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A EA B BE-HUE R A SO B H e T R 55 T AR T BT R O ) 2 B B R, Y I AR 4
PR M 2 I, 2 LR A A FBE-POE AR AP RE S e SO RS R N T R R MR BE Y A R
FA R T — AR A e R O S MR R T REA RN, RS A 2R SRS
F RSB . BEAE 50 AR A A 2 BO TR Ji e i 19 S I 4 . LA o A BE-LE AR G L B R mT A A AT A e
TEAE SR T IR AT, BRI S R T AT 2 6. AL s T4k 5 gkl R H R 45+ o A jie-5L
T RE R SE A o By B Rk R, RS T T ARRE M 4B B R (U0 MoS,, WSey, WSy, WTe,, TaTey, MoTe,,
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1 5 =

Bt T8 RE RN A6 D0 ) e I, 5 i
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B AR IR I AR RN RS (mag-
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AR, R SOT 3K gl il H0 e  AH DG A9
B2 R =2 3 HFR N AT R BIR 245
Oy ), GG WL WERE S B | TS iz Bl . A iER
A . ROBRRERLEIRAE . A e EIE S A Sk
g 3R 5 2541 HA, A OGS T 4R SOT
AR EZE D T EAE, W Pt, Ta, W 5. @
T RFHEL, R IH PRI S SOT 274 r94 77
TAI AP BB SR AH DGR I B 28 H R, 32 2RI 4 2%
& (4N BiySey 45) £ SOT Jy MR ST HE R IF 52, F
THEpPRHT) SOT &t B s [ 17 AT
T 1892 6 A SRR SR R TR AR
ZIRAL, WMAPEFE | BA 2R SRS A
XPRRME L e v M i i SR BC TR 1l e o o ) S BT 45
HAR [ BE-PUERS . B SR AT A, b H e+
SRR T AR Y BRI 20T N, —
H ok P & R R LY (transition-metal dichalco-
genides, TMDs) #1#} WTe, HA KX FRM: 25+ F1
SRV SOC, i T RERE /" AR AL GE Y F Jie MR [ i 180 I
) A Bt A, 8 w] DL A e B i A H e
i, S AR ARG SR SOT, Bt B AT LITETS
HNEE R I 2T R B e B PSRt
R ZHEM kLR B Th i) SOT . H Uit 5K 2 i
i MO OG B e oA AR S X

ARICH e DG T ARGV 2R AR 5 o 2
SO A8 57 (1) Bt S S itk Joe s SR TG 48 1 gk
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EWEICE (IS, Se, Te %), XRM B FEM S

TR SRR (2H-MoS,, 2H-WSe,, WS,) Fil (3£)
SJRYEMEL (WTe,, 1T-TaTe,, 1T-MoTe,, NbSe,,
PtTe, F TaS, 55 )P0 FLIH 5C T JE #% 4 TMD
PR SOT Ry FE 8P F TMD/FM iR 5 i 25
Pl A SOT FRAE, Hrd ) TMD #kH 2 ik
BE T S5 RO FR ARG i 12 AL, 2 MoS,,
WSe,, WS, 4. DR F 2R TMD #okHE i
ML R 2 51k 22 ARV (chemical vapor depo-
sition, CVD); Bk A4l v] LA 1o i 4 I 5 ol 1
WA R AT AR i R A SOT /53
5 A5OR A F RT DL AL H E G AR 3R (ST-
FMR) ., ISR G R AR RAE. Bifs, A
IR PCE AR R B 2R (F) & @ %R TMD
KL, #1140 WTe,, TaTe,, MoTe,, WTe,, NbSe,,
PtTe, 5. FEAFTEIX LM R R, AT e
THE ZE R X PRI BT SOT (B Bk, I AT
— ol 55 X BB SRR G 1) TET A B T 2EBH 2 SOT.
bR T EER I RIS, NTEFA (F) &8 %
PE TMD #R Y38 SOC Al Sk, S28 T
T = SR B G BN . IEAh, AATTRAE T & KT AR
TIRHE AR £ 7 Ty S T 2Rk, & 1
W H AT E S A AR TMD WA SR S5+
il £ 777 . TMD/FM 5t 25 SOT M RAE 7k
DA R SRR AREI Y TMD MRS A e /R S Horp
os,oa SR E ST N ZEFLJE SOT. 253 SOT
K ATERE /RS o, or A HIMCER STHAMEHE
SOT. WM SOT #HX /Y A e g /K L 5. SHH
R I R & %, ST-FMR {3 A Jie
R ARIN v, 5 BRI R R 2 L S
& )& SOT #HRAH t (FLRBHJE SOT &% i 7F
0.1—0.3 i), JEmEM: TMD MR URR TR
) SOT #%, il JRBLH T —Se e A 34, =
AFBIZERHE SOT . B TR SEReE, A 5K e
HL a5 AV 2R R T BE. T SCRHEF XA R A
B SOT WIBIEFE I BARI A4

2.1 ZHFSER

2H-MoS, J&—Fh 4k b kL, B A 9%
REBR RN S AR AL R AR M A5 22 0. EHA S M
K& G5, B> Mo 15 6 N4k S IR F45 4,
J& T P6/mme 25 [ BE. L2 MoS, 5 FM = fil
BF, B TSmO PR AR, R RE RS R AR 2R
FHJE SOT (mpr) 1237 SOT (e ) PIFPELN. Zhang
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F 1 CHEMSEHEE TAED TMD MR RIREH | 64777 . TMD/FM

FEBEE P SOT MRAE T ¥ LUK A ek /R

Table 1. Crystal structure, preparation method, method for SOT measurement of the TMD/FM heterostructure, and spin
Hall conductance of TMD materials in the previous studies.

TMDFEE 2 [AIRE il #7712 FAETT ABER /KA /[10°(R/2¢) (m)] SCHR
MoS, P6/mmc CVD SHH oxa= 2.9 [60]
WSe, P6/mmce CVD SHH oA = 5.5 [60]
WS, P6/mme CVD SHH oa,0s observed [61]
WTe,  Pmn2, Exfoliation ST-FMR/SHH oAa=9+3,05=8+2 op=36+08 (58]
WTe, Pmn2, Exfoliation ST-FMR/SHH oA,0s, op observed [62]
TaTe, c2/m Exfoliation ST-FMR/SHH oA, 05, o observed [64]
MoTe, P2,/m Exfoliation ST-FMR os = 4.4—8.0, op = 0.04—1.6, or = 0.026—1.0 [65]
NbSe,  P63/mmc Exfoliation ST-FMR oa = 0—40, o5 =0—13, o7 = —2—3.5 [66]
PtTe, CVD ST-FMR og = 0.20—1.6 x 102 [68]
TaS, — Ton-beam sputtering ~ ST-FMR/SHH og = 14.9 x 102 [69]

4 159 f B b ST-FMR 3 RBF5E T MoS,/Nig,
Fey(Py) S HHY SOT. Hirh MoS, J&:i#iid CVD
Jrik A )2 = AR kL. Q& 1(a) FEL 1(b)
s, HXTFRIGME (52802 SOT M) 2ROk
WA (52537 SOT M%) 1 4 %, FHAZFHE SOT
TR SOT K18%2. 1T Rashba-Edelstein
RUVFE T A BEAR I T BE A TR K BTk, 1X TAE
WA E1L SOT B3 EE. Shao 25 00 E— P 1 —
UM R R T 2 S BF9E T MoSy(WSe,) /CoFeB
SR L L PR AR SOT. Hidr, MoS, & CVD
T AR R R AR . dnl&] 1(c) fos. D4t
FRE ) U A IR HLBH R (o) Y B0 5 67 F 4K
FPE AN 1(d) s, 3l 2 BT RS I R K FL B
XE LA (@) MRMPE AN [R], AT DA B 45 31 2 Bl
JE SOT FiZds SOT HAR/IN. SLIRZE KM, MoS,,
WSe, 237 SOT Xf 1 (1% A i HL 543 51k 2.9 x
10%%/(2¢) (2m)L, 5.5 x 10%%/(2¢) (Q-m)L; Z5FH
Je SOT 7 52 55 3 152 25 ¥ il 9 S % . Shao 45 60
I, LB RZEY SOT FEIH P T A1
Rashba-Edelstein 0. 2471, KZEZEH) SOT #4F
K AN B RSB SOT B 3 A AE B 1Y)
FRE L], LR KW 2SR SOT S A1
B B AR TERN CVD A KA H)Z MoS,
Fl WSe, F] HETCIE 7 A2 AT 75 BB R I 25 fH
Je SOT, H# K2 SOT WA B ATES T
FIH TMD #PRH 2 SOT Hf5.0, Itk 7
ZHRHIF A TR TMD #HRHR SOT BYAISEHTST.

Lv 45 610 R ] ST-FMR i RBF5E T 1L-WS,/
Py(10 nm) 45 19 SOT (Bl 1(e)). &
WS, Al Py 5l CVD J5 ik A FRzE A

Dyl eg. ScHWEEs) 1725 )E SOT #1263 SOT,
HE T2 S P A 5 8 U3 T BT Rashba-Edelstein
BN . XA SEE PR R TR L2 TMD #4%H6E
i r=A SOT. HHEZLAYE, Lv 55 61 i uF B nT
L4 TMD #4KF ™= A2 59 SOT (B 1(f)). 4t
Hn A M -60 V 3] 60 V, 7eL/mou AN 0.05 1 K 5]
0.22. AN Ky, M AT 8 A R TT RE VR T 20 T
2 B AR S B WS, /Py FL IR A AR k. X
F YRR UL, FEHLEXT T HAT 2 SRR 9
JZHERR, MR R MR R e R S A JE AR
M —A~ LR, A AR 40 B A R s
Jop v A AR A

2.2 i (F) &BMH#

Bk TSk TMD #ekZ 48, (3F) & )8 TMD
MR 2 MBI AT . WFFT X bbb 32 L8R 5
T EMTEA S SR A E-HUERS R4
XERRVESE. AME SRR (3F) 4 )8 TMD 41k
& WTe,, JET Pmn2, 25 [a]#f. [7] MoS, ¥ I, &
HA EARA ST FRYE, WL = EJEE 5 SOT AYXTFR
PEZR. MacNeill 45 59 ¢ ¥R ST-FMR, £ A M
55 T WTe,/Py R4 H 19 SOT, il 2(a) i
. BR TS 2E3 SOT FIZEFHJE SOT, 5256ih
W] THRE G A SOT (Kl 2(b)), HXF R
] 8 2 K L3 R (3.6 £ 0.8) x 10%h/(2e) (Q-m) ",
/N 2 6 i F, T WDy, AR o Bl ) £7 BE Y
BERTTIE/IS. 2SI A o FhAE T, BOVE b fl,
JEfE5E SOT 4, X F M TIEfL 4 SOT 5 Mk
FXTFR A G, A8 B 5E B s SOT X J&
FERIMRIS S R ARV, Bt TR A RO BT 5 1) &
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BESEIRI T, fRGEMARL 4L SOT AR T /% (F 2(c)), BHECRLIHELIN 2.96 x 10° A /em?. B
JEBOHRME, DERAFROEC DR 1 SR T A% AT A AR, TEIZE R, BUWEEE] T Dzyaloshinskii-
RO Y TR 207, Shi 25 02 £ WTe, /Py 554514 Moriya A EAEH, g it— 2D AH5E TPEmE 25 1 f2 43t
WS IE T AR R ARG R U K Sl - T P R T T RPREEEAL.
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Bl 1 MoS,/Py S EikHh ST-FMR 15 5 XK (a) FSXFFK (b) I IR BB AN w4 37 45 57 i 2 £ 0 9K 56 R (1 5 3 T MoS,/Py
S B4 19 ST-FMR #4065 WA K P (c) MX,/CoFeB 5 B4k 14 SOT Ml 4 26 /R 22 1815 (d) RIS 7 12 A — B/ K WL B
5 o IEEE R, SMNEE K 100 Oe (1 Oe = 10%/(4m) A/m)%; (e) WS,/Py XUZ 88 LI 45 R B &, Horp Vil 5 Si0, /v i 2
JEIN; (£) Vg XF Py Fl WS2/Py BUZ 1 4 L mpr /oL P8 45 524 Y

Fig. 1. Out-of-plane (OOP) angular (the applied field is described by the polar angle) dependence of symmetric (a) and antisymmet-
ric (b) components of the ST-FMR signal based on MoS,/Py heterostructure (the inset is photo image of ST-FMR device)P";
(c) measurement setup of SOT measurements for the MX,/CoFeB bilayer; (d) second-harmonic Hall resistance as a function of ¢
with an external magnetic field 100 Oe applied®); (e) schematic of the WS,/Py bilayer device geometry, where V, was applied
through the SiO, diclectric layer; () torque ratio 7¢L/7pr dependence of V, for Py and WS,/Py bilayer(!l.
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Current

Idc/mA

Kl 2 (a) WTey/Py 5 BUZ5HE S I 45 #75 Z2 8] (b) WTey /Py 4 1 X BRI S A K ST-FMR 155 5 1 P %3 A BE RIS OC 2R
Fr AT T o 59, (c) i MOKE Pl R 2 51 0 th Wi 3K 0 i 6 A% 2o 2 % () ) o 575 BE MofToe, I i 178 1 5 5 199
(e) MoTe, LRk 1T/ A Y A A 2544 1 20 )22 MoTe, W15 19 REH 4544 70); (f) PtTe,/Py ##F ST-FMR Il i SOT %K &or M A BERE R
HL TR o (B ARIBIYE; (g) PtTe,/Au/CoTb 459 il PtTe, HHL ™ /1 9 SOT B9/R 515 (h) 7ER [ BY T N 85 3%  , PtTe, i
WA SOT BK Bl HA T 15 0 45 1) 571 1) CoTb J2 e B % %)

Fig. 2. (a) Schematic of the bilayer WTe,/Py sample geometry; (b) symmetric and antisymmetric ST-FMR resonance components
for a WTe, (5.5 nm)/Py (6 nm) device as a function of in-plane magnetic-field angle, with current applied parallel to the a-axisP;
(c) switching process captured by MOKE images!6?; (d) spin conductivities as a function of the thickness of MoTe,, where og stands
for the conventional damping-like torque, o stands for the out-of-plane damping-like torque, and op stands for the out-of-plane
field-like torquel®; (e) crystal structure of the monoclinic 1T' phase of MoTe, and band structure of a MoTe, slab with 20 monolay-
ers™; (f) thickness dependence of &gy and spin Hall conductivity o, of PtTe,/Py measured by ST-FMR; (g) schematic layout for
PtTey/Au/CoThb stack and the SOT generated by the majority of current flowing in PtTey; (h) current-induced switching of the
CoTb layer by SOT from PtTe, under different in-plane field®].
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Fig. 3. Schematic view (a) and SOT-driven perpendicular magnetization switching (b) in the FGT/Pt bilayer devicel*; (c) current-

induced magnetization switching of FGT and effective switching current as a function of applied in-plane magnetic field®;

(d) schematic of FGT-based magnetic memory device and the current-induced substantial reduction of the coercive field and then

reduction of the write current’’; (e) schematic of a fabricated Hall bar device from a CGT/Ta heterostructure and phase diagram

of m, for applied combinations of I, and H, at 4 KP!; (f) atomic schematic view of FGT/WTe, bilayer structure and anomalous

Hall resistance of the FGT/WTe, Hall bar under a perpendicular magnetic field at 10 K with various current densities”?.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Research progress of spin-orbit torques based on
two-dimensional materials”
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Abstract

The spin-orbit torque generated by charge current in a strong spin-orbit coupling material provides a fast
and efficient way to manipulate the magnetic moment in adjacent magnetic layers, which is expected to be used
for developing low-power, high-performance spintronic devices. Two-dimensional materials have attracted great
attention, for example, they have abundant species, a variety of crystal structures and symmetries, good
adjustability of spin-orbit coupling strength and conductivity, and good ability to overcome the lattice
mismatch to form high-quality heterojunctions, thereby providing a unique platform for studying the spin-orbit
torques. This paper covers the latest research progress of spin-orbital torques in two-dimensional materials and
their heterostructures, including their generations, characteristics, and magnetization manipulations in the
heterostructures based on non-magnetic two-dimensional materials (such as MoS,, WSe,, WS,, WTe,, TaTe,,
MoTe,, NbSe,, PtTe,, TaS,, etc.) and magnetic two-dimensional materials (such as Fe;GeTe,, CryGe,Teg, etc.).
Finally, some problems remaining to be solved and challenges are pointed out, and the possible research

directions and potential applications of two-dimensional material spin-orbit torque are also proposed.

Keywords: two-dimensional materials, spin-orbit coupling, spin-orbit torque, current-driven magnetization

switching
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