Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

REAR et AR 4% B LR B R 1%

IHF XNEX FHH FE AW @Hx ERXR R4M

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

Wang Hai-Yu  LiuYing-Jie XunLu-Lu Liding YangQing Tian Qi-Yun Nie Tian-Xiao  Zhao Wei-
Sheng

5| {5 B Citation: Acta Physica Sinica, 70, 127301 (2021)  DOI: 10.7498/aps.70.20210223

TELER L View online: https:/doi.org/10.7498/aps.70.20210223

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

ST AR 2D LA
All-optical devices based on two—dimensional materials

YIBR2A 7. 2020, 69(18): 184216  hitps:/doi.org/10.7498/aps.69.20200654

ALy € e ¥ e RSV
Applications of new exfoliation technique in study of two—dimensional materials

WIEEAEAR. 2018, 67(21): 218201  https://doi.org/10.7498/aps.67.20181636

THERORL R 14 S B 2 T
Research progress of hydrogen tunneling in two—dimensional materials

WIBEAEAR. 2017, 66(5): 056601  https://doi.org/10.7498/aps.66.056601

YRR ST IR
Recent progresses of thermal conduction in two—dimensional materials

WAL 2020, 69(19): 196602 https://doi.org/10.7498/aps.69.20200709

YRR S A T RIS

Research progress and device applications of multifunctional materials based on two—dimensional film/ferroelectrics heterostructures

PIBR2E4H. 2020, 69(1): 017301  hitps:/doi.org/10.7498/aps.69.20191486

YRR AL AR O B A A BT
Recent research progress of two—dimensional intrinsic ferroelectrics and their multiferroic coupling

PFEEEAR. 2020, 69(21): 217710 https:/doi.org/10.7498/aps.69.20201433


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210223
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200654
https://doi.org/10.7498/aps.67.20181636
https://doi.org/10.7498/aps.66.056601
https://doi.org/10.7498/aps.69.20200709
https://doi.org/10.7498/aps.69.20191486
https://doi.org/10.7498/aps.69.20201433

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

TR RGN R

KB SRR 548 R B IR R

TEFYY  HFEAY

H#=Y

F B Y
B R T

ZFxY
A4 Y

1 5 1

1) (AT HUR KRR B B R 5 TR, S RALTEgR b, 25 KM% A e Tl AlE B E S 900, bt 100191)
2) (ALEAIE AR RSB T 220, L30T 100191)

(2021 4E 1 A 29 H®l; 2021 4F 2 H 25 HUEEIER)

U, A AR R B T K AR B R (EL S B RO R R, S R B gl s R TR
FEVEAR . DIRER A, Bl TAT AL 13T 50 AF A B2 RE T f MELARFSE. 2004 4F 4B RHRL——f1 S840 10
RV, Sy SR AR B H B B D FE IS Ok 1B B L. ol TARZERRIE, —EdP R E — 2 808 LR TR h 3k
B EE SRR B A RGP AR, b BREEVEE (S BAL B APAE SR LA 2 R
P SRT0, FRTAE D256 b5 n i HAT BRREPE I — ZEpPRHE 15 /TR R, 7E — 4 R b R A PGS 2=
S AT 9 DR 2R AE AT BRI BE PN 32 B 5 ZUAG M ], JCIEAE S T PR IR BRI, X O iR SR T AR SR T AN AT Z ALY
FIR 5 Bk . DRI S B — M RV AR 2 T B BRREAT e M 45 R BB B A Dl ) FE R [ AR £ R PR A
WA T HEREVERDRIY A B AR L A O ik OO R R, IR T A T R P ARG AR L Y T
. R, PUE A MO R BT R bR AR SR SR B 1 I

SCHRIA: RREPERDRL, B LR, BT 4 F e TR

PACS: 73.20.At, 73.50.-h, 75.70.—, 85.75.-d

1 5 =

T TR TR A R MU AR Bl e B B
R R ERL, B S S T R
BLL AT TR e B B 1 B S AR S i R R AR
i, BEE LG SRR A R, R T 2 #R 8 2
TR, 5SS R T2 R i I
IR A S80I 14 1 S A, 5 L B ) A 2 B AR AT AN
B R, 2 0P S AR EO T AR 4%
PF 2R GER) 252 TR ST SR L I 1 RE AL 5
758, Forh B 7oA SR B TR SR e
BEEOR, SCBURIIAE B REAL | gt | AR AU AN

DOI: 10.7498/aps.70.20210223

A6 5 R PR B B - F, O PR B A AT A
H.OH 5 CMOS T23A RS Kk A et 7-4%
{F——RERZIESS (magnetic tunnel junction, MTJ)
HA AR I E S IIFE L S — 1A Bl fg
BRI B S RG] SRR SR E 2 00
PN AR IMAAL G At AR Z —, 5 T
RGN R Tz G 601 PRt o A
MTJ FEECE A7t B a5 77 T B I, X 8 R A
B B PR AE 5 B R IR e IR MR BRI 5 HA H R
BRI, BEE FET MTJ (58 Bl 2 1) & R
TR Z B B QN B e B AE 0 A L R A
R | DHAEFNR AN SEJ7 TS A A 0% Ao i e ) )
AL DR G, T AT ) B R R B B L

*ERHRE RS HES: 61774013), [ K E G &R (S 2018YFB0407602) Al [E F R H B K £ W (L fES

20177X01032101) %% B4 iLEL.
t BIE1E#E . E-mail: nietianxiao@buaa.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

127301-1


http://doi.org/10.7498/aps.70.20210223
mailto:nietianxiao@buaa.edu.cn
mailto:nietianxiao@buaa.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 % 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 127301

REHMRL B s R H A = — A S is 2.
2004 4F, Jx [H S MR K 2% Andre Geim Fll
Kostya Novoselov B M A7 S50 RER 25 A1 850,
TSI T PR T2 T GERRLAG  A5 0 1), g
WHBHEFS B T A4 B | 1 g shin o — 4
JE PR AR 2 oK RUBE A 8L, T LUZ AR I A7
FE, 38 3 B E T T B A E I B A —
e, BN R DA AR A 7 34 422 06201 B0 i A
R N ) WA R NP RS T e By
HEE AW MR, R E T RE TR A BAE
A RAFRYFATAR Wm0 I B LR s 8 12 7%
RAEAUMRE, A RS 2 b S BB i 58
. PRtk Dhfa ssdas AR I 4 kbl 2 ARk
BHE 1 & AL ZAHLIE, 15 ARSI HT
& Jmy. 2018 4, Fig - SRR TR =058 N 51 2Y
TEAR A — R s, XL 10 TR eG4
AT R 5450 50t Z5 R Wor, Hird 1036 Fhbs
RIS G025, AT R i 45 4 I B DA R e
MRHME ARSI A Z R EE | ARk, Ak
b by E R & SRR I T ) R MR . BEE BF
FEN IR ZYEM R ERBAF S R R, HE)H
AR IU N 2. TR BT 4 BB e 2
U S, R LA 6 i 4G AR
SRR E . AL TGN =23 R 45 0, 4kt
P A Rk % 55 VA EL AR AR S AR AR )2
545, S UCEL AN R Y R 2456 o T RE, aF
WA )2 A P40 S T4 4, 52050 4 DT i

FIHEATE A BRI . A7 S B RA W B R4

PAE 5 7)) d BN 3 = o AN VR S I TSP
K HE P RE AR T8 1% [ FIIE B 2K BEATLAF- Gk o 55 2
F e T PF. AL, SR300 1 — AE s AR
e R ARARAT BRI TE AR TERE, JFEZ
AR B T Z B AT, A Sl EOE AR R
ﬁ[22—24]'

2017 4F, 3k [ 35 E I 240 5 B 432 1 5K
FHURZ 25 04 B R 2 VR e A BR AL 2 73 531
ST Crly MAUZ CryGeyTeg WA AL EFT0F
¢, MR TAERFRLE (Nature ) 24 I, PRI R
(14 J52 JBE A /D T2 3 B SR IR S R 25 1o S R 4
AR AR AR R BGIKT, SCBL R P REAS. %
TAEMAE TR G BB T —4EbP R AR
WEVERIAAAE, N TRR SIS R —4ERETEA R AL T4

B AR DI X SRR B T AR L REARAC, TR 5
3 S DU A P T B2 A BRI P LR 8 T B
FME R IEERHZ. HIZHARN FEA B BT B A
R EER, H R TR B i e AR R
REML A FERS IS L, PRARME R i 4%, TRk A
SRR PASE L= Ak, [RIES, Crls Fil CryGe,Teg
1 JE B EE (Curie temperature, T,) /KT =%
. Hi, SR =R N YRR A iy 5o LU T
R T RRU ] 25 1 28 — A e R R R B T DG B
PR ) A

FIHATIE, AMT—EAEM ML FE0) T
FE R R . SRRy T R ] — L AL
A AAE KRG P ) 4R A RL AT DL 4R 22 5 i B0
B2, SEgnik eI A A, ZEAMRIMELL S8, 22
2 HSE BRI TR, Ay, U i
PEAT B i aE HA 5 R A e R R, R L
THL AR AT T AR 5 7 7k B8 2018 4R,
52 E R Aok il R 31 ) R [ 285 e e S S
Wil 8 T 3T FeyGeTe, /2B F IR0 ik
ar RN S BRI RS R E .
2020 4F, BRI 2208 BY Higil T 4w
YRS BE CryTey M 5 J5 LR A 160 K 4 & 2
280 K. AN, ATEUAL A I Fh 4 201Kk (BigTey)
5 FesGeTe, Z [A] 1 FH A T FERU K FesGeTe, 1Y
By 2 =R DL E B R RS E R
T Y AR AR E, ARLRARE RSB s 4k
T R s LU B JR R AR 1o A A k) i 48
INESREPERRIEA T, IR Z4EAP R REFR 1 S
55 BES R A DHe IR e B 0 7 75 5 e &
B BRNLEE; e Jm Rt — ZEREMER B AR 2 SR
5, Hig 2 8A B MTI L Gt s,
SEHLS AR R B R e BE G HR D RE AR T —
PR AR R 2 i A A e A, SEB AR
M.

2 = HREME AR By A b
2.1 ZERMMRIRNEIE AL
THERCRIA TS T A SR B b gk
T HEREYEM BRI U 4 B A AL B W AR S R
B ERVEFE FLH U (van der Waals, vdW) #4 8}.
AT, §il & b RN ik 2 F 28, AFs LR
A 3936] A2z SRR BT YA SR i 1k 14240

127301-2


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) 127301

APFRTORR: W1 S 2R 07k, P L) B s A
O3 F A MEF AR T3 i 5 ARG R T
2.1.1  HURF & &

LB ) 5 2 A T ok e A 8 Ve 2 [ ) 917
FUH- 381 7 DA TR 9 R M BRER A ity o ) g o ok g —
FRRIUAR T BE. 1207 1301 88 (077 1) 5 15 46 05 1) g
Wi 3PS5 1], AEBRARRE BT T LUK — 2 —
JZ B NHOIRAE Sl o B ok 20 ik R IE A1
SR PRI, A I 5 9 T LA i 1 S8 sk LA
AT B . K1 e T TR ] A A A
(highly oriented pyrolytic graphite, HOPG) il
AR AT BRI Tk, R RS T TR R
ST, I ) g AT R B AR AR
B E, A8 E S MOk B, A5 B R
Al ZOT SR, SRS T 4R
SRR, BIFFEN ST HIZ T il & 1 B A B DA
HMRHAZ R —4ERRL. B AT, @MU R e
W% AR Crly, CrGeTey, Fe;GeTe, (FGT),
Fe;GeTe, S5 12 —AEREPEWMINR. FE 2, —4Emk
PERHE CrIy f0JZ ARG F A REMEARRS 52 560 25 2R D T
FERENES EH O R BRI T E A SRR . ST
RIT Crly W2 B REMERE SR, 2 B2
I EAT BRI, DUZ I HAT BRI i TR #ERL
NESRUZ Crly BRERE R0, 15 =2 S HURAE S
JE VRS G5 LR B, R BN BRm 1k 9. 5381,
T HERETEA R FesGeTe, TR0 2R EERENL T, H
Jo FELUR B T A A e A L, R B R 1,

. Il | Single-layer graphene

P R SRR BRG] B AR

Fig. 1. Mechanical peeling process of single-layer graphenel30.

IR S 5 il £ ) iR LA B /b 36
P32 8 2 AL, (HZ T B AE e A PR
AP 22 A s DN TME DL S B RO A i, T
T Tl Ak =,

2.1.2 HFRIEE

S FIHRAME (molecular-beam epitaxy, MBE)
E—MEEES LT (< 10 Torr (1 Torr ~
133.322 Pa)) IWIAHDTRE AR . & 2(a) Fin, B
A — % Pz gl i I 01 DU R e S 2
FFIEIA, DLAME A AT TR E R IR R I E
JCER & R ST B B AR R BB H AT S (reflection
high-energy electron diffraction, RHEED) #J SZH}
W A AR A Al B 17 RS A EL AR A K
nlEl 2(b) Pras, BA —E ShfER 71 R 5 2] —
FE ML AT b, e o R A i R w5 B
eSS RATIIG, BRRE TR I I R 2 i B A
T — o RN TR R E R, Z
JE R FAER AW BUTR, el ans A= 1 i
PRI, IZHAR B W A D03, 045 T RS A
RIS 1) AR A

H i, s i nl a5 o0 1 RAMNER AR A K
T YEREYER R AR VSey, MnSe, UL & FGT. 4551
AP C SEIAE W T AR EX R
B FGT M al #2145, i RHEED TS WA 2 1
I SRS ST R R ) R B B RRAE, O RT LA id i
P35 Fe U BORS A2 BUIRLRE , 4 )5 220 TAE
BEE T IR A B

Y

1 pm

127301-3


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) 127301

(a) RHEED (b)
RHEED i
A ——— |
o. F
ST J EEAKZE

US

2 (a) 4> TORAME A K IR B (b) LA Ko R 2

Fig. 2. (a) Schematic diagram of molecular beam epitaxial growth cavity; (b) schematic diagram of film growth process.
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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
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PRI ©7) TRREA ] MBE SR A KA (MnSe,)
WO, ZARHAAE S IR REYE (18] 6(b)), WETE K
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T MnSe, R HATE N SRBETE, 5555
R AR HEREVERT R )

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

magnetic materials®?,

2DBHE /St A xR
VSey/MoS,F1VSe,/HOPE vdW 300 MBE
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
CrSiTey 170 DFT
CryTey 2057 DFT
Fe,GeTe, 20—300 AUBERIE %
FeyGeTe, 270—300 AUBHRIES %
Cr,C ~300 DFT

B0 XUEEIE AL SR S IR A A e
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g e et i)
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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
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PERE 15, DT SO S il vk T AR AR O T
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s (K 8(a)). 2019 4, 35 [ H 44 P4 M AR A [E 5K
A May WAL G T Fey ,GeTe, 137
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PR R R R E =R (T, = 310 K), 22
WA FE LR AL =R (T, = 280 K), W&l 8(b)
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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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Fig. 9. (a) Pattern induces the variation of ferromagnetism of FGT film/™; (b) strain induces the variation of Curie temperature of

CGT film®.
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Fig. 10. (a) Antiferromagnetic MnTe induced FesGeTe, ferromagnetism enhancementP?; (b) antiferromagnetic CrSb proximity-in-

duced Curie temperature increasel™); (c) EuS/Bi,Se; interfacial-enhanced Curie temperature(™.
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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’
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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
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