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Fig. 2. (a) Schematic diagram of molecular beam epitaxial growth cavity; (b) schematic diagram of film growth process.

2.2 ERGMEM R

2.1 717 F R T AR PR AR A
FE T Ofe [l 98— AERE AT RE ) W A U R R e
FTIRA. FE WA L b, BREEVE R A 2 th T AP
KA AR G AR (7). T H A B[R] 52 8 X
PERY A TR, AHAR FIEZ 18] A AH LA ] (S #e A
), AT T4 E BT 184 - HEA S NINRE
SHR R R ORI, S X A5 il L [ HE SRR 23 B
ZIE I B 2R B — W BRAE. SR, A Lk
FEN N NIE ZHJE RGP R KA P S &
PRI Ay AR 7 PR A T 52 3] i ZA ] 1951 PRk, —
DRGERERAEA FRE B N 2 AL, Bk T4
WS AR, fE— =R G, #EEAHAR S
SER BB N R4, SR —4EE LT, Hf
TR T = 0 K I, REEA W RESL K REREAT 7.
PRLIG , %) 37 A2 7 53X 9 b A i 17 0 1) B — 4 3R 58
R, G OLHE A A, FERX G LT, AT AR i B
AR W A AE AR IR TR DG RY HE S
FRA A 4R, 18 th R Y BES Bk e . s
Mermin-Wagner-Hohenberg & ¥, 7EALfTIRE T,
AL SRR A E4ERCN 3 (4% 1] [A] 1 Heisen-
berg BiR1) 1) 4k R R FERE 7 P2 WAt i2 it
H T I AFTE, & [A P Heisenberg £ 7Y
2 AR REAAT AR R . X AR — i)
[ NERIRIHE RS, BT T 4k RS gt r
FEMK &, ELF 2017 45, Bl 50 — bbbt b ik
BT ARTERE M, ITIHTRE 78R, BFFER M, #Hk
AR A% 1) St 2 ) AL SO R B P O RE IR, A
M A5 2 Tsing &k 1A A7 78 A AE 1 M A m]
AE 0. 3% Ising BIBISRE, XY n = 1, JEHREE TR

T 0 K 0, BPRha & AR AR R AR AR 321, 7RI
FEBLT , RGNS SRR ABER S 4T H T —
AN ET, AT T AR SR . R, e g
Rl P A AR I A 5 /0N PR R 3708 7 A T S8R ) A8 R R
S, FTFFERE A e I A ] B

2017 4F, & EM N K220 5a R 434 A 5K 1 2R
T 29 S R CrE /RBARIAN T CryGeyTeg (CGT)
TEEAE S B RETE, 18 3(a) FF7R g CGT MR T-45
4 T, 5 AT L R B T DT B A A, N 2 R e A
CGT 1= BLIR BE 2 B A4 5 B A s T B A1 i
KIS  JE BIREE (T,) 2920 68 K, 1M XAUZ M
1) T, AN 25N 30 K. CGT 1E N —Flz F HAH (1) —
4k Heisenberg £REIA, AFSE A TEfT A4 HE T8
B 1), B R . AR K S R DA
2 120] 38 e LR B ik i 48 T B2 Crly Ak, R
H e IR B ARUER] T H1)2 Crly 22 (Ising) £k
& (1 3(b)), HEHR Ay 45 K, H A e sy
mHEF. Crly Ak T ELREARAIR, T B B
T AR 25 5 1 o 3 5 Sk A5 B S AP AR R 2. LI,
Crly 5 T A BR G A B — D BB
2017 4, & HR2#A8 K& s b5 $)38 T A 4
TR AP EF AR 25 1 R 2 FGT 4k 1 v g
(1 3(c)), 38 J5A S o3t R FE AT S R UE L T
H Y 2 e KA R, 78K e B R 46 R 5%
B, etk FGT mYJm RN 216.4 K, H 7 #ifkih
WA ). 55 T ARG 25 ) S AR L, T R A5 )

5P (perpendicular magnetic anisotropy, PMA)

A USSR A TT SC R 300 T MTT LA e e
BEHLIF B R F 2

127301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 12 (2021) 127301

(8) —— —

»‘5»
o%w
e

“3 AY;VI;L’

© @000
0 @0 +00
QO >+00 -0

Kl 3 (a) CryGeyTeg HYJF T Z5F AL o), JHCHh €0 | 38 (AR € B BR 2 B 3R Cr, Ge Al Te JEET-. (b) BAJZ Crly B 5F 11 4 JEL 45
AR ], He v B 0, 42 4 3R 43 A28 Cr F0 LE-POL () FesGeTey 14 TH PRI /M IR TS5 F AL 1], Horh & (6 | 52 ta f S (i 2Rk 5y

HMCE Fe, Ge Al Te JiL 1 5

Fig. 3. (a) Atomic structure view of CryGe,Teg. The blue, yellow, and orange balls represent Cr, Ge, and Te atoms, respectivelyl?.

(b) In-plane atomic structure view of a single layer of Crl;. The gray and purple balls represent Cr and 1 atoms, respectively!®.

(¢) In-plane and out-of-plane atomic structure views of FesGeTe,. The yellow, purple and green balls represent Fe, Ge and Te

atoms, respectivelyl!,
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Fig. 4. (a), (b) Thickness-dependent Curie temperature of FGT films for critical analysisi®57; (c) relationship between the anomal-

ous Hall resistance of 30 nm thick FGT/O-FGT device and the perpendicular magnetic field under different temperatures, where

the negative remanence magnetization appears at 90 KI®; (d) relationship between the transverse voltage of the Nernst signal of

FGT film and the perpendicular magnetic field with temperature gradient of V7T, = 1.3 K-um~! and VT, = —1.1 K -pum~1,

re-

spectively™: (e) change of the magnetocrystalline anisotropy of Fe; ,GeTe, film and the magnetization with doping concentration!o?.
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Fig. 5. (a) RMCD signals under the top gate and back gate voltage at uoH = 0.78 T. Magnetic transition can be controlled by elec-

trostatic gate in double-layer Crl;%. (b) Gate voltage-electron doping density-magnetic field phase diagram in double layer Crly at

4 K. Magnetic transition can be controlled by electron doping in double-layer CrI;04.
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Fig. 6. (a) In-plane and out-of-plane hysteresis loops of a single layer of VSe, on HOPG at 300 K%

; (b) out-of-plane hysteresis

127301-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 127301

JZ S T L 8 R I IR, 3R] B B
PSSR, AR, N R A0 Kawakami
PRI ©7) TRREA ] MBE SR A KA (MnSe,)
WO, ZARHAAE S IR REYE (18] 6(b)), WETE K
LR FRAE S — 2P UE IR B R TR A )= MnSe, d
FH. SR, BEFE MnSe, MR A KIS BRI, 3
N2 ARSI LS Y a-MnSe, BUR IR S
TR BB PE FT BEJR T MnSe, SR HH H 5 o-MnSe
SRR A ARG REVE. 2 TR DET 5 i
T MnSe, R HATE N SRBETE, 5555
R AR HEREVERT R )

Table 1.  Summary of some two-dimensional (2D)

magnetic materials®?,
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heterostructure
VS, /WS, vdW heterostructure 487 DFT
VS,/MoS, vdW heterostructure 485 DFT
VTe, 128 DFT
S G/ e
MnSe, 286 DFT
MnS, 253 DFT
Mul, 15 DFT
Nil, 63 DFT
CrSCI 150 DFT
CrSBr 160 DFT
CrSI 170 DFT
Crl, 45 HUARHI B
Crl; 161 DFT
Crly 95 DFT
CrCl, 49 DFT
CrBry 73 DFT
CrF, 41 DFT
CrTe, 71 DFT
NiCly 400 DFT
CrGeTe, 30 AUBERIESL
CrGeTey 314 DFT
CrGeTey 130 DFT
CrSiTe; 214 DFT
C1SiTe, 90 DFT
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B0 XUEEIE AL SR S IR A A e
L AR R T R R 1. SRT, HOR
JEZAFE T VSe, 38 MnSe, HUIRIE XN B A ER 4
P, H MnSe, £ 2225800 5 AHAS AT a-MnSe
AH, LA T 1 i R 38 I 25 1 2 PO ME . B4R,
VSe, HLA T PR 45 1) 50, A EET PMA H B
TAHE, OO A RN TP R R4 b
WERME SEBREF AR A B R IXERE, (X AT58R
SR B AR AL T —Fhas AR, R, ST
PURTZE IR T TAER 4k Qe o, TTERR
A AR HAEAG TSR A PMA RRE ) — 2k g
g e et i)

H & 7(a) AT, R B 4w A AT T ok
IRURBUZE 08 38 1ok e 1145, UERH D 2 4R f
SR CGT #8477 LS 2805 s R BEL A0 AR 7T 3. i
L, 5 7R 5 5 2% B Y R A s BLR DL R R
A AT RO R A B, AR AT Bk H oK
RE 9 5 B e B Ak BE Y 45 48 TP B P AL T
Verzhbitskiy 5§ ) 3@ &3 76 CGT 8 B5 il 5 19 & 14
BRI TR, WE 7(b) FR, B
TIHBEEE (BT 140 K). SLBEW, 8% 78
Zrl AR CGT 1y Jm BRI, ks HLR 45 1) 5
PERE 15, DT SO S il vk T AR AR O T
2018 4F, & H R 2z ok e i PR A1 B3 il & T & T
FGT #2105 T 800 A AR 20, 1 25 i i
B 5T FGT A5 AR L, 56 i ra) i Ak
FE AT LK B 74 A FGT Y2 E R, 51
KAEEZ 10M em 2 BT IRBESGE N, o072 2% oK 1
RS, KBRS B =R (E 7(c)).

UEAh, f2edB b —Fioa R o A R
N N BE NE S Y a s o Sk N
FH2rF RAME S AR AE W 50 R fbisael ik A K
FGT i, Jf-ml s Hm BR AR 216.4 K. #E—25
KB, LN Fe B4y, FGT Ay HLIE BE R W
s (K 8(a)). 2019 4, 35 [ H 44 P4 M AR A [E 5K
A May WAL G T Fey ,GeTe, 137
L H A, W4 E Fe BUREE, fiHuiR
PR R R R E =R (T, = 310 K), 22
WA FE LR AL =R (T, = 280 K), W&l 8(b)
Jii7s. 2020 48, IHBIRHE K Kim SR ) @it
MU Fe WM EHI 5 T Fey,GeTey BERE, %44 K]
FE SR B R T (K1 8(c)), DARRY
AR A L R R AEAIR R 7 2R

127301-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

127301

600 2
200 R\ (a) Tonic gate () 3oV (©)
T=235 K w0l 31V ®®eg [y
100 |
200 2
< [
g g
= E—mmmmes s
—200
—100 |
Vas
—400 L L
—+0.1V - 25 3.0 35 4.0
200} — 0.1V - Pristine VoIV V=21V
—600 . . . A _9 .
—4 0 0 50 100 150 200 250 —0.2 0 0.2
Gate voltage/V T/K poH/T
7 (a) CGT WBEAEA [FI MR T A9 37 2800 il 26 1981, (b) i AL B 2 19 CGT 3 IS5 4 7 A ) A Pl T o FEL 3L BE g A 4R 109 (c) Al

HL R 9 45 1) DU 2 FGT A A 78 /K i 2 B9
Fig. 7. (a) Field-effect Ij, curves of CGT film®; (b) variation of Curie temperature of CGT device with electron doping under

different voltages'®); (c) gate-voltage controlled Hall curves of four-layer FGT flake/®.
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Fig. 8. (a), (b), (c) Changing the concentration of Fe to regulate Curie temperature of FGT films>3™); (d) exposure time of Ga-

controlled Curie temperature of FGT film[™l.
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CGT film®.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Research progress of preparation of large-scale two-
dimensional magnetic materials and manipulation of
Curie temperature’

Wang Hai-Yu?  Liu Ying-Jie?  Xun Lu-Lu! Li Jing? Yang Qing"
Tian Qi-Yun!  Nie Tian-Xiao T Zhao Wei-Sheng!
1) (Fert Beijing Institute, MIIT Key Laboratory of Spintronics, School of Integrated Circuit Science
and Engineering, Beihang University, Beijing 100191, China)
2) (Shenyuan Honors College, Beihang University, Beijing 100191, China)

( Received 29 January 2021; revised manuscript received 25 February 2021 )

Abstract

To date, despite the continuous improvement of integrated circuit manufacturing technology, it has been
limited by quantum effects and the shrinking of device size has caused the industry to encounter bottlenecks
such as low reliability and high power consumption. The “Moore’s Law” that has lasted for nearly 50 years in
the microelectronics industry will not be sustainable. In 2004, the advent of graphene, a two-dimensional (2D)
material, brought new opportunities to break through the power consumption bottleneck of integrated circuits.
Due to the low dimensionality, 2D materials exhibit a variety of fasinatingly electrical, ferromagnetic,
mechanical, and optical properties at an atomic level. Among them, ferromagnetism has a wide range of
applications in information processing, magnetic memory and other technologies. However, only a few 2D
ferromagnetic materials are successfully synthesized. Meanwhile, the magnetic long-range order will be strongly
suppressed within a limited temperature range due to thermal fluctuations, and thus bringing non-ignorable
limitations and challenges to subsequent work. Therefore, the realization and control of room-temperature
ferromagnetism in 2D magnetic materials is the major concern at this stage. In light of the above, this review
first introduces the development process, preparation methods and superior properties of 2D magnetic materials
in detail, and then focuses on the methods of manipulating the Curie temperature of 2D magnetic material.

Finally, we briefly give an outlook of the application prospects in the future.

Keywords: two-dimensional magnetic materials, Curie temperature, new two-dimensional spintronic devices

PACS: 73.20.At, 73.50.-h, 75.70., 85.75.—d DOI: 10.7498/aps.70.20210223
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{H1S—$Er0E, B kagome 2R A& 4544 1Y
PR ERSRIFAEG G LR —de bk (B Y s L
i HEDR A ZRATRL), TS A 28 S5 1 L
fIREERTE, A eSS H F 2RI TIE N kagome ks
(3t 4 JE I L, AR TR 2 e )
HRFMERT. BRI, kagome s & H A HAf
SHIEH L LASIIE R HAS BOT Y phRE 4R A%
RKMIT =0 TERAR N, 707 B 5S4 Af ELAE g
FE IR A e B RERR &, (EL[RIIN A N A7 i 2
() JLRTBH AN, AT BEH 23 3 A IEE IR T A2
K FERA 7. Frlh, kagome ffA% A 1) JL AT BH 2
RN R 55 BE S MR RR AR P X ek 7 1Y 5 4
PRI RS AR S Ah, BR T EBHAE,
kagome ffg ik REA I 2B B 7125, 9 gk
PLyEHL A, TEEIAS [ rh, WK v R 1Y 28T
STEAT M B KM K5, s T LA T
A7 SR AR, DRI 2 S A0 52 38 AR R AR ) £
P10 H 50 SR s AN A Y /2, kagome Ak e
TSV Y ST N AN S O AR, PRIt RE
TERE B TR AR A 7 1) b7 4k —A i dg 00 fifi
H HEBLE HE5 BETE kagome FiA% A B T 454 -7
HHHE SR 6, IR B AR MR PR L
Aeal 1012 55 Ah, e P BRERA A v, H A 7%
5 BRI AR TE T BE 0 AT 0 R L T R A A
kagome fiA% 7S FAIE b DTS B0 TG0 & R -
i L T2 B A R] RETE AR UK R A
J¥. b kagome EIATESI B T ARE LI B
TR MR, & — ISR 4 dh T A e R
B BT RARBEEA R — 505 &, 2R
FOREREA LRI RE BRRE R Y B A AL 4E +5 22 A 0
) YRR, B S p R B A BT, ], Lt
AR S AR i 1) — A BIR T AT I P AR MR
P B4 S AT B4R RE AR 4R HE PR X 2 AR FR 20k 4
PRGN VR M, 2R RO OC R M
FMREPE 10 d e T U A2, ARSI RS R AR
WEPE RIS BRI AT M 4EZ5 K (40 kagome JZIR
Anke) AIRETERF MR, HABA AR TEA Z53R 115
WL,

IR ARGV MR R | A
R, REMRHERRERE L SErY & U7 25 4%
Bin: A BAE SRR M AR MnBiyTe, 5251
ATV AT F AR AMETL 16 2SI RE D7 (A Bl
R 19200 e B AT B AT 2k P A B TSR

48 CoySnySy AT AT FI BlkE 1) 3% 2224 Ay L 2y
S35 rp RAME T PO 2 TN kagome A
L MngSn JU AT 4138 2 SR FH LR il 1 A
PRSI o 12 45 B O 125 271 oA L e vk 8 5,
MnGe R U P A HL A & -1 vw ELAREE 2 5K,
Fe;Sn, W AEH i A B4 B 5 AL, id fE i i fit
HEALHY DT R IE R B, FeSn BEIE i fb 2 ~URH 1% i 12
AR AR BR T R G AR, 3 T LA
PRI (ME) —AESSARR X BB EA T AU R 28 0k
i, RN RE R OCSE . Al DL, s B A SRR
REESEMPRIEEA b m] RIA IS SR 7 6 1,
AN 22 5 TF AN RIZR B RS2 5, A2 3 S )™
ZSHEE, A —E R TRFEN TR

2 BRI SR, B, BT
s

AR 2 I B LA S MG 2R A
F ARG R | RESSAE | BT AR, R T 4 R
TN BRI A TR

2.1 B FIRINRGEK

H R4t N iF i i 2 | I s S & A AR
M LA V-VI R Z 0B ) (Bi,Sb)y(Se, Te)s,
HAAZEA R T D3y (R3m) 7S TJ7 fh &, 145 [0001]
D716, A LR Hh O LTy SRR T ) A
B, F— 2 b RA R (A V%
B4R VI, T — A Fo H-30r 0 2 3 U
DN VIERFIES = VIER T2 B-VI-V-VI-
V-VI-H 5 A, Horh V-V Z [8] A [ 38 2 #Y
LM A LS ST AL, VI-VI Z[H] 0] H Y7 B
HA 14854, B8 IET)Z (quintuple layer). i
WEIB A= 4 F 2 S A 2N /D o U 4 I D A
V RICER P EFAALE, S8 AR S LT R
FEWEA Y, I G IR DA . 2SR AR5 AN [
PERHR G AR 2, X 2t I 4 B B 0 i1
H—ERPRBUCAT R VI BT R RO, £ 58
TR I 2 BRI | AR 5T, 7 AE R B SOV 4
. XFPREB AN AR B KRR S H
2 ) SRR R, B ) e T 2R
Ja LR 2 20—30 K2 H T, & T REB A0
HEARPIREFFHLEA Van Vieck HLHF1 Ruderman-
Kittel-Kasuya-Yosida (RKKY) #Li| #3-31, {HARYE

127302-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 127302

LI TR AE R, AN G R SR I WESE AR R 2 2%,
ST Van Vieck HLHHIAS BEH - Hb A 1 2 T A X 74
YRR IR, R ZS 20 R B T R RKKY &2
WA EAEHES. Frid, HErxH S 24 h b4 2k ik
R v VR SIS e
W7 554, H Van Vieck #L#HIAI RKKY HLiI
HA WG AHE . eI G R LA AR
FEAPHENG E B2k IR A TR

TRARAONE 2 T4 997 4§ RSB 9,

FIEILIE RE 0401 Fh 4N R R 11421 Th 2417 2 %
Ky 2 TRAB A IME SRR E &
ARFIE 10 4R 04 S, HEEA R B E TS LA

WA, AL AFFLA.

2.2  AN{ERETEFRIMEZAR
AR kPR ELA AR R RE e 00 30 48 2 4K

MnBiyTe, & H RGBS 61 B FhHE

YRR | BT R IR AR B A2 S A, B
IR T #4522 F B R BRANY 510 Rl R4S I
WA T Ul B RN 3B 2 R PN Sk AR B, S92
20—30 K, {Hi T HR T F 2k A Tseml b
Iy 4R ICE (Mn), B ANAESL I RE B A
AR Bk N, i H SR Y LB
TR R E B DR R, FIEWE| TIER T 20
K.

2.2.1 au#EZEM

ARAEREVEF N8 551K MnBi, Te, /&—Flh A-B-
C BUBEHELR BRI RL, SAE /REB 2R TN AR
ANFEH G, BRI EARRITRH V, VIETER
Bi fil Te, i34 /@ I0E Mn 4l-EJET)Z (septu-
ple layer, SL) Z5#4, J& i -VI-V-VI-TM-VI-V-VI-
o AT HE B, G U 4 R T R AL F SL G,
E 1(a) BrzR M. SL 2N R R s om iS4
B EE VI-VI TR 4G 7 e s w5
I EAEHES. A@AE, #id% MnBi,Te, X
FIFMAGARIEAT FAR AL T ek, RETE OB Y
WEVP 75 2 ENT, BIn%T Mn Jo R 170 48 o
FP 1 B0 Bi JTUR AT Sb B /1B, AT AR
B RFEEA AR REF AR, 5540, anlEl 1(b)
JE7R, 78 SL Z a4 A5 T 2 AAE 40 $h 48 2 1A
BiyTe; !0, B MANE#EPE RN 2% 44 MnBi,Te,
RATHEH MnBiy, ey, RIVA WSO s, [

Ip b O T ROR A JREIE | IR 45K | SR Fh ke
5, WREXT AR BEA 7 | B IEEA TR, B2
TG B F1 4 A 19-46-1491,

2.2.2 mLEH

HRAE BRI AN S G0 A 5% R B [1946-491 MnBi,
Tey, MHRZHT AL EY MnBiy, Tes, | M
gERIY R A B ERRERE, BIFE SLJZ N Mn 24k
PERE A, T2 RIS RN G iR A
ARAEF AN GEAR BiyTey ISR, REVE Y SR RHE Y
PR, AN B G 9 O/ N RN S g )22 (B) R 28 46
A P8R B A6 1401 DA T A A S B S R R AR | e
Tl A5 38 N T T (ARG S5 B . A I A B i 9 R
B, i@ Bi Bl Sb FHE ALY MnSh, Te, tH
A Bt 7 PO {H S 25 B HI SR B MnSbyTe, 7F
25 K I BA ARG, 4565 — PR
WEBH B v BESE R RE R AR 4 g L2 (HX
T RA RS, AR A BT RS 31
WA e A —3, AHEFRERA ANEREYE R4
G, JETE B A 4550 K AYERREYE B3, o a]
RS /RIBIE 200 19 K AR M 5459 45 S
X SR ZRATT AN T AT A S A R P, B R
WA Ty 22 S5 10 AT BE i PR AE i G 1LY MnSb, Ty
HH B Mn A Sb R B A AR, B R A7 G
J¥ (antisite disorder), 1& i &R RE R E Y 1)
AE, AHXTF Mn JFORFTEER) 3a &, Mn R4
TE 6c ML BUTE o fJ7 I8 BUCEAT ) H eSS 14,
B AH Mn JF 7 —A M DTk 2.1 pe B
Ji (ps MIEIRWE ). TEWFSE Mn(Bi,Sb)yTe, R 51
A — RN T X —4518, HiFSZ MnSb,Te,
TR EAER L RSk Ak 2 4 A WA s e A
T%L’j( [53.,55].

WIEFETHHE, T MnBiyTe, B A R 8k0%
JF XA M AT REAAAE— 2 52, oM BT 25
Wi 2 550 B A AT — RO DG &R 191 S B Y
SRR — ) e A Y T VERZ 3 28 MnBi,
Te, TEMCAR ZE IR | SNG4 52 00 45 1 I wé A T
K, K MnBiyTe, H A #5220 S Mk 7l
e SL ZECBAAEAE— A BRI BTN 19, i —
A SRR =S R TR A RER
T [ JHE e A 19 T B i A i L T
MnBi,Te, M [ 8 % J7 18 28 s WG 47 4. A U,
MnBi,Te, J& T —FP 55 S G A, GBI — & K/
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Fig. 1. Crystalline, magnetic, and electronic structures of intrinsic antiferromagnetic topological insulator MnBi,Te,: (a) Schematic
crystalline structure, the spins of Mn atoms are shown as red arrows, showing a type-A antiferromagnetic order; (b) topological
phase diagram of MnBi,Te, with different thicknesses and magnetizations; (c), (d) angle resolved photoemission spectroscopies of

surface electronic structures. (a) is adopted from Ref. [44], (b) from Ref. [46], (c) from Ref. [21], and (d) from Ref. [57].
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Fig. 2. Crystalline, magnetic, and electronic structures of magnetic Weyl semimetal CosSn,S,: (a) Schematic crystalline structure,

the spins of Co atoms are shown as red arrows, showing a ferromagnetic order; (b), (c¢) angle resolved photoemission spectroscopies
of the electronic structures. (a) is adopted from Ref. [22], (b) and (c) from Ref. [82].
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Fig. 3. Crystalline, magnetic, and electronic structures of magnetic Weyl semimetal Mn3Sn: (a), (b) Schematic crystalline structure,

the spins of Co atoms are shown as blue arrows, showing an antiferromagnetic order; (c), (d) angle resolved photoemission spectro-
scopies of the electronic structures. (a) and (b) are adopted from Ref. [27], (c) and (d) from Ref. [84].
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Fig. 4. Crystalline and electronic structures of magnetic Weyl semimetal Fe;Sn: (a) Schematic crystalline structure; (b)—(d) angle

resolved photoemission spectroscopies of the electronic structures. (a) is adopted from Ref. [85], (b)—(d) from Ref. [31].
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Fig. 5. Crystalline, magnetic, and electronic structures of magnetic Weyl semimetal FeSn: (a) Schematic crystalline structure, the

spins of Fe atoms are shown as red and blue arrows, showing an antiferromagnetic order; (b), (c) angle resolved photoemission spec-

troscopies of the electronic structures. (a) is adopted from Ref. [88], (b) and (c) from Ref. [14].
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Fig. 6. Quantum anomalous Hall effect and axion insulating state in the intrinsic antiferromagnetic topological insulator: (a) Hall

resistance; (b) magneto-resistance; (c) gate-bias modulated longitudinal resistivity under zero magnetic field; (d) a phase diagram of
magnetic field and gate bias. (a) and (b) are adopted from Ref. [20], (¢) and (d) from Ref. [18].
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Fig. 7. Giant anomalous Hall effect, chiral anomaly, and anomalous Nernst effect in magnetic Weyl semimetal CozSn,Sy: (a) Hall

conductance; (b) magneto-electric conductance; (c), (d) anomalous Nernst thermal power. (a) and (b) are adopted from Ref. [22],

(c) and (d) from Ref. [109].
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Fig. 8. Anomalous Hall effect in magnetic Weyl semimetal MnsGe, chiral anomalyand anomalous Nernst effect in magnetic Weyl se-

mimetal MnjSn: (a) Distribution of anomalous Hall conductance of MnsGe in momentum space: (b) spin texture with mirror sym-

metry in MnsGe; (c¢) Hall resistivity of MnsGe; (d) longitudinal conductance of both in- and out-plane for MnsSn; (e) anomalous
Nernst power of Mnj 46Snggs. (a)—(c) are adopted from Ref. [29], (d) from Ref. [84], (e) from Ref. [111].
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Fig. 9. Anomalous Hall effect, topological Hall effect, and skyrmion bubble in magnetic Dirac semimetal FezSny: (a) Hall resistivity;

(b) topological Hall resistivity; (c) a phase diagram of temperature and magnetic field; (d) the observed skyrmion bubble. (a) is ad-
opted from Ref. [31], (b) from Ref. [117], (¢) from Ref. [115], (d) from Ref. [118].
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Abstract

The intersection between layered magnetic materials and topological materials combines the advantages of
the two, forming a material system with both the magnetic orders and topological properties within the
minimum two-dimensional unit, i.e. layered magnetic topological materials. This type of material may host
Dirac points, Weyl points, nodal lines, etc. which are associated with helical or chiral electronic states ranging
from insulator, semimetal to metal. This results in lots of novel physical problems and effects, which attract
much attention of scientists. In this paper, we focus our attention on intrinsic magnetic topological insulator,
magnetic Weyl semimetal, magnetic Dirac semimetal, and take them for example to briefly review the interplay
between magnetic orders and topological orders and recent experimental results. This emergent area requires
further studies to explore more new material candidates, which is a challenging frontier of condensed matter
physics.
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————— o mm o mm e e mm omm e =y I—————————HI———_—_—————-!
! %) p ! ® 1 I ]
! ! 1 ! ! ]
! ! 1 ! B ]
1 | I 1 1 | I |
1 > | I < 1 1 | I i 1
1 I 1 I
| 1 I |
1 P 1 1 ;! ) 1
1 . I 1 [ ¢ :
R C IR [ - T ICRINRE R B
(c) 100 7 (d)
[\ =—Valley magnetization
80 ? oooooo Spin magnetization
°°°°°°°°°°°°°°°
E o -é:r::z:is::? E
§ 000000000000000 §
o401 X
20 F
O . . . n —10F, 1 n . L f . .
—1.0 —0.5 0 0.5 1.0 0 50 100 150 200 250 300 350

P1 32 B AL B A P O IR

0/(%)

(a) A B8 SR AN 235 (b) A WEFBL AN 2; () H B AL S [ R REFE FIA RE L PE S i

B WG 5 TR AMEE T WO S AR WAL N 5 () 56 5 2 e o7 55 5t Jam v, 3 7 v AL SE g 7 ) O R
Fig. 1. Sketch of the magnetoelectric effect in monolayer MoS,: (a) Valley Hall effect??; (b) valley magnetoelectricity®; (c) compar-

ison of magneto-optical Kerr response between spin polarizations induced magnetism and valley magnetization under external mag-

netic fields; (d) valley magnetization-induced Kerr rotation as a function of the azimuthal angle of current for zigzag and armchair

monolayer MoS,.

TR SO BRI . A6 U2 A S50 B O U 4 i
B, SRR O SE SRR AT LA it fin = L
HHL 37T 0%, Sui 5% B3 A1 Shimazaki 55 34 3 13 i fin
HL 70 W2 A s 0 S B T 4 & JRZUNE . Lee
& ) 38 o it o0 2 B AT 1 OSUZ B AL EH A e
FOHEFRME, RIS T 4 2 /R RN . 38 1t — 4k
MRS A, TRIRE AT DAFT A rhoO SO AR i
T, Huang &5 B9 78 AL 50 / A Ak 45 55 4 v i
S TR FEIRRANL. BEAh, A8 IR B AR SRA R ik
TEERJZ AR AAY | RN AR R AR A A SR R A0
FL 3| BT @37 5 48 30N AH BAE R B SR R AR 5 |
LT R 3942

B SRR AT FH T 730 S Ak 77 1 4 Wl AR
WA A A L T A AR, SR T LI 38 75 8 ZR AU A
5 it o (8 i O't 5 2 5 L I B RE BT, R
FIF BRI H 2 ARy (R E R
B LA T A PR A R ) 1 2 B FL TR
RN FHERAE TR, BOE b P2 A i 0N 7 2
FIIE dt AR P H 0 X R B B R S Y% e (29461, {2
KEBABTF B R Oy WHFRNYERFFE AL
AR AR W (WA T G AFAE R IV IR 7 [ AH
A RERE ). ann]3m ik B 2y 7 AR TP Rl AE
T ARG B TR AR RN T A i —
ANOCHE. VA MPRMREE J7 Wl vz g, AT LA T it

B SR BRI, IEEEE T T, Lee 45 P9 X B
JEBRACERTE Y 7 DA AR AR ZERE (Anf&] 1(b)
JiR), ST A RGN . HUZ B A HAT XK
tut, (HEA G e RTFRbE. Jthn i 71 f5, Ak
Cs XIFRYERE R Cy. B 8] S X ARt ph pA Rk v o
B LA T 9470 SRy 10 B2 B A B i B i e
EPERE TR [ BERETE T R AWE? PUE R S
T e o P — 1 B S 2 SR AR T R O i s T
SO UL N IE 1 (c) BrR, 4TS M RS S 1
W7 I RESATE R, T AT S FSEaMiE 7 1n) 2t
o). fE SR, BT AR A 55, A e
R AE T BT ) s RS E 2/ N TR IE LT
PRI, X T A BERERE, i i N #E 3 2= R BO R M
B K A S . N PGB R, NS S TE
SPETAT, AT EPUERE AL, 75525
AR, SMNEE To 5 R s R AR B A e . AL, B
JEBAL AR A g ra PR TR B BERE A, TR PUIE R
BA S AR R R R R B R S R Y D —
AEYE R S Ry m O &R il 1(d)
WS, S0 0 1202 e AR, BPEHA
AP A AT (armchair E) B0 3 5 T 0 s
HLHLY) (zigzag E,.,). 4 5 502 R A 8H it hn e
Wi AT FIiE, KR KT 4843 500 77 Ak i 4 )
B2 35 ) AH S R ) 2k, LA SR/ Jr 1)

127303-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

127303

A ) S50 RE 7 BY. DR, 224 it e i
[l T AT & RN D VR ESINY B SSUE <3 P K e Ef]
H/INAHZE T ) A S B R, 224 e A it Tl Bt o e 97
FUR 7B, 30 T L ) 9 e F R A Ay i A A
KA K’ 2510 3% K VR [A) — 1 L F 37 4 i Tl
R ZB R EGER, — D4 T R r ) 2
TR, 55— TR, T A R
[ 2 T ERC AN PR, A T AR I SRR S R
AR, (H R R/ NATE. AR T 00 A wE
BN, I HWEHA S A AE TRk, DT AT Dk
TR BT BB AR B 0L BILGE R RN S
E,. x JRUE L, SR A E 1(d) e
IEZ AL RO R, XL B, ARE R Y, J1R
FHLEE. XSG 5 s R a1
FARFA . A0 28 JR NG FRUROS, B SEEANUR & T
BTSRRI S ARG T N, A B R AR
LA — AR 2 B Ay R0, N
TFARLRAE R IR BN IR B B IR

(a)
=== Nonlinear Hall effect
== Hall effect
w 8T 8
b= B
T 6 6 -
Q e}
= =
a 3
>~ ~
4F 47 4 33
BN BN
2 2
0 . . . 0
0 2 4 6 8
I/arb. units
a axis I I b axis
(c) 15.0 I
10
12.5 |
wn
= 100f | 5
£ T75p : 10
E |
3 5.0F .
S | -5
2.5 .
—10
0

0 60 120 180 240 300 360
0/(%)

/arb. units

2w

xy

2
Via

3 ETHRAMERUN

AN 1] 2RI T 2 B3 A 0 R T TR A
BHORER 7 1738 ShE, S 3RAF R 1) TR o R
D5 1 (R TR, e AR A T i = A LR X — R
PR A 82 R S5O0 B8 R B R RN 9L, an &l 2(a) I,
TSR B IR RN I A2 S R IR ARONE, /K LR S Y
TLBLIE LU, SRR A S P B IR . 2 JR AN
BUR RGAHA BRSO R, L, JoEEAR
T MEESA G OUT , FEAEREEM B RIS 2 S 1t 2
IRAG 2849501 2P IR AW AN [, e F- AR 2k
SRS EN SR B) B2 EON BRI B AETE . 2015 4F,
Sodemann Fl Ful'™ F$E i T 5 FAEL PR /R AL
JE. AATTIA A Ei DU B g 23 A AT I b L 1 R
RS E HEREE. K 2(a) B T AME
IR B R AR LA B IR RN . X T AR LRk B IR R
] ARk A SS L FL RN, T FE R Rb AR 1) P o A —
g R fUR, I HOHR/IN 5 H I B 1) R BLE

o= -

I Intrinsic (berry
r curvature dipole)
-/ Extrinsic

/ k) k' /
2 4 6 8

o?/arb. units

EEE

—
£

Y /arb. units

e
wmaooowym
T T

2w
zy

V.

o

B2 RS R T AR A RN R R (a) SR e At R R R B R VR S AR 1T (b) AR A TEAS [R5 T b A AR AR S
FRTEIEL; (c) AT E AR e M R R T 5 R DR N 5 1 B9 56 2R P75 (d) AR SR PR R TR S AR R I SE AR R I ROR T e

IR AN, B AR R DL R it 58 0 H T B i O

Fig. 2. Illustration of the quantum nonlinear Hall effect: (a) Dependence of linear and non-linear Hall voltage on applied currents

[47).

(b) crystal structure of WTey; (c) angular dependence of longitudinal voltage and non-linear Hall voltageP; (d) relationship

between nonlinear Hall voltage and conductance. The inset shows two origins of nonlinear Hall voltage: Intrinsic Berry curvature

and skew scattering?".
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Fig. 3. Illustration of quantum anomalous Hall effect in twisted bilayer graphene (tBLG): (a) Sketch of quantum anomalous Hall ef-

fect in spin magnetization and orbital magnetization systems; (b) schematic of fully spin-polarized and but valley-unpolarized con-

duction bands in a moiré unit cell of tBLG; (c) schematic of fully spin-polarized and valley-polarized conduction bands in a moiré

unit cell of tBLG; (d) longitudinal resistance and Hall resistance as a function of magnetic field in the quantum anomalous Hall

state, and the insets show the bulk and edge conduction states of material; (e) current control of magnetization switching in the an-

omalous Hall state.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Berry curvature-induced emerging magnetic response in
two-dimensional materials”

Liu Yu-Ting? He Wen-Yu?  Liu Jun-Wei?  Shao Qi-Ming V2T
1) (Department of Electronic and Computing Engineering, The Hong Kong University of Science
and Technology, Hong Kong 999077, China)
2) (Department of Physics, The Hong Kong University of Science and Technology, Hong Kong 999077, China)

( Received 15 December 2020; revised manuscript received 2 April 2021 )

Abstract

The magnetic response in a two-dimensional material has received increasing attention in recent years. The
magnetic effects and related quantum transport originate from Berry curvature, which is associated with crystal
symmetry and many quantum effects including electrons’ orbital magnetism, spin-orbit coupling, and
magnetoelectricity. The importance of studying the magnetic response in the two-dimensional material lies in
two aspects. First, the magnetic response of two-dimensional material provides a platform to investigate the
coupling between the above-mentioned intrinsic quantum effects and their couplings. Second, it possesses the
potential applications in energy-efficient quantum and spintronic devices. Here, we review the experimental
research progress made in recent years. In particular, we focus on the research progress of the valley Hall and
magnetoelectric effect, quantum non-linear Hall effect, anomalous Hall, and quantum anomalous Hall effect in
two-dimensional materials such as graphene, transition-metal chalcogenides, and twisted bilayer graphene. For
each session, we first introduce these phenomena and their underlying physics by using crystal symmetries and
band structures. Then, we summarize the experimental results and identify unsolved problems. At last, we

provide an outlook in this emerging research direction.

Keywords: two-dimensional material, orbital magnetism, quantum effects, Berry curvature
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TR RGN R

BT HMRIR B Re-PUERE SRR

R HHED FED IHY BERD HHEED
KD BEWY FEHEY %S FY EFE

1) (AR RZFH AR TR, dE5T 100875)
2) (hEREBEFMT AT, L3 100190)
3) (FWRHERFHIFANLTRR, & 999077)

(2021 4F 1 H 2 HIE; 2021 4F 1 A 24 HYCEHESR)

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,,
NbSe,, PtTe,, TaS, %) Atk —4ikt (U1 FeyGeTe,y, CroGeyTeg %) (-5 45 v [ HE-HLIE 45 19 7= 4F . RAEAN
PRGBS RS AR T B AT ST b i R A e 0 RS PR

KR AR, FRE-IEREG, FRE-PUEAE, WK S R B

PACS: 75.47.m, 85.75.-d, 71.70.Ej, 77.80.Fm

1 5 =

Bt T8 RE RN A6 D0 ) e I, 5 i
FRNEAE I, RBR ORI, 5 B R FA R BOAR T
B AR IR I AR RN RS (mag-
netic random access memory, MRAM) H T HA
A B L R R B A PE SRR S
RNESEOL A, B R 2L AT 5 BB XA EOR
Z— WA — 1% MRAM S5 i i 3 7= A= (1 LT RR
1 7 B0 Sl 8 o B e S B 5 A, X A7 e
A DIFE AL DT A AEAR IR S 1 3 iRk
R, 5 A0 MRAM FIH] B iES4 R4 (spin-
transfer torque, STT) RN LB S A BRI
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Jr&8em 7 MRAM MtERE, (HAL5 A T Hid R,
B K %% B 9 I 3K B0 FL I 5 2 MIRAM A% 0>
FERE A TTRE M BRI 45 1) A 22 2 28, R NG
AR . A T i —MERE, ANTTRRIR R
HT HE-FUEH (spin-orbit torque, SOT) M4
HANR, TFEH =1 SOT-MRAM. SOT-MRAM
PR S A&t A BE-HUEFRE S (spin-orbit coup-
ling, SOC) i 774 1) SOT & SLELAY 231, 75 H
Ak SOC WAERLYEM R, o T HAK Y A e /R
B8O, S T VRS /i v R A TRT 1) Rashba 8500
8, AT RE SIS T AR T T L I 1 A 4l A e
TIAE TR R (ferromagnetism, FM) J2
e = AR SOT, FHUR S ke BFL . AR F 55 AR
STT-MRAM, SOT-MRAM #% 0> B0 HAT =4

* ERARBEIES (HES: 51901025, 60573172, 51625101), JbETH HARRIARA RS H (S 2190007, Z190009) ., H 4
F A SEARMIRL 45 2 50000 4 (eSS 310421101) FIFFHERFST Y B R (eSS ECS26200520) %% BIAYIREL.
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1, 5 AR TT, B RS L w e R
SEICTR AT A 2 il B A b e A 2 2 IR
TR, ORI T I8 4. It
S, R SOT #FERERE T LISCELEL STT J5 S8 Stk
5 TR K AR A AR, PRI TEAR DI FE | ok i
L5 A EAEAR RN JR A AT 2 N 5.

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
THERPRER B h SOT B ZRAE AN 3 B0  AH
KW TAE; foJa, ffubiie— T AR ekt
AT FUBEr T T i A el RN PR, JF T T
SIS,

2 H T TMD M # i 5 R 4
W SOT X i, 3% 5 wif 5 0 4%

B R LER R SOT WA 5T fc -2 AR i
TMD #HRIF AR, TMD MR e2E MX,, H
M PE4AE (I Mo, W, Ta, Pt, Nb %), X
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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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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DA X FR P2 v - AR AR S Ah SOT 1Y
T S5, S5 22— Lo S0 0 J A X B AT I AR
[ TMD #HEUETIF. MoTe, J& T P2,/m 23 [E1EE, W
JE P AETNAN T BOXF AR PEZESK . Stiehl 55 169 2R A
ST-FMR £ R 95X T B AH MoTe,/Py & & 1 (1)
SOT, L5y MEAEL 5 SOT [R] i g W g2 5. 52
BRI, BT IR M ANE R 2 )2 MoTe, 4F, TN
FNAIZN SOT XA i) A TiE F SRR VAT I I 1 JEE B A
HiPE (18 2(d)), #8728 T MoTe,/Py K Z& H SOT
S A . Liang 45 O [F A MF 5T T 1T'-MoTe,/
Py SRzt SOT, (HIFAR &S SOT, Kix
TSN SOT MR AYE etk ZTL W EH GED T=
R T R IR S RE R BRA , BRI LA 4t
HE AR (B0 Pt) BN—EUR S SLRA T
5 TR SOT FOR. X T HAF 78 1 e iR
J£ 4 66.1 nm i) MoTe, #7f4, H: SOT 3% (&o1)
25 0.35, H& Ta (~0.15), Pt (~0.06) #} % KR
% . B H R MoTe, J5 B A3 K4 K, SOT
ROR BB T MoTe, J5 38 K i FAIK. BEHF 45
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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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3) (Department of Electronic and Computer Engineering, Hong Kong University of Science and Technology, Hong Kong 999077, China)

( Received 2 January 2021; revised manuscript received 24 January 2021 )

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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* Project supported by the National Natural Science Foundation of China (Grant Nos. 51901025, 60573172, 51625101), the
Key Program of the Natural Science Foundation of Beijing, China (Grant Nos. 7190007, Z190009), the Fundamental
Research Funds for the Central Universities, China (Grant No. 310421101), and the Hong Kong Research Grants Council,
China (Grant No. ECS26200520).

1 Corresponding author. E-mail: sgwang@bnu.edu.cn

127501-12


http://doi.org/10.7498/aps.70.20210004
http://doi.org/10.7498/aps.70.20210004
mailto:sgwang@bnu.edu.cn
mailto:sgwang@bnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 127503

T YRR R

BB SRR R R
MRS HEEE EUM

(IARRAA 720, Trmd 250100)

(2020 4F 12 J 24 A#]; 2021 4E 1 H 30 A YEMENR)

T ARG AR AR RRL SR BB RO, A SRR VS B ARAR R KRR R T HL 5 2 AN IR X
YA BR T 0 T 1 A B HC A 2 ) BRSNS B B T BRARLEY -, SOMARENAE A e 127 /R A it s 1 O
il FFRE TR R A2, BN I BR b & 52 TR RTE PGS RZER B R RN A T IR K I & ARE
PERRH RO AR S5 | RESSHI LA KREPERE, JFiTie T G, s, #p B  B TR ST B A
THT 24 S0 7 8 5 A R A R RE A IF S E R, d S AT R ORI R T AR R AR R R KR O F 5 D5 1]
TR PR — YEREPEAA R REPE A E DRI BLBE | BF T LR RE S O S A8 =2 18] Y SC K S 4R B AT T e e LI

(FRIRUIIE) B REVEAS L BETT 22 D RE AR & A8 1R AT T 2 RS

KW AERLMERDRL, BERS, 2
PACS: 75.70.Ak, 75.25.j, 75.30.-m, 72.80.Ga

1 5

THEREMER R R T iR R R R B , H
— 28R B, S RIAZ B E N AMG Tz 6. FE H e
24, B RAON  BE ZEREBH AR N . H e
S R AR A D3 S 7R T AT SE A o R A T )
KV T8 8l HEREMEARAE  2 E  EL
BRI, HZ R LIS 07518 B E-3 75 45
G, o 5 HA Z4EA R HE B Y iU s . BRI
BE, T HEREYERRERY & B A 5 4E 1R BT A
J&E BRI | A S LA AR REFRE T — IR A A 1
AT H L. PR, X FRETES R ST,
RSLY I/

PRI 5T I B AT BRRE M 0 = 4ER R, N
EuS, CdCr,S, fil CdCr,Se, 25 561, SR, e ISHHE)
F1%) ey o i L VR 2 A R R PRI, ELH A 5
451 Si Al GaAs AL, X TCEERN T2 Sk

ail%

DOI: 10.7498/aps.70.20202204

a R S AR T i S Ak, BHAS T s/ AN
AL . 5 220 W T L R AR
HH 7 2 el # LA R 2 0 R B K R o B
SRR AT LS AR AR S G W, AR
= B R R R R, @t TR B A6 TR
Je R ST B, T DA A R s L T . AR
1M, 4 Mermin-Wagner i€ #, Hi 44 58 it $4k
7%, KRR T ARMETE & ) RV — 4 Bl b A
TEBL SRy T HE e ph b iR A wE 1, BHE A D1
IR . BT84 DL R B AL & T B e R
PEMPEIRS AT ABEAR T -1, (BRI R AR
P HLBUR, a2, Wik, SR EA A
TEREVER —AEABHIIAR 38 DIFT 211

BHF GRS FS TR T CryGey(Siy) Teg
Hl FesGeTe, 55— 741 12-15) HATARNMERE M ) — 4
BBE. SR, A2 B 48 5 vk AnAS I - Be i BRI, A
W FIRANE AR AT 2218 . B2
2017 4F, 3 [E A BRI A 2 i R R AUF 58 4H 19

*ER HRBIAREA ERAFITII (S 92065206) AR HRRRERES: (kS ZR2020MA071) ¥ BIAY IS

RN
t BIE1EHE. E-mail: yilinwang@email.sdu.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

127503-1


http://doi.org/10.7498/aps.70.20202204
mailto:yilinwang@email.sdu.edu.cn
mailto:yilinwang@email.sdu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 127503

6 EDMM K EAA FE R 53R 0y 5K RO 5T 28 07 ] G
HEFLRAN (MOKE), 43 ) 2 37 b e B AEAIG 25 5
JE 2R Crly AR DL K CryGeyTeg XUZH
1E A KAk, XA EIEHATIF T e AR R
. e, — &R T GEREYER R R B

T HERGE AR BN PR SE . R BRRL
(FM) PP — 4 S 8kl (AFM) 0B B, &
ULES FM A RMELFE CrBry®l, CrTel)) FeTe (7877
AP CrSell) 1T-VSey 22, CryGe,Tegl'", FesGe
Te,21, Fe;GeTe,*l 2 ; & ULHY AFM #4445
CrClLP7%10 Nil,l?l FeTe (P4 J7 #H )P, FePS4k0,
NiPS,;P!, MnPSe;2, MnBiyTe ], FeOCIBY &5 |
R, FMOAORHZ [ 2 8k wE A & (K 1(a)),
HZ UL il 5 wh Al T AFM AORL Y R4 77 0]
BONE R, 1o IZ R FM FUZ ] AFM (A-type,
Kl 1(b)) LLEJZN AFM (AF-zigzag, AF-stripy #ll
AF-Néel, [ 1(c)—(e)) PR B3,

H 1T A& 30 R 22 B E A R RS & 40T 58
I AR B9 Heisenberg #2Y | Ising 271 )7 XY #5571
A, Heisenberg B LUSHOW Y I =UHlik T A Jig
TEANA] St s BRI BT, S P B 22
AORCEY, HIG B (H) Rl

!
H==3% JiSiS (1)

St A IR SRRy 2
HIRTARRERREATEA i = R, T3y 3t
HILAEFI SR, S AR NECT 10 E . O L 25
S, LR I 4 4 A1 A, S
S 0 5 1 D EL BT S0 421 40 S 1
SRR, IR R R LY

(2) (b)

0000 -©O0-000
O000C 0000
0000 OO00O
o000 0000

H:—Zw) JS;i - S;, (2)

Hrp Z@’j)ﬂ%ﬂ?ﬁﬁﬁﬁ%ﬁ% () 53K AL Y
J > 0BF, B A BEFATHES, I BG4
J < 0, HAS TR ATHEN, 22500 kb

Heisenberg 158 Y (1) i 25 i 5 76 1 R 2K A A5 &
(7, y, 2) FAIERIRHA

H==Y J.S7S7 + 1,8/ + J.8;S7, (3)
(i-3)

Ho gy, J,, I ERNE @, y, 2 07 [ S A L
YERIZ%L, S7, SY, S72 itk msiF B S =, v,
2oy E. Y T, = J, = J, BT JE XXX
Heisenberg 584 X4 J, = J, # J,, IZEBIRIRALE
XXZ R 2 T, = 0, LRI AR E XY A
M J, = J, = 0, ZEBMBALZ Ising LAY BL,

A tt, Heisenberg #71r FH4B R H e n] LL
T =423 M AT M T, HBE4EECR 3. XY L
AUrh ) ARSR SR B ERT LAFE m R AT, A
TEAEEH 2, REEA T N4 10 7k, Ising A,
AR A BERT LA 8w T, ABEEECh 1, &
Bt ELA R ) B A ) S B

T AEREVEMP R BRI AR H, Bl
HaL AN (. g & T s A
BRIV AR A AE) 1 BB RETERE,
TSP AR T 1) J LR RS (B 7R T EE ) L it
7 WA 1) S A R Ao B2 S Joi A el 4 18541,
ORI 20 R e R R0 R SR, AT
HA BN T A e T2 /R a8 A% O
G TS N A N s E A S ¥ v S Y N
¥y | WELE R FREPE R, IR, RGEHL 45508 1 )
PERE PR BT ) T B L R AR,

(e)

Bl 1 A FM AT AFM [ BEREHE 2= B, DARE M I U 4 0 B8 7 S AR R IEAT R R (18 & il L 1 % 6 SR 3 K 8, 19 JE ) S 114 R
HIWK M)  (a) FMAEE; (b) J2 0] A-type AFM & B9 (c) |2 W AF-zigzag #5 & 9; (d) 2 W AF-stripy ¥ & B7; (e) 2 W AF-
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Fig. 1. Various types of FM and AFM order in layered magnetic materials, represented by magnetic transition metal ions (light

grey and dark grey represent spin up and spin down, respectively). From left to right: (a) FM order; (b) interlayer A-type AFM

ordert; (c) intralayer AF-zigzag order®); (d) intralayer AF-stripy order); (e) intralayer AF-Néel orderl*.
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CrX,; i T, Cr J27EMEE T ab WAy 7] L JLF-4%
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JZ CrCl; 7F 10 K DA T 3R 30 A2 my & 182 gk g
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W) M 17 K, Al S XY BRI TR, T
CrCls 192 [ 4E FH J1AR /N, A )2 FR A CrCls 1
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(b) crely (T < 17 K)
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gttt
REIRARY

ZE 7 AR A AR R Cr X B 45

—e
_®.-@'9“"

. HHTFSE HRGE CrCly MREAETE ab P11 b, 723X HLHY [110] A1 [110] J5 ) im i ; 78 CrBry Al Crly oY, B4R c il 14

Fig. 2. (a) Top view of a CrX; monolayer along with an illustration of the coordination (left), and Cr** (purple) and X (gold) in an

octahedral cage (right)*?; (b) magnetic structures of CrXj in the coordinate system of the low temperature rhombohedral structure.

The moments in CrCly are drawn along the [110] and [110] directions here, but are only known to be in the ab plane. Moments in

ferromagnetic CrBrs and Crly are along the ¢ axis/*.
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Fig. 3. Top view (a), side view(b) and unit cell structure (c) of Nil, monoclinic structure.
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Fig. 4. (a) Top view (left) and side view (right) of CrTe crystal structurel'”; (b) top view (left) and side view (right) of CryTe; crys-

tal structurel”.
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Fig. 5. Top view (left) and side view (right) of the atomic
structure of layered 1T-VSe, crystal (a = b = 3.35 A e=
6.1 A)leol,
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Fig. 6. (a) Top and side views of atomic structure of FePS; crystall®; (b) unit-cell structure of FePSy; (c)—(e) magnetic structures

of FePS;, MnPS; and NiPS;, respectively®.
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Fig. 7. (a) Crystal structure and magnetic structure of CrPS,, the black and red arrows point to the directions of magnetic mo-

ments; (b) ab plane of CrPS, monolayer!™.
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Fig. 8. Schematic illustration of the crystalline structure of CryGe(Si),Teg from the top view (left) and the side view (right), a unit

cell is indicated by a black linel®l.
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REAER L 2 — (775800 R R S5 AT 8 Firzis 1,
HARHy, Cr 5778 ab F T NI B — > 8 55 1R
¥, Ge JEF SN E R L, RIS Cr Ji5 38
Te JEF I\ A G L (EAHE RS, BT
Cr-Teq B\ AL KA TRFHOEZ, L Cr &
THY A BEPER 5, FE CryGeyTeq HAT 4 1] []
P RV CryGeyTeg 19 A BEREHE 2Z 1] (19 g 1 2241 /]N,
AL A T . I, FUR CroGeyTeg 1] A

B /NGRS 18] S ) — 4k Heisenberg FBI T TH 4.
SR, CryGeyTeg 30/ FF TR BRENE, H
Lh e Hlih Gy mi Ak, T, B 200 o0 0 32 i AR
KA CryGeyTeg I T, J 61 K, BUZ CryGeyTeg 1
T, 28 K. 55 —Fh s B AR B B} CroSigTeg
W R IR B ME, AT H Ising BEAYHEAT A BY. AH
H T CryGeyTeg, Hofd % A8 i BE b AR, M 1Y
CrySiyTeg 1Y T, UK 31 K 5.

FesGeTe, W& HAT JZ RIS Tr b i 45 14 1 8k
PEME R, SRIEZS R P63/ mmc352, Hrh FeyGe F
I FEM )2 Te JZ2Z 18], BiASAHSEAY Te J2HKEEE
FERLET A5, Ak 9(a) s B8 FEVE L RF 1
AR B RO B 7 1), RS T RS IR AN
BRI, X3 FesGeTe, HLATHH 2 KBRS 45 1]
S, FesGeTe, & B A 4 @MY Ising A1k w4 4
BE, HREYET A 2. KA FesGeTe,
B T, 7F 220—230 K Z [0, HA K EBE; 5800, #
JZ Fe;GeTe, A B — M REWE, H T, RILH KR
Y S K PE 32, FegGeTe, )2 N B -8 5 5 i
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2@ e © © o e (b)
2 A @ @
ol L
e © o e
3 ]

© ©

e @ Fep Fer

O Fe T []

its gt

or

e e A it 0”
e Te a"t‘b ﬂ'zﬁﬁ

19 (a) I FeyGoTe, 0 SRS HUR B, Z23 4 RHBLEL (I 1001]), A7 2B BLEL (IS [010)%; (b) Fe G o Te 9 i4H
Fig. 9. (a) Atomic structure of monolayer Fe;GeTe,. The left panel shows the view along [001], and the right panel shows the view

along [010]P%. (b) The magnetic structure of Fe, 74GeggqTe,l*.

BN, ARG ST B T LR K AR Y 2 2
FAEE, 8 FIH] ALO, B Au 5 FeyGeTey Z [H] 44
SR AR 0 AT B LR 5 15552 4R A5 I AR Y
HZ FeyGeTe,. R, 78 ALO; il Au FAH)Z
Fe;GeTe, M T, 25 5 H K SR B8 8 7R 8500 I
5 ALO, 4 FAYHR)ZE FeyGeTe, I T, i 20 KB8I;
KRR — @t (MCD) S Au g L1y 52
Fe;GeTe, B T, &y 130 KB, X ] HESE HH F FeyGe
Te, 5 Au FHAL Y HL T 5438 K T FesGeTe,
LT BE, SR Au IS B ER)ZE FeyGeTe, 1Y
S LI P A v 8. RS b S AR MERS BT T
i1 RS BE LAY FesGeTe,, LA Fey 74Geg g Tey A 141
5 T FeyGeTe, BEAARIE, WAL 9(b) s 551, 1
Hb, FesGeTey HAT AL BREE 2540 20, 0 I 1 k4
PE, ZiEACRA o Bl (K40 FesGeTe, 1 T, i T%
IR (310 K &£ /), # 2 Fe;GeTe, i T, 7£ 270—
300 K Z[H].

25 TEEREAHLEY

MnBi, Te, J& & B — AT N B0 40
FIAE L5 A 3351551 MnBiyTey Ry SE 8 &+ S o
FEIRE M TR Weyl 2E4 8 %5 hMa T
ST HA A G 858, MnBi,Te, A
SERFNREZE A Q& 10 iR B9 SR JE 25 A R3m
— AR E 7R F)Z (septuple-layer,
SL), £~ SL JZ Y J5 7% B8 Te-Bi-Te-Mn-Te-Bi-
Te WIIFHT ¢ FEIN. ¥ 5 2, &4 SLIJZT LA
IANA R —> MnTe BUFEF 24 A F| BiyTey FJH
FIEHIEAAY. MnBi,Te, ) SL Z8kmEHY, Hug 1k
KT Mn J5F, Gy REAkR R o fili; #H4B SL Z [A]
R RCERRERE G, itk MnBiyTey B A-type AFM
e, HORAHI Ty M 25 K. b, # BiyTe, 1
JZ & MnBiyTe, F155 1 MnBi,Te; (& 10(d)) 1
MnBigTe,,  HF A-type AFM i 4544, 1K FH 1)

Ty 500 13 A1 11 KL EAE R 2240 55 | B SO
fa] BT 5% 41 000 3 5 BT, WO T HoAth AFM
B3 o 4 Jm B AL 59, W VBiyTey, NiBigTe, Al
EuBi,Te,. iX &4k H A 5 MnBi,Te, #H [ i 14
. HEA A-type AFM BESEH, SR EATH SR
RS LE .

10 (a) BiyTey B 5 T HI02; (b) MnBiyTe, -k Ji
TFHIT)E; (c) MnBiyTe, W iR LS FIBELSH; (d) MnBi,Te,
B it R 35 4 TR 5 4 1)

Fig. 10. (a) Quintuple layer of Bi,Tes; (b) septuple layer of
MnBi,Tey; (c) crystal structure and magnetic structure of
MnBi,Tey; (d) crystal structure and magnetic structure of
MnBi Te,®.

26 HELESEXLY

IS IRERILEY (MOX, M = Fe fl Cr 4,
O = SH10; X =Cl, Br #1) JEAZIRGEH I
U7 FCH IR s 91981 (] B A [ 1Y) A A
F, W 11 s PO BAKRHE, MOX BA TEAZRIXT
FREGEEH, S8 Pmmn 23 [AIRE. X SERRHR AR 7
FRABTE ab T AR T AE 4, 4 DA 2 AN
A B8 7 BC AV 3k U 4 i R s A il \ T (A
F, A R SRR R AL, S R R
TIRFE XO BT ZH B = IR L5
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(b)

Cr/V/Ti O

Cl/Br

Bl 11 (a) S KLY LI (b) 4 % 2 4
e B BC AL ik 3 4 ) 75 7% JRU i A /T A 2 4 5] (TO
) 0 U 4 A A IR I (RS AR )

Fig. 11. (a) Top view of transition-metal oxyhalides; (b) a
strongly distorted octahedron formed by one metal ion co-

BETE, Ta~ 84—92 K495, S48 H 2 AR i
2, M FeOCl BYfEME— EARBEMISY. 2020 4,
3 [ T bR T K2 Schoop BFFY4H B % FH VAR )
B4 TIEREE N 2.0—2.4 nm MIHZE FeOCl, H
T R R, Tn ~ 14 K. {K4H CrOC1 W3
N RERREME, T ~ 13.5 KO, BRI 2
CrOCl J& FM # 8, 78 160 K LR ¢ 5l Bl
WEAT 7 P AR AR AR K k) CrSX (X = Cl, Br
FIT) o 7005 A HAT K e Ak . R s
BB FEFRIAKE FM A8 2R R2F T 4 22 ot 4 199)
HTF 4k Heisenberg f AT #AJZ CrSCI, CrSBr

ordinated by 4 oxygen and 2 halide ions (top), the side view
of transition-metal oxyhalides (bottom)®!l.

TRHH FeOCI MRENE AT BEST, HERBLH S Bk

F1 CrST )& BLEEE 739318 150, 160 F1 170 K.

ANIREE T RLE 6 JEPPRHI ALY | W45
WLEIREVER B S g TSR 151,

MwEPERE, ¥

F 1 LR REERRL R HRg v o
Table 1. A list of typical magnetic materials and their magnetic properties.
RS ok ity MR T/ T, Ejlipuy gt WH eV ZHIHR
1L: 10 K/ T,
CrCly A-type AFM 2L: 16 K/ Ty //XY 3.0 [44,46,47]
Bulk: 17 K/ Ty
1L: 27 K/ T, o ineand
CrBr, FM 2L: 36 K/ T, ctween Isingan 2.2 44,45 47]
Bulk: 37 K/ T, Heisenberg
1L: 45 K/ T,
A-type AFM/Few L 2L: 45 K/ Ty
Crly Few L: 46 K/ Ty 1 Ising 1.2 [44,45,47 48]
FM/Bulk Bulk: 61 K/T,
A-type AFM/Bulk Bulk: 24 K/ T; L 44
IT-FeCl, yp / N [44]
FM/1L 1L: 109 K/ T, 1 Heisenberg Semimetal [55]
Uy IT-FeBr, A-type AFM/Bulk Bulk: 14 K/ Ty 1 [44]
FM/1L 1L: 81 K/ T, | Heisenberg Semimetal [55]
TPl Intralayer AF-stripy/Bulk Bulk: 9 K/ Ty 1 [44]
_Fel,
FM/1L 1L: 42 K/ T, 1 Heisenberg Semimetal [55]
AFM /Bulk Bulk: 25 K/ T; 44
1T-CoCl, / 2 // [14]
FM/1L 11: 85 K/ T, Heisenberg [55]
A-type AFM/Bulk Bulk: 19 K/ Ty // [44]
1T-CoBr,
FM/1L 1L: 23 K/ T, Heisenberg [55]
1T-Col, AFM Bulk: 11 K/ Ty [44]
. 2.0 nm: 35 K/ Ty 1.11/1L
Nil, A-type AFM Bulk: 75 K/ Ty 1.23/Bulk 129]
CrSe” FM Bulk: 280 K/ T, [21]
CrTe,# FM Bulk: 310 K/ T, 0 [97]
11 nm: 140 K/ T,
LR Gulte M 45 nm: 205 K/ T, L 0 [19]
By 5 nm: 280 K/ T,
Cr,Tes FM 40.3 nm: 170 K/ T, L 0 [57]
4 nm: 170 K/ T,
FeTe (hexagonal) FM Heisenberg [20]

Bulk: 220 K/ T,
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F (L) WILMREEA R SR
Table 1 (continued). A list of typical magnetic materials and their magnetic properties.
FEREZE kL gy MR T/ T, Ejlipuy et WH eV ZHIHR
FM/1L 1L: > 300 K/ T,
MnSe, * 1 3.39 [61]
AFM/Bulk
1T-VSe,” FM/1L 1L: > 300 K (470 K)/ T, // 0 [22,60]
2H-VSe, A-type AFM // Semimetal (98]
FM/3.2 nm 3.2nm: 2 K/T,
VSq 1 0 [99]
AFM/Bulk Bulk: 32 K/ Ty
) 5 nm: 45 K/ Ty :
FeTe (tetragonal) AFM-Néel Bulk: 70 K/ Ty Heisenberg [20]
15 nm: 120 K/ T,
CrzS5s FM 45 nm: 300 K/ T, [59]
Cry,057 AFM Bulk: 307 K/ Ty L 3.5 [100,101]
Intralayer AF-zigzag 1L: 118 K/ Ty .
FePS ’ 11 . 5
eP5 interlayer FM Bulk: 118 K/ Ty e 15 [B0&sT
. Intralayer AF-zigzag 2L: 130 K/ Tx
NiP ’
iPSs interlayer FM Bulk: 150 K/ Ty /1 XY 1.6 [31,65.67]
Intralayer AF-Néel, . .
MnPS; interlayer FM Bulk: 78 K/ Ty // Heisenberg 2.4 [65,68,71]
S R CoPS; e Bulk: 120 K/ T /] XY [66]
Iy interlayer FM
Intralayer AF-zigzag 5L: 70 K/ Ty
MnP ’
nPSes Sty L Bulk: 70 K/ Ty /1 XY 2.3 (32]
Intralayer AF-zigzag .
FePSe;* ) Bulk: 119 K/ T; 11 .
ePSey interlayer FM u / Tx sing 1.3 [73,74]
eps A-type AFM Bulk: 36 K/ Ty 1.3 [75,76,102]
TSy
FM/1L 1L: 50 K/ T, 2.28 [77]
A 1L: 80 K/ T, .
CrySigTeg FM Bulk: 31 K/T, 1 Ising 1.2 [80,81,103]
2L: 28 K/ T,
CryGe,Teg FM 3L: 35 K/ T, 1 Heisenberg 0.45 [17,80]
SR Bulk: 61 K/ T,
b EY 1L (onAl,05): 20 K/ T,
Fe,GeTe, FM 1L (on Au): 130 K/ T, 1 Ising 0 [38,82]
Bulk: 220230 K/ T,
12 nm: 270—300 K/ T,
Fe;GelTe; FM Bulk: 310 K/T, 1 0 [26]
3SL: 18 K/ Ty
MnBi,Te, A-type AFM 4SL: 21 K/ Ty 1 Heisenberg [84,85]
Bulk: 25 K/ Ty
) ) MnBi,Te; A-type AFM Bulk: 13 K/ Ty [89]
b 4 X
AL ey MnBigTe;, A-type AFM Bulk: 11 K/ Ty [89]
VBiyTe, A-type AFM // [90,104]
NiBi,yTe, A-type AFM // [90]
EuBi,Te, A-type AFM // [90]
2.0—24 nm: 14 K/ Ty
FeOCl AFM Bulk: 8492 K/ Ty [34]
FM/1L 1L: 160 K/ T, 1L Ising 2.38 [91]
iy — CrOC1
PR A AFM Bulk: 13.5 K/ Ty i 2.31 [96]
ER 7]
CrSBr FM/1L 1L: 160 K/ T, // Heisenberg 0.757 (03]
CrSCl FM/1L 1L: 150 K/ T, // Heisenberg 0.856 (93]
CrSI FM/1L 1L: 170 K/ T, // Heisenberg 0.473 [93]

TE: BOE IR SR R I BRREARY, 18 (O IR SR S8 & B S BRREASRE, K (0 TG 2o S BRE TN 4k o8 S Bt
Bk EARFHARRL, AR SRR IR AR I _EAR RV SRS A AEREVE 1 R B AU REVERD R L ROR S R T
VI (ab), // Fm G WA AT T (ab).
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3 R MEAOR Y S AR

T AR PR E BRI O RS A AR, H.
SRR s L HI R D8 G, X TR Z
MFBL (. Y, Bk HER DT R Fin
A5 ) X HRETEBEAT IR, BURREIRS, DLSEBAE A
e v ¥~ MR A i 557 1T 4 O .

3.1 7 (R3pFNEg) 3

Vi B FE AR SNSRI, B 43 R A2 e
Az )2 Crly B A-type AFM #5 G, TEE /I
N ERERE LT R ZE ) #E 0.6-—0.8 THOA0105.106] (1
SMEGVERTS, S5 10 ROFA T RO RERE 23 kA=
B, S AFM 3| FM 9572, GniEl 12(a) fis: 1
4+ 0.65 T Z[A] MCD 55 /%, LW ZE AFM #i
G5 WKW MCD (55 3R W &4 AFM 2| FM 1y%%

75 16, MnBiyTe, L& B A-type AFM F &, 7E
(a)
W w
g i [
W
50 pomne Hl 2L
;1.0 —(I).5 (I) 015 1j0
woH/T
04[@ ot pomm A
«+1T
02} " Jo.05
s
S i 1°
4
sl 1-0.05
FH
Coal 1010
—02 0 02 04 06 08 10
E/(Vnm-1)
& 12

AM/mA

3.5 T ESMEET, W k4 AFM 2] FM
B AE (K] 12(b))BY. Ff BiyTes 7 )2 2] MnBi,Tey
(MnBi,Te,)07 it |l T Mn Ji )2 8] 5 25 3 K
JZMEIF) AFM #5598055, 78 0.15 T W MES T,
BIAT &2 AFM 2| FM W5 42, JFFE 0.22 T B9 #%
YN isENR A (15 12(d)).

LA WG B4R (RS RN, M, = oy
5 P, = oHj, o R APEREH R AR & 1Y), il
Sl — U5 B AR & B . g
P 20N T S TR ST 1) J5 Y0 o e AR 22 () I Y %
FRPE, B LT 224 Mp e} 109101 (ke (23 ] i T
SRR R B ) | R (P TR 2 T8 A 1 ) 3
7). FEFEAR IR K Mak fl Shan WF574H 10 Bk
TE ZHEREYEA BRSO Crly Ul g 21k
HLRLN , 45 R ULIE 12(c). ZEEREIL T (AFM 1),
T Ak 3 1 728 Ak Bt &1 I L 3 18 185 T T 4 1 184 i
Bz R msgm, AR 7 My~ gk, iR
B[R] S Bk RERG TR B Ol RE AL B 1281455

3L(b) noHsp =3.5T
—— H (0001) :
ol  —— H.(0001)
~ —— Hj;(0001)
2 1t — Hy(0001)
o
()
& 0
;M
§ 1l — T=2K
S — T=300 K
_9ob — T=2K
: —— T=300 K
Y
-6 -4 -2 0 2 4 6

oH/T

2 -
(d) Hlilc
0 10 K
—2
2

M/(ps/Mn)

H/T

(a) W2 Bk Crly f MCD {55 5 B %37 (28 46 09 (b) 78 H // (0001) F1 HL (0001) 75 [ MnBiyTe, #5137 1) 15 4k il 28

(Hsp 2N B TE-BHEE#EA ) B, () U2 BB Crly 1926 M B H 00N 10): E — AN [ 22 B9 W83 18 1 0 B o 104 % A 51 B8 1) A4 X R 4 3of A8
b (3504 AM/ My F AM) BEREIMAAIEAL; (d) H // ¢ 5 AR MnBi Te; SR RIREN M2k, Hy, —2% A HEfFe 7 107
Fig. 12. (a) MCD signal in AFM bilayer Crl; as a function of magnetic field'%; (b) field-dependent magnetization curves of
MnBi,Te, for H // (0001) and H 1 (0001), where Hgp is spin-flop magnetic field®!; (c) linear magnetoelectric effect in AFM bilayer
Crl;*%: relative and absolute changes in the sheet magnetization (AM/M, and AM, respectively) as a function of applied electric

field measured under a fixed magnetic field; (d) full magnetic hysteresis loop of isothermal magnetization of MnBi,Te; taken at vari-

ous temperatures for H // ¢, H;, first-order spin-flip transition field('%7).
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WA 76 1 T HEM T (FM M), BEALIRBE B AR 1k
BEAMITHL O, SR AR LRI R (S
Y /N, BEARSR BE JLP AN ). AFM AH 1Y 3=
Crly (W ShA% RSG5 F4 Sks ) T Bsf 4 T A s [ Jsg i A 23
() S 6 FR M5 1T FMAH B B2 Crls AT i s [
BB R AR, oA ] R s AR R R B, U2
SRR Crly g e iE & ny AL i AN TE I, 7T B2
M Tt g fa , BA ORI B B A E R )2
Crly 1Y HL VR BN I8 7 A ).

3.2 HRFRERE

FEHERETEM B SR IR B R AR A 25|
EREYER T PR (PUIE) | SR B AR AR 45 )
SPEAE IS DT 5 1R AA AR P DR A 1) A8 A 02,
BT B 0 E 2O A SR T
WK B HRAE.

FHEB S T X2 FIRUZE Crly R
il B9:105) 7R T — AR T 5 2 1Y 2 R 2SS e A
MY (Y L A 2 AR S A R IR AN 13(a) TR,
TR S80S it i T DA e i A 2 T
HJZ Crly MR AR AR EE | Bemi ) A LR B, B
& 25 X HL T VR BE AR AL 5 B L Pk Y R B /0
(] 13(b)). LEZRIA T, 2.5 x 108 cm 2 {145
ZRATSEPAUZ Crly N AFM 53] FM R0
(K 13(c)). BLoh, FrBaasii 17X 0)2 Cr,
GeyTeg H BRI R [ e RER 474 1 U i i (111,

AL TR B, B IRIATE AR R 5

I B— AR BE AR BRI A B2, E—F
H R PR R TR B 1) T B, W AR R
FHERTF 101 em 2. Frlndk E 7 K2: Eda 5T
21 179 B T4 (DEME-TFSI) ##% CryGe,Teg
MIRGYE, MR FIRESE 4 x 10 em 2B, T,
i 61 K F+2 200 K, H %) ff A5 b s 1) i .

B4 R AR AR R R b 8 TR B A AR
FB. th ERH R =B 5T 4 12 R ek 2
Jr A ML E T 00 T S AR B T (TBAY) i 2
3| CryGeyTeg 2 1] (K] 14(a)), 1EJ2 A1 FEHE KK [H
f, B PR E 104 em 2 A F, HHE 7. M 65 K
KIEHETFZE AT 200 K, #E45 10 5P 1AM 1) 1T
W (I 14(b)), #E—BUESE T T, W45 1 21 54k
TR AT OC 2R

SRS Crly A CryGeyTeg #HEL, FeyGe
Te, MERREME 2l i 2 H B A 3 1. BB H0E
Fe d i F 5 T FOK GBS T (1 BEAT 4544, DI
FE FeyGeTe, 7= A T Bk R M. o, 3@ 3
Fa 1 PN B B VR, AT LR A b T R
. 5 H R 2 ke I AF 5T A B8 R B R T A 2
(LiC10,-PEO, Kl 14(c)) Wik, 5l &2 K
10" cm 2 BRI H FB 2%, M2 T 9K e
AR B X1 3 )2 FesGeTe, MRS A2 i
FE T, B B e AR AR AR b, HAEM 295 T
1.75 Vi, T, M 7= (E 14(d)). tesh, HE
WA AR T, RS e —E).

Doping density /(1013 cm~2)

O s 0.031

w

—~
a

~

30

Gate voltage/V

—20

20 40 0 0.5 1.0

Gate voltage/V poH/T

B 13 (a) BUMHEXMUZ Crl; 8 45 7R B B, (b)), (o) BB 24456 502 (b) FIBUZ (c) Crls MYREYE 1) Hir (b) J2 L

THET

VA
HARLEH — LB B (AL ) 1A (B 6) ., s BURE (B 6) SHE (Rfh) &2 (Tihh) iR, IE () EHa AR

LT (270 IR, (c) 4 K TR E-#EAIUE R XUZ Crl; MK

Fig. 13. (a) Schematic of a dual-gated bilayer Crl; device®. (b), (c) Controlling magnetism in monolayer (b) and bilayer Crly

(c) by electrostatic doping!'®: (b) Coercive force (magenta), saturation magnetization (purple) (both at 4 K) and Curie temperat-

ure (orange) normalized by their values at zero gate voltage as a function of gate voltage (bottom axis) and induced doping density

(top axis) with positive (negative) value for electron (hole) density; (c¢) doping density-magnetic field phase diagram of bilayer Crl;

at 4 K.
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Fig. 14. Experimental results of ion intercalation. (a), (b) Results of the organic cation intercalation for CroGe,Teg!'?: (a) Schemat-
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Fig. 15. Experimental results of Crl; under hydrostatic pressurel’?: (a) Schematic of rhombohedral stacking and monoclinic stack-
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ones represent the I atoms; (b) schematic of high-pressure experimental set-up; (c¢) tunneling current, I, versus magnetic field, H, at
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Fig. 16. Experimental results of spin-polarized STM for CrBrsll. (a), (b) STM images of H-type stacked (a) and R-type stacked
(b) CrBry films with both a monolayer (1L) region and a bilayer (2L) island. Magnified, atomically resolved images of the bilayer is-
land and its extended bottom region of the H-type stacked and R-type stacked CrBrj films are resolved. (c¢) Schematic of SP-STM
measurement. (d), (e) Spin-polarized tunneling on the H-type stacked (d) and R-type stacked (e) CrBrj bilayer as a function of
magnetic field with a Cr tip. The out-of-plane magnetic field was swept upward (black curve) and downward (red curve).
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Fig. 17. Straining regulation of Fe;GeTe,'?): (a) Schematic diagram of device in the strain experimental set-up; (b) coercive field as

a function of strain at 1.5 K; (c) remnant anomalous Hall resistance R}, normalized by the values at 165 K as a function of tem-

perature with varying strain.
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Fig. 18. (a), (b) Experimental results of FePS;/Fe;GeTe,'?!]: (a) Magnetic ordering in vdW Fe;GeTe, and FePS; thin flakes; (b) ex-
tracted Kerr rotations as a function of the temperature for Fe;GeTe, (red curve) and FePS3;/Fe;GeTe, (blue curve), respectively.
(c), (d) Experimental results of BiyTes;/Fe;GeTe,['?2: (c) Schematic structures of BiyTe; and FesGeTey; (d) anomalous Hall resist-
ances of the BiyTe;(8)/Fe;GeTey(4) heterostructure at different temperatures, respectively, the number represents the thickness of

the sample. (e), (f) Temperature dependence of MOKE signals of the CryGe,Teg without (e) and with (f) NiO capping layer!'??.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Recent development in two-dimensional magnetic materials
and multi-field control of magnetism”
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Abstract

The recently discovered two-dimensional magnetic materials have attracted tremendous attention and
become a cutting-edge research topic due to their long-range magnetic ordering at a single-unit-cell thickness,
which not only provide an ideal platform for studying the magnetism in the two-dimensional limit and other
novel physical effects, but also open up a new way to develop low-power spintronics/magnetic storage devices.
In this review, first, we introduce the crystal structures, magnetic structures and magnetic properties of various
recently discovered intrinsic two-dimensional magnetic materials. Second, we discuss the research progress of
controlling the magnetic properties of two-dimensional magnetic materials by magnetic field, electric field,
electrostatic doping, ion intercalation, stacking, strain, interface, etc. Finally, we give a perspective of possible
research directions of the two-dimensional magnetic materials. We believe that an in-depth understanding of the
origin and mechanism of magnetism of the two-dimensional magnetic materials as well as the study of the
relationship between magnetic properties and microstructures are of great significance in exploring a magnetic
material with a substantially high Curie temperature (Néel temperature), and designing multifunctional new

concept devices.
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Fig. 1. Sythesizing bulk crystal via chemical vapor transportation technology: (a) The scheme of chemical vapor transportation;
(b) the optical photo of Crls; (c) the optical photo of CrCls; (d) the optical photo of CrBrs; (e) the optical photo of FePSs; (f) the

optical photo of NiPS;. Data from Ref. [48-51].
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Fig. 2. Growing monolayer Crl; on Au (111) and HOPG substrates: (a) STM image of Crl; monolayer on Au (111) substrate (the
inset is a height profile along the red dashed line); (b) atomic-resolution STM image; (c) Fourier transform map of monolayer Crlz
on Au (111) substrate; STM images after (d) 20 min, (e) 40 min, andatomic-resolution image (f) of Crl; on HOPG substrate. Data

from Ref. [53].
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Fig. 3. Schematic of MOKE microscopy setup. A power-stabilized He-Ne laser (633 nm) is used for the optical excitation. A mech-

anical chopper and photoelastic modulator modulate the intensity and polarization of the exciting beam. The modulated beam is

then conducted to the sample through a polarizing beam splitter. The sample is subjected to cryostat at T = 15 K with magnetic

field upto 7 T. A lock in amplifier is used to detect the intensity and Kerr rotation of the reflected beam. Schematic of the setup

from Ref. [19].
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Fig. 4. MOKE measurements of monolayer Crl;: (a) MOKE signal for a Crl; monolayer varies with magnetic field; (b) power de-
pendence of the MOKE signal taken at incident powers of 3 pW (blue), 10 pW (pink), and 30 pW (red); (c) temperature depend-
ence of MOKE signal with the sample initially cooled at gyH = 0 (blue) and 0.15 T (red). Data from Ref. [19].
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Fig. 5. Probing magnetism of atomic Crl; via RMCD: (a) Schematic of two-dimensional spin-filter magnetic tunnel junction; mag-
netic field dependent RMCD signal of (b) bilayer, (c) trilayer and (d) four-layer Crly devices at T = 2 K. Data from Ref. [63].
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Fig. 6. Probing the magnetism in atomically-thin Crly via spin filter effect. (a) Energy digram of metal/ferromagnetic insulator/
metal junction. The blue and red horizontal lines stand for the energy barriers of spin up and spin down as indicated by the red and
blue arrows. (b) Optical picture and structure diagram of a graphite/tetralayer Crls/ graphite tunnel junction device. (¢) Tunnel-
ing conductance of bilayer Crly device. The insets indicate the corresponding magnetic configurations. (d) and (e) The diagram of
layer resolved, spin dependent tunneling barrier in antiferromagnetic phase (d) and in ferromagnetic phase (e). (f)—(h) Analogous

data and schematics for tetralayer Crly device. Data from Ref. [29].
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Fig. 7. Manipulating the magnetism of two-dimensional Crl; crystals via electrostatic doping: (a) Schematic of a dual-gate bilayer
Crl; device fabricated by Huang et al.l; (b) RMCD signal of the same device varies with magnetic field at varying doping levels
from 0 (black) to 4.4x 10" cm ? (red) with temperature fixed at T = 15 K; (c) the dependences of RMCD signal on magnetic field
for displacement field varying from 0 V-nm! (red) to 0.6 V-nm ! (black) with doping level fixed at zero; (d) schematic of a dual-
gate bilayer Crly device fabricated by Jiang et al.?%; (e) normalized Coercive field (magenta), saturation magnetization (purple)
measured at T = 4 K and curie temperature (orange) to their values at zero gate voltage as functions of gate voltage (bottom axis)
and doping density (top axis); (f) magnetic field-doping density phase diagram at T = 4 K. Data from Ref. [20,64].
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Fig. 8. Control the magnetism of Crl; via magnetoelectric effect: (a) Top view of monolayer (left panel) and side view of bilayer
(right panel) Crl; crystal; (b) antiferromagnetic bilayer Crl; consists of two individual ferromagnetic monolayers with antiferromag-
netic interlayer couplings. Schematic of nonzero net magnetization induced by electric field in bilayer Crl; crystals; (¢) MCD signal
varies with magnetic field at different displacement electric field as indicated in the legends. The black and red curves stand for for-
ward and backward sweeps of magnetic field; (d) electric field induced relative (left axis) and absolute (right axis) of magnetization
as function of electric field at T = 4 K; (e) change rate of magnetization with displacement electric field as a function of magnetic
field for bilayer and monolayer Crl; flakes at 4 K; (f) absolute and relative magnetization of bilayer Crl; as a function of electric
field at fixed vertical magnetic field (filled: 0.44 T; empty: —0.44 T). Data from Ref. [67].
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Fig. 9. Raman spectrum reveal the change of Crl; layer stacking order in tunneling devices: (a) Monoclinic (left panel) and rhombo-

hedral (right panel) crystals order of Crls; (b), (¢) polarization dependences of Raman spectrum of Crl; in monoclinic and rhombo-

hedral phases respectively. Data from Ref. [30].
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Fig. 10. Comparing the MCD signal, polarized Raman spectrum and tunneling conductance before and after applying a high pres-

sure: MCD signals of bilayer and five layer Crl; crystals before (a) and after (b) applying the pressure; polarized Raman spectrum

of five-layer Crl; before (c) and after (d) applying a pressure of 1.8 GPa; (e) tunneling conductance of bilayer Crl; device at pres-
sure of 0, 1, 1.8 and 0 GPa (from top panel to bottom panel) at T = 1.7 K. Data from Ref. [30].
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SPECIAL TOPIC—Two-dimensional magnetic materials

Probe and manipulation of magnetism of
two-dimensional Crl; crystal’
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Abstract

For a long time, it has been generally acknowledged that low-dimensional (lower than three-dimensions)
long-range orders cannot stay stable at any finite temperature, because temperature-induced fluctuations can
destroy any long-range orders in low-dimensional systems supported by isotropic short-range interactions.
However, this theorem requires that the interaction must be short-range and isotropic. In fact, many low-
dimensional systems do not meet these two requirements. For example, due to the strong anisotropy in two-
dimensional Crl; crystals, there is a band gap in the magnon spectrum. When the excitation energy from
temperature is much lower than the band gap, the magneton cannot be excited by temperature on a large scale,
and the long-range magnetic order in the two-dimensional system will not be destroyed. Various methods have
been used to characterize the magnetic order in atomically thin Crl; crystals, and a lot of attempts have been
made to manipulate the magnetic structure in the system. Focusing on Crls, in this article we review the recent
studies on growth, magnetic structure measurement and manipulation of two-dimensional magnetic materials,
and also discuss the prospects for the next phase of research from the perspectives of basic condensed matter

physics research and electronic engineering applications.

Keywords: Crl;, two-dimensional magnets, magnetism measurement, magnetism manipulation
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Fig. 1. Simple classification of two-dimensional magnetic materials.
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Fig. 2. (a) Schematic of FesGeTe, exfoliated by Al,Os-assisted mechanical method®?; (b) optical image of typical few-layer
FesGeTe, flakes exfoliated on top of an Al,Oy thin filmP?; (c) schematic illustration of FeTe nanosheet growth route by CVDI33;
(d) optical image of few-layer FeTe flakes!'*’); (e) schematic illustration of NiPSs growth route by liquid exfoliation['%); (f) the AFM
image of NiPS; flakes!'¥%; (g) schematic illustration of VSe, growth route by molecular beam epitaxy; (h) the AFM image of

monolayer VSe,!*3l.
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Fig. 3. (a) Schematic diagram of magnetic circular dichroism; (b) and (c) tunneling current and reflective magnetic circular dichro-
ism (RMCD) as a function of out-of-plane magnetic field (uoH,) of double spin-filter magnetic tunnel junctions from bilayer and
trilayer Crl; at a selected bias voltage —290 mV and 235 mV, respectively, green (orange) curve corresponds to decreasing (increas-
ing) magnetic field®; (d) comparison of RMCD sweeps for Fe;GeTe, of thickness 48 nm as a function of the magnetic field, respect-
ivelyl*d; (e) schematic diagram of magneto-optic Kerr effect; (f) Kerr rotation signals of bilayer Cr,Ge,Te; vary with
temperaturel; (g) the magneto-optic Kerr signals of different Crl; layers as a function of the magnetic field®'l; (h) the polar MOKE
signal of TagFeS; nanosheet as a function of magnetic field at different temperatures!'!l; (i) MOKE signal of TazFeSg nanosheet as a
function of magnetic field acquired before and after 4 months aging under atmospheric conditions!'5!.,
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Fig. 4. (a) Schematic diagram of magnetic force microscope (MFM); (b) MFM phase image of monolayer/bilayer/trilayer VSe,
flakel'%%l; (c) topography height and MFM phase profiles of the MFM image corresponding to the white dashed line in panel (b)10%];

(d), (¢) MFM domain images for Fe;GeTe, at 204 K and 103 K, respectively, inset of (d) is the MFM image at 300 K, and the
white rectangles outline the same areal'¥l; (f) MFM signal as a function of magnetic field for 200 nm Crl; flake; (g) MFM signal as
a function of magnetic field for 25 nm Crly flakel'™; (h) illustration of the stacking orders and spin configurations insurface and in-
ner layers!™; (i) schematic diagram of scanning tunneling microscope™; (j) the STM image of VSe, monolayer on HOPG, VSe,
monolayer islands preferentially nucleate at step edges on HOPG%); (k) the STM image of VSe, monolayer on MoS,, the growth of
VSe, monolayer on MoS, is more uniform and gives rise to larger monolayer islands!'®%); (1) ferromagnetic coupling between H-type
bilayer CrBry layers®; (m), (n) antiferromagnetic coupling between R-type bilayer CrBry layerslfl; (o) schematic illustration of an
octahedral FeClg unit (top) and a hexagonal island of FeCl, with a 1T structure (bottom)!"; (p) STM image of 1T-FeCl, with two

non-equallateral hexagons!!?7.
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Fig. 5. (a) Temperature dependent Raman mapping of few layers FePS; temperature dependent®!; (b) the Raman intensity as a

function of temperature for different thickness FePS; of Py, modeP; (c) temperature dependent Raman spectra mapping for

CryGeyTeg of the Eé and Eg modes¥; (d) the original Raman diagram of few layer CroGe,Tey at different temperatures!'™; (e) the

evolution process of polarization Raman spectra for monolayer Crly with magnetic field®; (f) comparison of Raman strength and

MCD for monolayer Crl%%; (g) the evolution process of polarization Raman spectra of bilayer Crly with magnetic field®; (h) com-

parison of Raman strength and MCD for bilayer Crl4%; (i) the mechanism of anomalous Hall effect; (j) the remanent Hall resist-

ance R, as a function of temperature for four-layer FesGeTeyP; (k) the R, as a function of magnetic field for different thickness

Fe;GeTe, nanosheet at 2 K" (1) the R, as a function of magnetic field for Fe;GeTe, heterojunction at different temperatures!

142].
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142)

(m) the R, as a function of magnetic field for Fe;GeTe,/MnTe heterojunction at different temperatures!'42,
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Fig. 6. (a) Top: A schematic side view of a dual-gate bilayer Crl; field-effect device. Bilayer Crl; is encapsulated in few-layer
graphene, which also serves as source and drain electrodes for out-of plane transport measurements. Bottom: An optical micrograph
for monolayer and bilayer Crl; sample devices. Scale bars, 50 pm (left panel) and 20 um (right panel). The metallic ring structure
(left panel) is used to create a magnetic field for the susceptibility measurement for monolayer Crl;. The electrode structure (right
panel) is used for the susceptibility measurement for bilayer Crl;, the red dashed line marks the boundary of a bilayer sample in the
right panelP!l. (b) The magnetic properties of monolayer Crl; as a function of gate voltage (bottom axis) and induced doping dens-
ity (top axis)P!l. (c) Doping density-magnetic field phase diagram at 4 K for monolayer Crls5!. (d) Schematic diagram of a few-
layered h-BN/Cr,Ge,Teg/h-BN heterojunctionl. (e) Kerr angle as a function of magnetic field at 40 K for negative gate voltages!*!.
(f) Kerr angle as a function of magnetic field at 40 K for positive gate voltages!’.
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Fig. 7. (a) Phase diagram of Fe;GeTe, (FGT) as a function of layer number and temperature?. (b) conductance as a function of

gate voltage V, measured in a trilayer FGT device. Data are obtained at T = 330 K, the inset shows a schematic of the FGT device

structure and measurement setup, S and D label the source and drain electrodes, respectively, and V,, labels the voltage probes. The

solid electrolyte covers both the FGT flake and the side gatel®. (c) R,, as a function of external magnetic field recorded at repres-

entative gate voltages obtained at 7 = 10 K and T = 240 KP; (d) the phase diagram of the trilayer FGT sample as a function of

the gate voltage and temperaturel*?; (e) R,, of four-layer FGT as a function of magnetic field under a gate voltage of V, = 2.1 V at

room temperaturel?.
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Fig. 8. (a) Crystal structure of Crls, the monoclinic phase (left) and the hexagonal phase (right)!'%J; (b) the optical image of Crly
tunnel junction'®; (c) the side view of the Crly tunnel junction!'d; (d), (e) the MCD for 2L and 5L Crl; before (d) and after (e)
pressured as a function of the magnetic field under the temperature of 3.5 KI'4; (f) the tunnel current for bilayer Crl; as a function

of the magnetic field under different pressures!'; (g) the RMCD signal for bilayer Crly tunnel junction as a function of the magnet-

ic field before and after pressured!'S”; (h) schematic of high-pressure experimental set-up'®; (i), (j), (k) the RMCD signal for any

three points of trilayer Crl; as a function of the magnetic field!'6.
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curve)l'8l; (f) the Kerr rotation as a function of the temperature for FGT (red curve) and FPS/FGT/FPS (blue curve)!'6s.
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Abstract

Two-dimensional (2D) materials represented by graphene and molybdenum disulfide (MoS,) have attracted
much attention in recent years due to their advantages in electrical, thermal, optical and mechanical properties.
As a branch of 2D materials, 2D magnetic materials have special properties such as magnetic anisotropy and
single-layer magnetic order. Especially, their magnetism can also be controlled by a variety of physical fields,
and it possesses various physical properties and potential applications. Therefore, they have received widespread
attention of researchers gradually. In this article, we summarize the types, synthesis methods, basic
characteristics and characterization methods of 2D magnetic materials in detail, and the magnetism controlling
of 2D magnetic materials as well. Finally, a simple outlook on the research directions and future challenges of

2D magnetic materials is given.

Keywords: layered materials, magnetic materials, two-dimensional materials, two-dimensional magnetic

materials, spintronics
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Fig. 1. (a) Crystal structure of Eug.g1Cag.19In2As2. The atoms of non-magnetic element Ca replace some of the atoms of magnetic

element Eu. (b) Schematic of band structure and Fermi level of Euj_;CazInpAse. Fermi level can be lifted by doping. (c) X-ray

diffraction pattern of single crystals of EulngAss (upper) and Eug.g1Cap.19In2As2 (lower).
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Fig. 2. (a) Temperature dependent x (where x is the magnetic susceptlilty) of EulngAss and Eug.g1Cag.19In2Ass, the blue curve
represents EulngAssz, the red curve represents Eug.g1Cag.19In2Asa . The inset is the temperature dependent 1/x of EulngAss and
Eup.81Cap.19In2As2 in low temperature region. (b) The magnetic hysteresis loops at 2 K with the applied field within ab plane and
along ¢ axis. The inset is the dM /dH curve for the applied field within ab plane. (¢) The magnetic hysteresis loops at 2, 10, 15,

20 and 30 K with the applied field within ab plane. (d) The magnetic hysteresis loops at 2, 5, 15, 20, 30, 35, 40, 60, 70 and 80 K
with the applied field along ¢ axis.
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Fig. 3. (a) Temperature dependent resistivity of EulnzAsa and Eug.g1Cag.19In2Ass . The blue curve represents EulngAsg, and the
red curve represents Eug.g1Cag.19In2As2 . (b) The temperature dependent Hall coefficients of of EulnzAsz and Eug.g1Cag.19IngAss .

The blue curve represents EulngAss, and the red curve represents Eug giCagp.19In2Asa . The field is exerted along c¢ axis. The inset

is the field dependent of Hall resistivity of EulngAsa and Eug.gi1Cap.19In2Ass . The blue curve represents EulnaAss, and the red

curve represents Eug.g1Cag.19IngAso .
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Fig. 4. (a) Field dependent MR of Eug.g1Cag.19In2As2 at 2, 5, 8, 10, 12, 14, 16, 30, 60 and 150 K; (b) the scaled MR at 18, 20 and
30 K within Bethe-Ansatz model; (¢) the fitting of MR data at 20, 30 and 60 K by using Majumdar-Littlewood formula.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Properties of axion insulator candidate
layered Eu; ,Ca,In,As,

Yi En-Kui# Wang Bin# Shen Han#  Shen Bing!
(National Demonstration Center for Experimental Physics Education (Sun Yat-sen University), School of Physics,
Sun Yat-Sen University, Guangzhou 510275, China)

( Received 7 January 2021; revised manuscript received 19 February 2021 )

Abstract

The study of two-dimensional (2D) magnetic materials has driven the development of modern nano-
electronic devices. Exploration of novel intrinsic layered materials with 2D magnetic order will provide a
material candidate pool for fabricating 2D devices and searching for new quantum phases. Recently the layered
antiferromagnetic (AF) topological insulators have aroused the great interest of researchers. As one of the
proposed axion insulators, Euln,As, exhibits a layered structure and 2D AF order. It is found that the parent
compound EulnyAs, exhibits metallic behavior instead of the predicted insulating feature. To pursuit the
predicted non-trivial topological state and novel feature, in this paper, we use various elements to dope the
system to adjust the Fermi level. It is found that only Ca is successfully doped into the Euln,As, system. The
systematic transport and magnetization studies are performed on the single crystal of Eu,_,Ca,InyAs,. The long-
range AF order is revealed to be similar to the parent compound. Above the AF transition, the magnetization
violated Curie-Weiss behavior and magnetoresistance keeps negative, indicating the ferromagnetic order. With
doping nearly 20% non-magnetic Ca, the magnetic properties of the system barely change, which is favorable to
keeping the former predicted nontrivial topological properties in Euln,As,. Although Ca shares the same valence
with Eu, the carrier density of Eu; ,Ca,/Jn,As, is one order lower than that of EulnyAs,. The Ca doping brings
electrons in and lifts the Fermi level. The results enrich the 2D magnetic material candidate pool and provide

useful information for realizing the nontrivial topological state in the 2D AF system.

Keywords: two-dimensional magnetic materials, antiferromagnetic order, topological insulator

PACS: 75.50.—y, 72.15.—v, 75.50.Ee, 71.20.Be DOI: 10.7498 /aps.70.20210042
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Fig. 1. (a) The side view and (b) top view of Fe;GeTe,/h-
BN(3)/graphene devices. The electrode regions of the device
are indicated by a dashed frame. The number of h-BN lay-
ers between graphene and Fe;GeTe, in the center region is
0 or 3. The model shown here is the device structure with 3
layers h-BN.
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Fig. 2. (a) IV curves of the transparent contact device; (b) spin polarization in graphene channel of the transparent contact device;

(c) IV curves of the tunneling contact device; (d) spin polarization in graphene channel of the tunneling contact device.
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Fig. 3. Transmission spectra of (a) the transparent contact devices and (b) the tunneling contact devices. The left column is the

transmission spectra of the spin up channel and the right column is the transmission spectra of the spin down channel.
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Fig. 4. (a) Band structure of Fe;GeTe,/graphene heterojunction; (b) band structure of Fe;GeTe,/boron nitride/graphene hetero-
junction; (c) the differential charge density of Fe;GeTe,/graphene heterojunction, where the green and yellow represent electron de-
pletion and accumulation respectively; (d) the k dependent density of states distribution at the Fermi level in Fe;GeTe,.

In Fig. 4(a) and Fig. 4(b), the left column represents the spin up bands, and the right column represents the spin down bands.
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SPECIAL TOPIC—Two-dimensional magnetic materials

Efficient spin injection in Fe;GeTe,/h-BN /graphene
heterostructure”
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(School of Integrated Circuit Science and Engineering, Beihang University, Beijing 100191, China)
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Abstract

Recently, the discovery of intrinsic two-dimensional (2D) ferromagnetism has accelerated the application of
spintronics in ultra-low power electronic device. Particularly, the Curie temperature of Fe3GeTe, can be
improved to room-temperature in several ways, such as interfacial exchange coupling and ionic liquid gating,
which makes FesGeTe, desirable for the practical application. In this work, we investigate the transport
properties of Fe;GeTe,/graphene heterostructures with or without h-BN layers by utilizing the density
functional theory combined with nonequilibrium Green’s function method. The results show that due to
electronic orbital hybridization, the spin can be effectively injected into graphene with + 0.1 V bias at the
transparent contact interface of FesGeTe,y/graphene. What is more, the efficient spin tunneling injection can be
achieved in a wider bias range [-0.3 V, 0.3 V] by adding h-BN as a tunneling layer, where the spin filter effect
that is induced by mismatched distribution of spin-dependent electronic states in the Brillouin zone, leads a spin
polarizability to approach 100%. These results are helpful in the applications of 2D all-spin logic and the

development of ultra-low power spintronic devices.
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