgth UMRe] APdete] zpstel [ 23

Wake] g7} W) s ARl we} o]sgﬂuw g
olui= WA A7 o] AEte] gl Auudaw et
T A5 T R AVAS SUE SAEY Y &

& WBgRo] =A| Q7S] Heks S UMRY b

A2 FIF 209] Xd%mﬂ} ASEA FoH83].

SOTE 4] A3kd Adete] A7 oS Yo7 =
UTHR4-87]. THFF o] W A7He] Fx= RIEA] d A
(Néel domain-wall)o]oiof sl=d], 25 A7H] 72
(Bloch domain-wall) A8 UlFollxe] Ashlake] 2w&Fe]
2k} g 52 whgsjo] H 7| wjFo] A~ EI
(ﬁx (m YL 00] ol A 958 dod = girk.
JbAe] d 2Ee] 739 A UiRe] Xspigke AR
Z3ngko] F2lo] FHojx 23 Ev) 7P a8F0=

E

12
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ol = Jth(Fig. 7(c)). HE 7 A3} @ At
T AEe] Zol7h o ZobA olUAFHeR fEjg EES
Ao dubdolg} o AXTE IR Apdut AR S
sHte] W, P & AR w55 AlETF SAlshH F=AI-
7)-E2]oF A3 2-8(Dzyaloshiskii-Moriya interaction, DMI)
of afix & Aol quAFoR ¢ FEsiAl Hrh
DMIell oJgk At o] Wshe Aol Sle tololi=
(nitrogen-vacancy center in diamond)E ©]-83F VYT =
Aoz AFH R HAFEATHSS]. Wb DMIL TS| 7
Al g ZprEo] FAE ARolAE SOTel o8k A olF
o] 7FsaHAl HtHg9l. o] JA FFHoR AFEo}e Py
CoFe, W/CoFeBZ} -2 &= BT o]9} e 2& W
k= &= SOTell 9%k A olso] 7ksdk FEoltt
o] w] x}rele] o)FHigke: DMIC] H5o) o8 BAAEHE 9
A U]z wWEF, 18]a SoTe] Fool wet 2%
ot w57 TR ER dEjFogs EE wet A
9] ol sEke AR W} Aol S o= &% Tk &
Al "ok, Fefdlle A FREe] Z2AARFHFTE dodle
STTOl| 71918k= Ae® AAARET, o] ¢l A7ule vt
EA] 27} o] F WEko g Fejof gt 1ARE FRR}ske]
AFo] W5 WO S0l Wit A of) 1§
SN LRI, ol A7 olFe] sl ol
[90-92]. AH2 Fefell 2] A5hE Fst] A8l Pt 9]
APgeRE BE FEoA A ol s WSS A5 B
B, o] 7xE DMI® SOT7F 5% 74 soTdl| 2J3h =}
T8 ool dojupr] F& AUt ¢]9h o] SOTe
gk A7} QS A ol dFFS A, LWl 7
ANE F= dl Ef°] HAoh

o

V. =R} AE E3

SHES} 2 EEd] o8] 2sk= SOT7} Hud o3 A3
e WAUZEe R dojul= SOTF 2d ZHo] it} o2
S, AAA el ks AHES o83 SOT[93], &2
AellA 54 2~ wet I 5o 5 @S o]
83+ SOT[94-967F A=}, 18ATE & o A &
3 W7hEe] ks AR} A% B9 AIRtlA HIE
FHAH97]. A= ETE 94 SoTehR= g Alxe] 3891
A=F7E A A\l os) Wk, Al FeEr o
oy} A= AAdEe] SOC wiEel| Alxe] AR}
7o) FHE Hed = Qo). A= 2~ gy §
A W3 Ao Me A= & a3 (orbital Hall effect,
OHE, Fig. 8(a)), AMAERANE Ax eAul Ad4rER]
& (orbital Rashba Edelstein effect, #I= REE, Fig. 8(b))
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(a) l
Orbital moments
| Electron

(b) 4
ky ek, T
. .~~~AI";L‘ - h
\ Lk
0 "

Fig. 8. (Color online) Schematic images of (a) orbital Hall effect, and
(b) orbital Rashba-Edelstein effect [99].

o oJslix] dofdt}. SH|Z AMIS OHESH A= REE &
T SO} glol= F43] 2 A= W dozit= Aot
ol T2 A= REES Telx=, & & 23 Al &
ol tigh Fazollx AFE ule} o] AHAEHNA SIA7E
slowd 48 soC7} glelehe Awe] o] Tl ol
o3 AA=o] Az H=Zr| o] FAdEnt. SoC7t ATk
23E Azel] S AEEARE, SOC7E 001 23e
AEEA R A=nt A2E v o] @] A= 2
Alul gdo|n, o] W oA AFE FHMNTH 54
T ke Axpt AIIAA AsR{rE B €t o)y
Sk AFEE2= Cu AslE THo] tiaEdoz &H3ITH98). ©]
o Cu 2Bk WS vHEolF7] flEIME Cu 9ol A=
AESE BAHCWALO;, Cu/Si0,)[99-101], CuZ A} 4k3}
A71= el ATh102,103]. Hxle] - AkelE Aol w
2} Cu B W9 A3} EAo] geixA Alx E=7F FA
deix= Aol RaEQlui{100]. ¥4, o & Ald Ao
Aol 23 Gl A9 Fatoxe AlelA 23] sty
7] A, ARNA WA Q7] Aol wet whx] 2AL
A ZdRPdo] AARAA] ehe o] Hole @i sl Ax-
A=), A=Y FFoA% olet Ak o] YRt Cu/
ALOS B3 2] fxoMe AshdfFolr] A=fze] W
gl el e e As Ede tids] A JeR R )
TRoA ARz e] WMEke gids] JA LRt 99).
OHE®] 224 ol w7iE-S de] WolsoA|ar 3l
ok Go Tl oJatd p ME=E A Adgt By, SE]



7F &9 olGA E97F ME HE T AE s Rl
AFE FUsH A W= 7o) Al 0] dojubA A=

5] ZIigre] o7k oAl Er{104]. o] W I5HE]

kel g=aiA A= %’%%@4 Zlhigke]l A= w7} =7] o)
o SHES} vlS=3t e Az A7t Z28AA Fch

23 At ghlg} ARl SOC7t 53] & Azl =
20| Axe] WRks wErby] e, OHEd ©JsiA] SHE
7} vhgsk 4= Qluh105]. WEFA Cr, Ti, Ru, Nbd} 28 4F
HoZ AxpAST} 22 SZMNE olfEH106-110], W, Ta
I 22 AFIME OHECl o3t &35 #58 + o
[107,111]. B2 ABolM= AldoX ] <&ALA AhkAl o] 7}
A =5t BFe Holx| 7] wiiEd], Al=RFolA dstdi
2 HiEe e A5 Haxa Jqo112,113]. OHES
gt OTe] WS HA AxpHEIE 2R EddA S|
@A & 2HHEo] ASE AY Aol tigt WS AlF
gtk 53] e A9, FAL YIG AMIAEE 7H YIG/
Cr FZoA 2 2ynigho] A5H Zo| lti{114]. FAlel
© Ax wigolgks o] A AR 7] Wl ot
o] YARPHSI} Ze = SOC7) 2R Agoxe] & a3
HEo] EE)2 WAYUSS fHEA ZRARE, 2ol oA
= o] <2yRgbo] HAE= Ao ofgt dXto] oz} A
= HSk] o3k A7 7hsAde] AEHIL Ut

A= B0 75 A% Heto] socst dHgle] AM3A| vt
ZZollA dojupA] 2PIAZ AlEF7E S8 B0 AT, AHIA
A= socel ol Ak Ar7E 2~ FHE AIErhe
Aellx -3 SoC7t T8 HFig. 9). webA Al EaE
W2 one] SoTel 7= A= ok 2N 2
o] £ E0l= ETj#o] 2~AFOILE %4] Frolupel what
el ks EF9] ¢Elle AR t2n) Al wglol] ofsix &
Ashs A=FY] A=s (L) =)+ ip,) ok 2ol B9 1
o] E40= Yehdtt oleigh Alx | £ H]
APIAAIA AR T Emmo] NPT A% A=
MAA 7] k. oAl Zehd, Aol e et EFF
(intermixing) 502 Ao H/\UO] BolAH Ax E=7}
A FoR= el dold 4 olof we}

NM|(FM

CcC

orbital current M\'}

N

\SOC
Fig. 9. (Color online) A scheme of the orbital torque.

2903 Az g€F: 29 AL Ea9 Ar B - 1UEA
FM/Cw/ALO;(FM: Z3AM3A) H&57Z04 FMS CoFel 2
SE=LF NiZ sp=uol] w2} 108 o) Bt geile @4
o] F=EJET], CoFe/Cu AP E3to] HA dojur &
ET7} AL, Ni/Cu AHS E8o] Bo] dojur] E
=7} 0ol 7PEAl "ok, B3, Al 230 vlg) oA}
Ao dHA A, 53] APgAelA 23] ols A=t
1 nm WelQl Aoz d#A e A vlsl] A=Y oA

=108 o) 7 RAeZ AR o] wiRd] ~HEZY
2= APAFANA] &3] AMEEE AP FAGGAE(1~10
nm) A3 FA| ojES A EFe] & WPl A5
T SIH115]. F A=F7E AP FYEE As ZYRUt
FAEHEA, 7 FAE & v ZSke] 2o g HdgEe] B
A7} Ak b, ARk FAVE A= o5 AR R Al
HH A= BEIE A AR el A= BEIF AP
S frk. AR 44 Asks Ada) Sla) SdEt |
nm W9 AM3F-E 7H A3FETE Bol ARESIET, Y
T gk AdE TRoMe 2 A B} #=HA] HEeith
[116,117].

Iv. 28 § MY

SOTZ T-53h= MTIS] 7| 7= olgjol] 29 W )
B2 Fa 1 A3e] MTIE 29 dei7F FtkFig. 10).
o] W 4 29 W AR WFE T FSH MTI A
=2 ABLE AofsA ") STTZ 53k 9] MTJ
o] 7 HiEA] AAAe] BTl AF7F 524 He A
= gIRA0F SOTE FE3R= MTIY Aol 3432
T ARTE 327) uliEe] AR YR SHME FEE ¥
ofle}l el WAL o S<rsich ¥k oplel FeEe
MTRE 2AH5d #2230 A8} wgko] H migsio]”] wiiE
o STV} A3 fleiMe A2e] A8t €2 axo
o3l oFt 71l A A (tilting) $HHSE B3 52 WES) A

o] "Hlojuyol s}, o] wj AQE= AIRES Aol A
Reference
layer t
Tunpel SOT
barrier /Y
Free E E/?
Charge layer =~ ,
current Spin

Fig. 10. (Color online) A schematic image of an MTJ operated by the
SOT.
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r\l

tolglar R Ax=27]d wet 25k Aok | sk
71 Ao A ). whHe] SOTZ 1LE3l= 47
218} MTIS] 7ol 23079 W3k A8t M= 422]0]
7] wiioll 1 ns ©J5ke] =z A3} whdo] o118,
119]. ©]¢} 2 953 EAox EF3lal SOT/F STT=
8] diAlsHA Fake e 2 7HA o7t ok SOT=
:[L%fﬂ-% 2 23 MTI9] 75, ZA-E22 (deterministic)
40?171 M= °E7H HY 2P 1EE et
xqo] x}pjr 191—;‘{10]3]- u]-Ok Oh,]
?j FE7E dsEohd, 29 ARE FHIdS
FEA 1 2 o dEE AsEe FEHE, JAF 58
23 e 2789 wjo A3l s o
ZAett |y Z}ﬂ °l [ == AL I A2
=o] HH, o|& s dstr] S8l FF
o}ﬂur[uo] 23 HEE S0 Ajdo
T Hulolz FRolAM e th s e W
Hol Zﬂ‘*ﬂ ok e A i8S 7 Rk HE
2 SN 72 W] 2a{TE et T 2
DAE7|= S 122]. 22ARE 99} 2 FHE
22} 2ol A-8x]7] offrhs Aol EAHOE AHH
Atk 1 B oy}, SOTZ 53h= MTI= 379 A=
sk, ol wet Aeell) shte] =717 AXHE=
AAE QEt A2 =] 231 ).
e oAM= SUEZY | QlojA] E wolit AlFTE
WollAe] mixe], Aguxlze] 3-8 Met opg} X3 At
[123-126], B3 94H127-129] 5 H] & wolut AFEO
2] 8% AEHI JJt}. old gk ti3o=, Tl &
o] Axe] 28} WS F3lA H] E ot HFEOZ)
85 HAES £ IATH130,131], AxR-E[132], AT
2 o5 [133], AFHolE[134,135] 5 RS HE X¥S F
sk 3-89 2% &9 Utk @A 7t 7KL e &7
Ao} $HL STT, SOT, VCMA 5°] oH o] o]8-3t]
oy FEE AJRE FdskL AoE = Stk 53], SoTe}
o1 ATE AR ~FEZY~9 7= A AFE E
oA, gxul AW, o A ¥, ¥ g2 @ gl
T, AR, 710E BAH136], TRAI137] So2 1 %
o] HolA sith & A &3] o] He WAYSle
217 Axo] Foakgo] Fagh s @ittt wEhA
AZE 2= ] S e 71221 E8EE g Al
T TR AEE B3 2~ Ao} e uEsle}l A=
A el sk o3 B Aol FAldl o]Foixo} gt
oj9} £ ojZE A= A SOT-MTI7} ekl Y= FA8E
T ofe} HE A= A4 Ak Aljke=E ARs|AQl Y
zo|9] thgell T = US Bole} 7Igi)

-

EE Zo]:}

o]

om

Mg o k1o

(i

~291 -
#Ale| 2

B 9= JSPS KAKENHI(JP23K04574)8] FA1S who}
o]Fz AYYct.
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