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in Nonmagnet/Ferromagnet Bilayers
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Spin-orbit torque (SOT) is a spin torque based on spin-orbit coupling in a nonmagnet/ferromagnet heterostructure. In this structure,
transverse spin current that is generated by an in-plane charge current and exerts torque on the adjacent ferromagnetic layer. This is
intensively investigated because it can be used to switch the ferromagnet effectively in various spintronic devices. Here, we discuss
various experimental methods to evaluate the SOT in nonmagnet/ferromagnet bilayer structures.
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Fig. 1. (Color online) A schematic of particle flow in a ferromagnet/
nonmagnetic metal junction. The dashed line means a flow direction
of particle and the solid line means a spin direction of particle in spin
space. The purple (green) arrows represent the particle flow from

F(N) to N(F).

- 109 -

A9, 20 TR AAS 349 Hul AHEZ o]
s A o1 FYTE BEH] A% M Wt 7
Yo ofEHe A 2 I KW 9% WA
Wgo] Wastu, 339 PP vh$ BgshA Edshol
Sk, o] o] =lelrks Agkh WF(ine] W} oo S
2 T3 glone, BAHe sk AR AN HE
WM o set A 2 F7e MEH A

olg ol a1 A E)H HIAAN) AololA
WE] Wi = syoe] A 58S AwnAl ZAAF)
o HIAANCR B WS (1pderew Asje] H]
A NP BB A

JeiRm, A4 wxle] BEe
FollA] NoZ Eal(i)=lo] Sole= 7%}, NolA F= Fshs
Ao} AN WAK(FFo] e xixle] wlE Fow 2
 SATh(Fig. 1).

rr

j=FlA No=Z Fad Za}
— (NN F= kel AR}
-Nol 2 gksl= AxE vhalg Az} (1

AAe] E()e FHASRG = 11+ & - in)ek WRAS(G =
Ir+ & iy, TRIAL 2 BAS] 2MREGS(P = 11+
&3, Fr=if 4 G gNE o183 o] EESHA of
# AHE e = QrH17,18]. 71 13} & 27t
agE v2e] B AV 1)t win)e A &
2 gt ) ghe Hele] Rl 29e) S}
(W) AGE SelRict. 205k MO 22t uAA A
AP g} B gl ste] BEsiol o] #
ZHFE Jnigict

P SN SNy

= —rf Nl @

9] e 28 ARG, = 41721142)[17,19}3— ol g3 AelahA

slejel o] Ao} sEL Aol k. ole FHlA
s s 23 Aeke) AHE SR,

5= G+ GG =N+ (Gr - G =5 3)

Iy =Gy = G )+ Gy + G
—(Gy+ GE -V + £ = 5™
—2ReGy £ x5 ) = 21m Gy i x &)
ol2nE Sl HALAZRE HEEeA S8 2vo]
Ao} Witk o), el Helgt AmAEAL, § x i, in ¢
(5 x m)] WellX] Zsjel] 2JskA] 2R8ste] #ste] Wk vt



-110-  BIAG/EAE oloTolA &8 HE =5 ES ...

HIZMY A 05Tl 28 A -

B QYT §xm, i (3o ] 2BARe) East
2712 BAG 5 . o 2BAF WG 2PEANA
£ 298 (torque] WS Hr, SRR tew 2ol
71ed 4 Sl

Tso1 = 7,(3x 1) + Ty x (§x7n) (5)

3HH, Landau-Lifshitz-Gilbert(LLG) 3418 AHH =5 3jA},

oM _ > a= oM
a
= MxH+ LY
o T M
- )
= yZHxM-% 70; Mx (Hx M) (6)
1+ o (I +a)M,

7P QE% Fio] 3 WA g2 gitde= ZP]X}(H)OH 9
3l A71= MlxH(precession) dolc}h. I3 T WA 2 2]
32 7RIS o) s o= Ask(l vt JEs s 7
#(damping) Folt}. M, o} = 24 3E3} R[3}(Saturation
Magnetization), % Lﬁd””‘ 2 2}7]8) 78] (gyromagnetic ratio)
oltt. o7 A RE 23 §7 X3l (59 (60 Hl
S 2 Fo] v FARRS & F Sltk. o] wiiEel] 2

()t AP m ez F4E Wl A8 & field-like
SOT(]3} FL- SOT)a‘r Ha23, A3(5)F AP m)eE
A€ WHol| 7988 75 damping-like SOT(©]8} DL-SOT)2}

I RHE

IIL. H |I|.A-I I-I|J}=-I

AL
— e b

EF50M SsOoT ¥

= =
7S 4UH

L & 7| olgdE 7IXlE o5& TF=0IMel stzY

SOT &8
WA ) ol%% TR MANAA 2
ol A7 73 2RA=agel 8 RIA FEozRE A

AL qﬂ_lﬂuksk_g
[4-6]. V=" ~¥A

-‘ﬂ-‘?ﬂ (polarization) &’go] Lotk

Fe A Astel S A
Ha, o]9} 2e 5SS soTEk HE) sk Al
e SRRl W E(Hall) A3e] WslE SOTS A%
Ao grishs WPHelth R[] 14 hwe AR 2
22} BRYARE O ZRE] SOTY A7IE, A7 17F W3k
of w2} SOT FF(DL-SOT ¥ FL-SOT)E Yok <= 3l
ok slY WY A, & AR SHoE A &
o] 7HA= SOTE &olsiAl H71d 4 Slar, e 2AkE
o]g3le] the HollA A Askd 4 2 Aprlolgx
A HEE B3 SOT 348 55 FPT & Jo=Z SOTY
A2 Frel g o] 8Har UTH13,20-26]. = He| sk

9 ZPE FHATMS 7R AR A B4

S
3
my
=i
o
Ay
N
of\
Hl
o
ol
I

o

1S - e - A - upg

;r_ xp]x;g] 2719 gE A
785l o
=3I3TH20,21].

11, AR 1eINe] vy SOT 24

Fig. 29} 22 RIAMI/IAME 5459 ole5 T=olMe, A
330 ABK 2 RAZ VI e TR 2] Hejert.

= my(sind, cosg, , sind, sing, , cosd, )

H- H(sin8y,cos @y, sinfysing,,, cos b)) @]
A71X me= FES}A}S)(saturation magnetization)s 2]V g}
deje] A EE 017}0}041}§}(m ] FEEREACNA 6,
2 gl GBI v, w2 wFAF 3 SO/} wHso]

= FEA Pl 98l A9, Ap TF FESH Hot. o] w9
03 ¢ 8P ATIE O, +40) R 9=+ ApRt
AL FAH AG, Ape FAAOIIA B g,0] T3] AR

A|l=Eoll A thaa 2ol Aol T20].

AH cospy + AHysin¢H

AO=
Hy + HcosOy,
— AH sing,, + AH cos@
Ap=—"— P ®)
Hsin8y,

o] *—MW AH, 31 AH= %, j WEOE Agshe SO/}
ol REAVIE, Hes ol A 1RkE UrE}L“E}

q.—_g AEAFE 3 HW8Eo Z oIS u) Hoixj=
At V= ABPIEe] AHE 2 PHES] =7]dl| wle} %Jql
2ol EHAATH13,20,21].

Viy =V, cos6, + VPsinZHmsin(Z ?,) O

e
o
2
o
tlo
v
o

A7 v, 2 ype Z¥2E AHE, PHEY 9

Fig. 2. (Color online) Schematic for harmonic measurement. AC
current flows to x direction and V;, detects the Hall voltage. In plane
magnetic field is applied to x direction (¢ =0°) or to y direction
(1 =90°) depending on the torque characteristics.
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Fig. 3. (Color online) Examples of harmonic measurement at low magnetic field region applied to @y =0° (a, c) and @y =90° (b, d). (a, b)
correspond to 1st harmonic results and (c, d) reperesent 2nd harmonic results.
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