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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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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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A NiPS; 1Y Ty 3 F 150 K, M2 NiPS; i Ty
130 K, SR1BLZ NiPS, (19 540k e 9l i) 1.
FeP Sy BIRESE AR IR B 5 )RR OC R A K, A AH T
EMBHE Ty Y78 118 K 247 B0, K4 MnPS; 1)
Ty 78 K19,

CoPS; (T ~120 K )66, MnPSe; (T ~70 K )2
5 NiPSy HA MR M RELS#, #f ] XY #EA0 t
TTHA. FePSes (In~119K) HA U ¢ #imy Z #h
A, HomE S5 Al F Ising AU FEATHE AR, E N A
H 5 FePS; H 7] i AF-zigzag B 1% 75 374, [H N4
Co tb & YT %8 FAFTE—E M IRXE, X T Co fk
G YRR AR

CrPS, /& A-type AFM #1 8} (Tn~36 K), H
A s o ek L Gy rg Ak ol (T8 o Bl m)
BA /N R 575 ), H IR SS 1 R S5 i il 7
7R 16, CrPSy WA Z A AT LB CrSg
JNEARTES b FiAH B0 B — 2k, B ARk
b A b BT A, A, CrPS, TH AR
S R~ S A R ) e |51 B W S R R OB 9 TIE
YIS} S | by 22 7 b2 e s R LD R e e W |
R T A K T CrPS, B, JF AT R 5B

(b) OFe

[l 6 (a) FePSy i A 45 1 1) 0 A0 L AN AL 1] B0 (b) FePSy M IR MIZ5#; (¢)— (e) 430l 9 FePSs, MnPSy Lk S NiPS, 4 1 45 14 7~

% Fg] [65]

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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(b)

p— O

b
Eaa

O K K

C KK OKOK K
LK ROk KK

B 7 (a) CrPSy Y f AR 45 A8 R S5 40, 2B 0 RN £ €0 (1) 17 Sk F8 ) RERE /9 75 15 (b) CrPSy FRUZ Y ab -1 ] 170

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!™.

Tat

8  CryGe(Si),Teg A 254 HO IR LB (£

*Uf‘y‘l‘ ';U‘t‘l't;l»‘ .
' 2 ‘ ' -

o- K

O Ge/si

on JOH
D2 3¢ &

L. KA

) AL (Fr), A S ] PR e om0

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.

BTSRANE, D98 T CrPS, BYZSREAT H: AENE N
T ERAT, W o b B R RERS A WO RERE i 1) T 1D
W (3R SRR ), IR RERE S G )7 10—
(R JE ff1; WA RS I E— 20 T R, RGN 58 427 31
SNBSS T ), CrPS, A8 Rk REAS . RS Tt
MR CrPS, 1 T. N 50 K7, H A ZE CrPS, 7] %
FHPUBBRI B 1 5 R85, 200 FAARAEH)Z CrPS,y
Hh SR 38 e

24 WEEEEWULEY

RS CryGeyTeg St fie P BT FT Y — 4
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

127503-8


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 12 (2021)

127503

(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
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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-
ic diagrams of crystal structures of CryGe,Tez and (TBA) CryGeyTeg; (b) temperature-dependent magnetization (M-T) of pristine
CryGe,Teg and (TBA) CryGe,Teg for H//ab (left) and magnetic field-dependent magnetization (M-H) of (TBA) Cr,Ge,Teq for
H//ab (right). (c), (d) Results of the Li* intercalation for Fe;GeTe,"!
lyte (LiClO, dissolved in polyethylene oxide) covers both Fe;GeTe, flake and side gate; (d) Curie temperature of the tri-layer

: (¢) Schematic of the Fe;GeTe, device structure, the electro-

Fe;GeTe, as a function of the gate voltage.
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Fig. 15. Experimental results of Crl; under hydrostatic pressurel’?: (a) Schematic of rhombohedral stacking and monoclinic stack-

ing with top (left) and side (right) view, the green (purple) atoms represent the Cr atoms in the top (bottom) layer while the brown

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”

Xiao Han#  Mi Meng-Juan# Wang Yi-Lin'
(School of Microelectronics, Shandong University, Jinan 250100, China)

( Received 24 December 2020; revised manuscript received 30 January 2021 )

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.

Keywords: two-dimensional magnetic materials, magnetic coupling, multi-field control
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