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Quantum anomalous Hall effect in magnetic topological insulators
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Abstract: The quantum anomalous Hall effect (QAHE) is a quantized Hall effect without external magnetic field,
which has chiral edge states and can be used for developing low consumption electronic devices and constructing
other novel quantum states. At the end of 2012, the QAHE was first observed by Chinese scientists in Cr-doped
(Bi,Sb),Te, topological insulator thin films. In the past seven years, the observation temperature has been raised
from 30 mK to about 2 K. Further raising observation temperature is essential for the applications of many quantum
effects, which is one of the major research directions in the field of topological quantum physics and materials. In
this review, we summarize the experimental progresses in the study of QAHE in magnetic topological insulators,
especially in the aspect of QAHE observation temperature. The article consists of four parts: in the first two parts,
the QAHE in doping and proximity-effect induced magnetic topological insulators is introduced. In the third part,
the newly discovered intrinsic magnetic topological insulator system is presented. The last part gives some
perspectives about possible principle and roadmap of how to design and build QAH systems at high temperatures.
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Fig.1 Hall resistance-magnetic field curves of several Hall effects
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Fig.2  Schematic of 3D magnetic TI
(a) Band structure of magnetic induced gapped TSS. (b) Different
magnetic structures in magnetic TI thin films ( Red and blue color
represent topologically distinct regions. Black arrows indicate the
direction of magnetization vector. Yellow lines with arrows indicate chiral

edge states).
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Fig.3 The first observation of QAHE in Cr-doped (Bi,Sh),Te, thin films '’
(a) Atomic structure of Cr-doped (Bi,Sb),Te; material. (b) Gate dependence of zero-magnetic-field p, (0) and p,, (0) at 30 mK. (c¢) Magnetic

field dependence of p,,. (d) Magnetic field dependence of p,.
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Fig.4 QAHE in other magnetically doped TI systems
(a) Schematic of magnetically doped TI system ( Balls with different color indicate different magnetic elements). (b) Magnetic field dependence of
py, and p_in Cr- and V-doped TI thin films at 1.5 K. (c¢) Schematic band structure of Cr- and V- doped TI' ). (d) Magnetic domain structure in
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modulated Cr-doped (Bi,Sb),Te;thin films"*'. (f) Gate dependence of R at 0.5 KM, (g) Gate dependence of R at 0.5 KM,
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(a) Schematic of FMI/TI/FMI structure ( Red arrows indicate magnetization orientation and yellow line indicates the chiral edge state). (b) Magnetic
field (left) and temperature (right) dependence of R, and R in (Zn,_,Cr,)Te/(Bi,_ Sb ),Te;/(Zn;_ Cr,)Te at 30 mK %]
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(a) Schematic of atomic structure. (b) Atomic structure obtained from high resolution transmission electron microscope. (c¢) Band structure

obtained from first principle calculation. (d) Band structure obtained from ARPES measurement. (e) Step-like hysteresis loop of Hall resistance of 7 SL

MnBi, Te, thin films ( Arrows indicate the magnetic configuration of each layer).



5 6 1]

A, A5 REPESR M SR T A BT S R AR -7

F T MnBi, Te, tP 7R £ B T 35 (01 B #0 8 %
SERIESE S MAT 2 WoR T MR R B T Ab
ShREARS R R T T T R SRk I v B
KRG R ZR LA TE 3 ~7 T AMNEESHA/E R F 7l LA SE
BAFM ] FM A9REARAE 7% Bk s H 532
JEAX(E 7 (a)). FEHR BRI R 3 SL 3 9 SL i i
PHOURLIN 1) £~ Ah 7Y sz i 8 J FL BEL A 1) i LV 2 B
g7 B AR KRBT ERT S T RSN
Yy, 5 AFM 2| FM 1% 1 AH 28 BT 75 6 375 58 B AH T, 3R
WA T R L B R AL B A2 1Y R AN fi 58 4
HeBR QHE (52 M, {EAT N A PR F 5 i 28 IR SN 1
TBBUZRES P Lin 25 UL )58 853 T Chern 46
AR T A AR A A (B 7 (e)). A EUZRE
L, Z ORGSR S R B AR T E R
("7 B8 AN T FR R A0 A i PR R T2
$TE, ] Deng 27 fE—A i R 5 SL 34 5 3
FEErgkAs T QAHE Ay SCge . &l 7 (b) fros,
1.4 KEWE T $R180.97h/e (/) 28 7% 2K f BH A0
0.061h/e* kI BB, HL& 11k 5 400 T 28 R Ak
BETC, SRR QAH 4. 76 7.6 T (W4 NG
VEFIR , B A8 /R i BEL A UL R v 1) 6. 5 K. 5
T M HRL T S R T, 7E AN T B W E h/2e’
(R L BHE 4, S 7E R i 45 X 5k QHE 5 QAHE
A7, Ge %5V B, YR & F T, =25 K i,
i N R B AR F AT h/e’ (1 7(d) ). B

_ O (e ==
1 ‘
& of 1
-1 1 il = m;
1 4sL |
& S1F R
Q..) 1 1 L
= or i T=14K :PSWeeP
\; 3L T=1. lown sweep |
= 1
-1 &1 1Ll W
p— =] |
1 ssL | =, 2r ‘\’}
~ \
or 3 1+ )\ 4
/\
-1 &1 I T 1T T B e 0“J \\'—
a0 0 L3 0 010
K HIT u,HIT

WITE Y MnBi, Te, FIBERERR ( ~50 meV) Lt T, X i
AIRE R U (25 K, ~2 meV) RIGZ X AT LUIH AT
MnBi, Te, (1) 2D P J5i. 2D #1452 538 25 52 2 k)
SIAFR . BLREPBIFNACHR B8 & RS AL (X E)
APERT, E2E M R NGRS & DUk, A AT RELL &, T, K
32 SNt M REwesh e m AR T, , (1158
IR L BT B AL B Ge 457 76 10 SL MnBi, Te,
HIEWEE R Chern $0k 2 &8 AT 6, LI B
ARZSF 9 MnBi, Te, {4 #H 7] 58 /2 #4 1k 1 /K 2 42 )&
(Weyl semimetal, WSM).

R 7 HEINANEE S, (MnTe) + a(Bi, Tey) # dh 5
SERITT LAV S5 MnBi, Te, J22 ] [z B i #4170 =
T RESEHL QAHE. a =1 A& MnBi,Te,. 7F Mn 34417
Bi, Te, 54 i b4 F H, BB % 345 MnBi, Te, (a =2) |
MnBi Te,,(a =3) Ffll( MnTe) - a(Bi,Te,) ZJZ%5H],
Wi R T, BEE o BYSEIBETIEAL, 20 SRS
AARTERAR (B i T A B A R S il I, B A
ATV E] QAHE. i@ 1 145 (MnTe) - a(Bi,Te;)
TR i A 45 P 118 TR RS, 1/ T R R A [

1240 1k, H R TE MBE il % (1) MnBi, Te,, ¥ 5
HSE QAHE. 5102 2R BHARL, B T 2R
5 10 4 58 AH LA 5 SO E b i A
MBE £ 1) MnBi, Te,, 8 557 i AIK T58 v RE it (HLPRL
i A B Al RTINS B i by et AR A2 2% A T
K FUBRE 5 B ) 5. MBEAE S 72 R RST 4] 38 A

2.0 2.5

6 uH=0T o s P, 1,H=9 T|
W 10 E o N et
Tl v N2 2 \ X
f‘-’ 3 >“\‘ 3 V| 05 E \Q_’;. 1.0 '-'T-? """""""
AR T Chif:\><'o;
= QU . insulator,
1 Axion insulator *4-05 & 0 —o/ 'L...__:/"/
M X L
010 20 30 40 50 10 20 30 40 50
(d) Vg/V Vg/V

R _/(h-e?)

yX

— 8K

13K
13K
— 15K
— 15K

—2K
0 —2K
=K
5K
10K

10K
$6(10-SL)

— 1k S20-SD) -0.5 et |
-15-10-5 0 5 10 15 -15-10 -5 0 5 10 15
B/T B/T

T Ca) N[ 22 JSEHEREE T 5 280K el BEL B S 2 A A 2817 5 (b)S SLWERRE iy QAHIE Fry i T gk 4% SR 77 9 P J2 At MR ABE P o2
IR s ()6 SL MBS T4 S0 M (72) SSWRA8 G VAR (A7) (X978 L BEL/ A i) ey BEL BB, Pl FE 2B At 28 107 5 ()7 SL(Z2) F10 SL(A7)

e 2 21K P BEL B R 38 2 At 21

E 7 MnBi,Te, G fFEHE PR QAHE
Fig.7 QAHE in single crystal cleaved MnBi,Te, thin flakes
(a) Magnetic field dependence of Ry, in thin films with different thickness! ™. (b) Transport measurement of QAHE in 5 SL thin films' ™’ ( Insert;
optical image of few-layer flakes). (c) Gate dependence of p,, and p, in axion insulator (left) and Chern insulator (right) at high magnetic field in 6 SL
thin films'*). (d) Magnetic field dependence of R, at different temperatures in 7 SL (left) and 10 SL (right) thin films®!] .



-8 /S NS N A N -

552 4%

il £ 45 b S o SR AR 5. E— 2 4R = MBE il £
() MnBi, Te, i 5 J5 20K A5 B T4 R =R QAHE X
E2 iu e A8
4 FIrHBETFTREE RN Z SR

IAETT LS MG S, MnBi, Te, 1 QAHE (1) XL
JERTREMEB 2 THIR R, AR 2, A XML
(I8 2% T2 45047 w0 21 7 48 s T B 1Y
QAHE. 33X i Fh 2 48 il LA 0 FMI )24 A 3D TI
IS 1) A 2 45 K. 31X B G 1 A 2 TT( magnetically
intercalated TI, MITI) 7£ 53 & g QAHE J7 i B A W
ANEHR 1)t FMI STk A0 Rk 1 L B AL 20 A7 108 i e
B viEk i R RE MEE a E A JY;2) 5 FMI/TL/FMI
SHUIALE AR, FMI 3 J2 2 05, TSS I sk &0nT LA
BB RORE LV E . [RIR A T B
Se FML JZRIRRERS & 0T R RERS & )5 & T RE 2B
A BRERERR ; FLUR FMI 2575 B2 5 il 2D it 5.

T — BRI L, A T S R 1 A TSS A
VEFH , 045 & 1 Pk L5 A1 TT 3145 9 BLg% o T {5
SOC Fil FM B AC ¥ ReAAAE 5 4. S AE TI i fin e
Z RGN 1T LIS 5% FM, {HA] G F#AIE SOC, Tt
HJRHE N 3d JTEK, $1LHY SOC £ /NiEfEp L =
MRHGRBERR , & A= TI 2] NI [ 4025, {3 8 A
4d Af TCRAE RG220 A 080N SOC, {13
SPEAK FM REACHRREAN T,

g5 LTk, Bk 15 S iR QAHE, 75 fff MITI rh i
PEIRF7E TSS 4T IFRE LAY “ 50R” e Kk, % i 5
TSS J& 2D By, @EMEIRF 5 TSS 2 [l AH B AE A %L
(77 R HES A 22 1) 2D 2544

{8l MnBi, Te, i MITI 7] LA 402 FMI A1 TI (1)
AR 4, Burkov 251 X HAR M BRI HEAT T BB
9T, 5 R AEAE S AR 1 DL I 8 (a) . 7E TR &
T T, B MITL A f A 7, & NLFLTL ()4 S s 45
P s R A bR AR TL ip B R TSS B9 444k R B ( 25
TIRRERR) , PAAAR A FR/n4RIT T1 2 1 TSS (2%
FLRERR (2588 NI ARBERR ). AR, Ag o< 1/dy,, Ay o<
1/dy o dy F1 dy 7R TL A NI 2 2. 2 NI
JE B , RS SRR S R L, 2 22 IR,

T, LLF, RG RN FMU/TL {8 5 A% 45
¥, A AR A5 52 2 (M J2 0] K fd b 780 5 T e R A
T QAHE , 33 HUR 2% 8 2 (] S il b 78 ) 2544 ), ]
Hom ROREEIRBERR. XY AR KM A AR/, RS2
FFNFIRE A FMI; 24 AR K AR /N, R G0 0] L3
KRB FMTL” (76 FMI 2 R IR, iTRE S B8R
45 SOC ¥/, 2 A= BN TT 2] NI A ARAS , i LUoin—~5 |
3) AT LA3KAS Chern 0CH 1 9 QAHE ;X4 AT A, #B

TR W, RG AR AR WSM, Chern HI B 55 (1)
e, #h g #% % T 10 SL MnBi, Te, 5 J& X
FERTIE B0 5 25 A F A HRAR /NI I 468 , R 46 02 FMIL/
TI/FMI = B3G5t W HE &, 7] & 1 QAH £ )2
(multilayer, ML) %5 #4, 5 % Chern i TI #) )2 X
™.

LA MnBi, Te, iy 5 4% 1144 1 &5 i QAHE #4 M4
. MnBizTe4ﬁﬂﬁ/|\9§ﬂ. B MnBi, Te, BT =
SRR A FUR FMI )2 (MnTe J2) HA —A4~ 52
MIREVEIR -, 2D P ot 23 5| R ok 200 4 1 8 3h =
BT WM, BT, LU AT, A FMI 24
TSR Z R E, W o R KRG B Bh
(I 8(b)). BB FSLI R, 76 2D Ising FE A4
R AREVE R b, PR Ry A8 A0 A 2 A AR
T, 32 il i I P H A DUk, A B 2
PEIR T 1T RL 5T kK O A BT R — 2 1 T,
(E8(c)). A AL WA L2 041 I 5 1) FMI
JRJEESE H AT 1 nm, TSS GBS 2 i I & A= A 3L R
EAEAEA. R, FEE &P (3 =1) B2 RE T
JRF B RS A FMI 5 TI [ MITI A 45 B S0 E
15 QAHE.

0
(b) TI (C) 1.0 -
rviBEBBBER1  osf lsing T
8 06 e
g | § 4 Finitexy
o4 f/
02f |
v BRS80S s
TI ; 0 2 4 68 101214161820

Film Thickness/ML

1z (a) FML/TL 8 A% 25K TP AT 7 IR LA b (Z72) R 7 T
FEVLTR (A7) AT IR (e 2 2% SCik[84 1) 5 (b) & A MR ME IR+
PAFTJZ I MITL 25K 75 22 1] 5 (o) W P R v o B ol 5 9 5
K R 18

B8 i&it#iESIE QAHE £ &
Fig.8 Design of high temperature QAHE system

(a) Phase diagram of FMIL/TI superlattice structure above ( left)

and below (right) T, (revised from Ref. [84]). (b) Schematic of

MITI structure with two monolayers of magnetic atoms with FM

configuration. (c¢) Thickness dependence of T,;. in magnetic films 07,

M, Bi, Teg it S 0RE— R0 JLJZ” 2548 ) b ™
(M fREREPEICE) 4945 2 BL MTe. {540 Mn, Bi, Te;.
MnTe {KFHHL T, ~350 K, QS35 2 () SR mEAR 4 10
2 BL MnTe, =4 T 835455 T 77 K A QAHE.



5 6 1]

WL, S RPN SR T R R R KA -9

FIHMETEFETUR W AN LS A b il ad ] TT i A4
TR =2 R TR MR T ) 2D FMI
RBE, o] LA T MITL #48}, 3545 2518 QAHE. R
AR A AR 3R N TR Y FMI @ 3 0TI 2 i
JEEE At A R R A M WSM sl FMTL” AH.

5 % #

$ETH QAHE (WL 6L E A JLAS 7 T i kAR ¥
52,S0C 1 FM A2 4 REAR 1. 35 4, AR M 7] A 18 38 G
W, BERLAY A B RE PE A5 2R 0% 2D RETENR 2 e 7e
REPESE S, FEA T T, 0 QAHE fry UL 2 5 5 =,
£ FML/TL 51, TSS A1 FM 22 [8] B AR 76 FH 455
SECLTEREAER/N. XS AT LALE 2 5% 3 A )RR
RS FARZ MITL £ 5 — 5 BB (4 e, e 8 ]
DAFERS T 77 K WIRE R UL E] QAHE, o & 24 i
N ELpg e TI(MzBiZTeS)'i%) ¢ TUFMI(&55 2 8% 3 4~
BET R BRI TR ) B\ T AR R B .

MR, 1R A S R QAHE (Y ME— 5
W BEYR 2D TI Py TRS th 7] L5280 QAHE™! . i
JEF 2 5 0 BUR F R 2D THC ™ G
M PR IT -WTe, ™ 45 ) 5 FMI A] fig ELA B A9
AT A3 , 7T L3R A5 25 1 QAHE. f it 75 HL it £ X
JEAT AR ABC-= 247 BRI/ S 07 BRI 1 B2 2K 48
RS AL T B TRS 3o R B4 7= A g
BRI B T QAHE™ ™. 1l XUZ A B4,
1.6 KT S8 T 035 1 i A7 JR i BEL AN U i)
HUBHY o TR QAHE $RAE T — ST 77 1.

TE8 T 77 K B9 SC B QAHE ¥ i LAERL T
P T30 4 A5 R 22 36 M0 T 2800 9 157 ) 1 T
A RN, QAHE 312 H 2 2 R M 7 1) He Rl
B, #5iE QAHE (S HLK 200 36 b i 4 BT 52 450
ATl ) B2 4 1) A 4 R .

%% Xk

[1]TOKURA Y, KAWASAKI M, NAGAOSA N. Emergent functions of
quantum materials[ J]. Nature Physics, 2017, 13(11) ; 1056

[2] BOZOVIC I, AHN C. A new frontier for superconductivity [ J].
Nature Physics, 2014, 10(12) : 892

[3]HALDANE F D M. Nobel lecture: Topological quantum matter[ J].
Reviews of Modern Physics, 2017, 89(4) : 040502

[4]WEN Xiaogang. Colloquium; Zoo of quantum-topological phases of
matter[ J]. Reviews of Modern Physics, 2017, 89(4) : 041004

[5]KLITZING K V, DORDA G, PEPPER M. New method for high-
accuracy determination of the fine-structure constant based on
quantized Hall resistance [ J . Physical Review Letters, 1980, 45
(6): 494

[6 ] THOULESS D J, KOHMOTO M, NIGHTINGALE M P, et al.
Quantized Hall conductance in a two-dimensional periodic potential
[J]. Physical Review Letters, 1982, 49(6) ; 405

[7]JAVRON J E, OSADCHY D, SELLER R. A topological look at the

quantum Hall effect[ J]. Physics Today, 2003, 56(8) ; 38
[8 JHALDANE F D M. Model for a quantum Hall effect without Landau
levels: condensed-matter realization of the “ parity anomaly” [ J].
Physical Review Letters, 1988, 61(18) . 2015
[9]HASAN M Z, KANE C L. Colloquium: Topological insulators[ J].
Reviews of Modern Physics, 2010, 82(4) : 3045
[10] QI Xiaoliang, ZHANG Shoucheng. Topological insulators and
superconductors[ J |. Reviews of Modern Physics, 2011, 83(4) ; 1057
[11] QI Xiaoliang, WU Yongshi, ZHANG Shoucheng. Topological
quantization of the spin Hall effect in two-dimensional paramagnetic
semiconductors| J]. Physical Review B, 2006, 74(8) ; 085308
[12]LIU Chaoxing, QI Xiaoliang, DAI Xi, et al. Quantum anomalous
Hall effect in Hg, _, Mn, Te quantum wells[J]. Physical Review
Letters, 2008, 101(14) . 146802
[13] QI Xiaoliang, HUGHES T L., ZHANG Shoucheng. Topological field
theory of time-reversal invariant insulators[ J]. Physical Review B,
2008, 78(19) : 195424
[14] YU Rui, ZHANG Wei, ZHANG Haijun, et al. Quantized
anomalous Hall effect in magnetic topological insulators [J].
Science, 2010, 329(5987) : 61
[15] NOMURA K, NAGAOSA N. Surface-quantized anomalous Hall
current and the magnetoelectric effect in magnetically disordered
topological insulators [ J ]. Physical Review Letters, 2011, 106
(16) : 166802
[16 JCHANG Cuizu, ZHANG Jinsong, FENG Xiao, et al. Experimental
observation of the quantum anomalous Hall effect in a magnetic
topological insulator[ J]. Science, 2013, 340(6129) . 167
[17] CHECKELSKY J G, YOSHIMI R, TSUKAZAKI A, et al.
Trajectory of the anomalous Hall effect towards the quantized state
in a ferromagnetic topological insulator[ J]. Nature Physics, 2014,
10(10) : 731
[18 ]KOU Xufeng, GUO Shih-ting, FAN Yabin, et al. Scale-invariant
quantum anomalous Hall effect in magnetic topological insulators
beyond the two-dimensional limit [ J]. Physical Review Letters,
2014, 113(13) . 137201
[19]KANDALA A, RICHARDELLA A, KEMPINGER S, et al. Giant
anisotropic magnetoresistance in a quantum anomalous Hall
insulator[ J]. Nature Communications, 2015, 6. 7434
[20 ] CHECKELSKY J G, YE Jianting, ONOSE Y, et al. Dirac-fermion-
mediated ferromagnetism in a topological insulator [ J]. Nature
Physics, 2012, 8(10) : 729
[21 ] BESTWICK A J, FOX E J, KOU Xufeng, et al. Precise
quantization of the anomalous Hall effect near zero magnetic field
[J]. Physical Review Letters, 2015, 114(18) ; 187201
[22]CHANG Cuizu, ZHAO Weiwei, KIM D Y, et al. High-precision
realization of robust quantum anomalous Hall state in a hard
ferromagnetic topological insulator [ J]. Nature Materials, 2015,
14(5) . 473
[23] CHANG Cuizu, ZHAO Weiwei, KIM D Y, et al. Zero-field
dissipationless chiral edge transport and the nature of dissipation in
the quantum anomalous Hall state[ J]. Physical Review Letters,
2015, 115(5) : 057206
[24 ] LIU Chaoxing, ZHANG Haijun, YAN Binghai, et al. Oscillatory
crossover from two-dimensional to three-dimensional topological
insulators[ J]. Physical Review B, 2010, 81(4) . 041307
[25] LU Haizhou, SHAN Wenyu, YAO Wang, et al. Massive Dirac
fermions and spin physics in an ultrathin film of topological
insulator[ J]. Physical Review B, 2010, 81(11) . 115407
[26 ] LI Yaoyi, WANG Guang, ZHU Xiegang, et al. Intrinsic topological
insulator Bi, Te; thin films on Si and their thickness limit[]J].

Advanced Materials, 2010, 22(36) : 4002



- 10 - oK T

NAAVNEE S

552 4%

[27]ZHANG Yi, HE Ke, CHANG Cuizu, et al. Crossover of the three-
dimensional topological insulator Bi, Se; to the two-dimensional
limit[ J]. Nature Physics, 2010, 6(8) ; 584

[28] SONG Canli, WANG Yilin, JIANG Yeping, et al. Topological
insulator Bi, Se; thin films grown on double-layer graphene by
molecular beam epitaxy [ J]. Applied Physics Letters, 2010, 97
(14) . 143118

[29] WANG Guang, ZHU Xiegang, SUN Yiyang, et al. Topological
insulator thin films of Bi, Te; with controlled electronic structure
[J]. Advanced Materials, 2011, 23(26) : 2929

[30] WANG Guang, ZHU Xiegang, WEN Jing, et al. Atomically smooth
ultrathin films of topological insulator Sh,Te; [ J]. Nano Research,
2010, 3(12) . 874

[31]CHANG Cuizu, ZHANG Jinsong, LIU Minhao, et al. Thin films of
magnetically doped topological insulator with carrier-independent
long-range ferromagnetic order| J]. Advanced Materials, 2013, 25
(7). 1065

[32]ZHANG Jinsong, CHANG Cuizu, ZHANG Zuocheng, et al. Band
structure engineering in ( Bi;_, Sb, ), Te; ternary topological
insulators[ J]. Nature Communications, 2011, 2; 574

[33] DIETL. T, OHNO H, MATSUKURA F, et al. Zener model
description  of  ferromagnetism  in
semiconductors[ J]. Science, 2000, 287(5455) : 1019

[34]OHNO H. Making nonmagnetic semiconductors ferromagnetic[J].
Science, 1998, 281(5379) : 951

[35]ZHU Jiaji, YAO Daoxin, ZHANG Shoucheng, et al. Electrically
controllable surface magnetism on the surface of topological
insulators[ J]. Physical Review Letters, 2011, 106(9) : 097201

[36 ] ZHANG Haijun, LIU Chaoxing, QI Xiaoliang, et al. Topological
insulators in Bi,Se; , Bi,Te; and Sb, Te; with a single Dirac cone
on the surface[ J]. Nature Physics, 2009, 5(6) ; 438

[37 ]XIA Yiman, QIAN Dong, HSIEH D, et al. Observation of a large-
gap topological-insulator class with a single Dirac cone on the
surface[ J]. Nature Physics, 2009, 5(6) : 398

[38 ] CHEN Yulin, ANALYTIS J G, CHU J H, et al. Experimental
realization of a three-dimensional topological insulator, Bi, Te;
[J]. Science, 2009, 325(5937) . 178

[39] LACHMAN E O, YOUNG A F, RICHARDELLA A, et al.

Visualization of superparamagnetic ~dynamics in magnetic

zinc-blende  magnetic

topological insulators [ J ]. Science Advances, 2015, 1 (10):
€1500740

[40] FENG Xiao, FENG Yang, WANG Jing, et al. Thickness
dependence of the quantum anomalous Hall effect in magnetic
topological insulator films [ J]. Advanced Materials, 2016, 28
(30) : 6386

[41 JLIU Minhao, WANG Wudi, RICHARDELLA A R, et al. Large
discrete jumps observed in the transition between Chern states in a
ferromagnetic topological insulator[ J]. Science Advances, 2016,
2(7) : el600167

[42] GRAUER S, SCHREYECK S, WINNERLEIN M, et al.
Coincidence of superparamagnetism and perfect quantization in the
quantum anomalous Hall state[ J]. Physical Review B, 2015, 92
(20) : 201304

[43]LEE I, KIM C K, LEE J, et al. Imaging Dirac-mass disorder from
magnetic dopant atoms in the ferromagnetic topological insulator
Cr,(Biy ;Sbhy 9),_,Tes[J]. Proceedings of the National Academy
of Sciences of the United States of America, 2015, 112(5) ; 1316

[44] BHATT R N, BERCIU M, KENNETT M P, et al. Diluted
magnetic semiconductors in the low carrier density regime [ J].
Journal of Superconductivity, 2002, 15(1): 71

[45]TIMM C. Disorder effects in diluted magnetic semiconductors|[ J].

Journal of Physics-Condensed Matter, 2003, 15(50) : R1865

[46] DAS SARMA S, HWANG E H, KAMINSKI A. Temperature-
dependent magnetization in diluted magnetic semiconductors[ J].
Physical Review B, 2003, 67(15): 155201

[47]LI Wei, CLAASSEN M, CHANG Cuizu, et al. Origin of the low
critical observing temperature of the quantum anomalous Hall effect
in V-doped (Bi, Sh),Te; film[J]. Scientific Reports, 2016, 6
32732

[48]0U Yunbo, LIU Chang, JIANG Gaoyuan, et al. Enhancing the
quantum anomalous Hall effect by magnetic codoping in a
topological insulator [ J ]. Advanced Materials, 2018, 30 (1)
1703062

[49]ZHANG Jinsong, CHANG Cuizu, TANG Peizhe, et al. Topology-
driven magnetic quantum phase transition in topological insulators
[J]. Science, 2013, 339(6127) . 1582

[50]0U Yunbo, LIU Chang, ZHANG Liguo, et al. Heavily Cr-doped
(Bi, Sb),Te; as a ferromagnetic insulator with electrically tunable
conductivity[ J]. APL Materials, 2016, 4(8) : 086101

[51] MOGI M, YOSHIMI R, TSUKAZAKI A, et al. Magnetic
modulation doping in topological insulators toward higher-
temperature quantum anomalous Hall effect[ J]. Applied Physics
Letters, 2015, 107(18) : 182401

[52] MOGI M, KAWAMURA M, TSUKAZAKI A, et al. Tailoring
tricolor structure of magnetic topological insulator for robust axion
insulator[ J]. Science Advances, 2017, 3(10) : eaaol669

[53] MOGI M, KAWAMURA M, YOSHIMI R, et al. A magnetic
heterostructure of topological insulators as a candidate for an axion
insulator[ J]. Nature Materials, 2017, 16(5) : 516

[54]XIAO Di, JIANG Jue, SHIN J H, et al. Realization of the axion
insulator state in  quantum anomalous Hall  sandwich
heterostructures[ J ]. Physical Review Letters, 2018, 120 (5):
056801

[55] EREMEEV S V, MEN'SHOV V N, TUGUSHEV V V, et al.
Magnetic proximity effect at the three-dimensional topological
insulator/magnetic insulator interface [ J]. Physical Review B,
2013, 88(14) . 144430

[56 JMEN'SHOV V N, TUGUSHEV V V, EREMEEV S V, et al. Magnetic
proximity effect in the three-dimensional topological insulator/
ferromagnetic insulator heterostructure[ J ]. Physical Review B, 2013,
88(22) : 224401

[57] EREMEEV S V, MEN'SHOV V N, TUGUSHEV V V, et al.
Interface induced states at the boundary between a 3D topological
insulator Bi,Se; and a ferromagnetic insulator EuS[ J]. Journal of
Magnetism and Magnetic Materials, 2015, 383, 30

[58] WATANABE R, YOSHIMI R, KAWAMURA M, et al. Quantum
anomalous Hall effect driven by magnetic proximity coupling in all-
telluride based heterostructure [ J ]. Applied Physics Letters,
2019, 115(10) : 102403

[59]OTROKOV M M, MENSHCHIKOVA T V, VERGNIORY M G, et
al. Highly-ordered wide bandgap materials for quantized anomalous
Hall and magnetoelectric effects[ J]. 2D Materials, 2017, 4(2) :
025082

[60]XU Suyang, WRAY L A, XIA Y, et al. Discovery of several large
families of topological insulator classes with backscattering-
suppressed spin-polarized single-Dirac-cone on the surface [ Z].
arXiv;1007.5111

[61]LEE D S, KIM T H, PARK C H, et al. Crystal structure,
properties and nanostructuring of a new layered chalcogenide
semiconductor, Bi,MnTe,[J]. CrystEngComm, 2013, 15(27):
5532

[62 ] HAGMANN J A, LI Xiang, CHOWDHURY S, et al. Molecular



5 6 1]

A, A5 REPESR M SR T A BT S R AR 11 -

beam epitaxy growth and structure of self-assembled Bi,Se;/Bi,-
MnSe, multilayer heterostructures [ J ]. New Journal of Physics,
2017, 19 085002

[63] HIRAHARA T, EREMEEV S V, SHIRASAWA T, et al. Large-
gap magnetic topological heterostructure formed by subsurface
incorporation of a ferromagnetic layer[ J]. Nano Letters, 2017, 17
(6): 3493

[64] WATANABE R, YOSHIMI R, SHIRAI M, et al. Emergence of
interfacial conduction and ferromagnetism in MnTe/InP [ J ].
Applied Physics Letters, 2018, 113(18) : 181602

[65]KRIEGNER D, VYBORNY K, OLEJNIK K, et al. Multiple-stable
anisotropic magnetoresistance memory in antiferromagnetic MnTe
[J]. Nature Communications, 2016, 7. 11623

[66 ] HE Qinglin, YIN Gen, GRUTTER A J, et al. Exchange-biasing
topological charges by antiferromagnetism[J]. Nature Communications,
2018, 9(1): 2767

[67 ] GONG Yan, GUO Jingwen, LI Jiaheng, et al. Experimental
realization of an intrinsic magnetic topological insulator [ J].
Chinese Physics Letters, 2019, 36(7) : 076801

[68 ]GONG Yan, ZHU Kejing, LI Zhe, et al. Experimental evidence of
the thickness- and electric-field-dependent topological phase
transitions in topological crystalline insulator SnTe(111) thin films
[J]. Nano Research, 2018, 11(11) ; 6045

[69 ] LI Jiaheng, LI Yang, DU Shigiao, et al. Intrinsic magnetic
topological insulators in van der Waals layered MnBi, Te, -family
materials[ J]. Science Advances, 2019, 5(6) : eaaw5685

[70]ZHANG Dongqin, SHI Minji, ZHU Tongshuai, et al. Topological
axion states in the magnetic insulator MnBi, Te, with the quantized
magnetoelectric effect [ J]. Physical Review Letters, 2019, 122
(20) ; 206401

[71]OTROKOV M M, RUSINOV I P, BLANCO-REY M, et al. Unique
thickness-dependent properties of the van der Waals interlayer
antiferromagnet MnBi,Te, films [ J]. Physical Review Letters,
2019, 122(10) : 107202

[72] HUANG B, CLARK G, NAVARRO-MORATALLA E, et al.
Layer-dependent ferromagnetism in a van der Waals crystal down to
the monolayer limit[ J]. Nature, 2017, 546 (7657) ; 270

[73] CHANG Cuizu, TANG Peizhe, FENG Xiao, et al. Band
engineering of Dirac surface states in topological-insulator-based
van der Waals heterostructures [ J ].
2015, 115(3) : 136801

[74] OTROKOV M M, KLIMOVSKIKH I I, BENTMANN H, et al.
Prediction and observation of an antiferromagnetic topological
insulator[ J]. Nature, 2019, 576(7787) : 416

[75]LEE S H, ZHU Yanglin, WANG Yu, et al. Spin scattering and

noncollinear spin structure-induced intrinsic anomalous Hall effect

Physical Review Letters,

in antiferromagnetic topological insulator MnBi, Te, [ J]. Physical
Review Research, 2019, 1(1): 012011

[76 ]WU Jiazhen, LIU Fucai, SASASE M, et al. Natural van der Waals
heterostructural single crystals with both magnetic and topological
properties[ J]. Science Advances, 2019, 5(11) : eaax9989

[77] CUI Jianhua, SHI Mengzhu, WANG Honghui, et al. Transport
properties of thin flakes of the antiferromagnetic topological
insulator MnBi, Te, [ J]. Physical Review B, 2019, 99 (15):
155125

[78] CHEN Bo, FEI Fucong, ZHANG Dongqin, et al. Intrinsic
magnetic topological insulator phases in the Sb doped MnBi,Te,
bulks and thin flakes[J]. Nature Communications, 2019, 10
4469

[79] DENG Yujun, YU Yijun, SHI Mengzhu, et al. Quantum

anomalous Hall effect in intrinsic magnetic topological insulator

MnBi, Te, [ J]. Science, 2020, 367 (6480) : 895

[80] LIU Chang, WANG Yongchao, LI Hao, et al. Robust axion
insulator and Chern insulator phases in a two-dimensional
antiferromagnetic topological insulator [ J ]. Nature Materials,
2020. DOI:10.1038/s41563

[81]GE Jun, LIU Yanzhao, LI Jiaheng, et al. High-Chern-number and
high-temperature quantum Hall effect without Landau levels[ Z].
arXiv:1907.09947v3

[82]HU Chaowei, GORDON K N, LIU Pengfei, et al. A van der Waals
antiferromagnetic topological insulator with weak interlayer magnetic
coupling[ J]. Nature Communications, 2020, 11(1); 97

[83 ] DENG Haiming, CHEN Zhiyi, WOLOS A, et al. Observation of
high-temperature quantum anomalous Hall regime in intrinsic
MnBi, Te,/Bi, Te; superlattice[ Z]. arXiv:2001. 10579

[84 ] BURKOV A A, BALENTS L. Weyl semimetal in a topological
insulator multilayer [ J ]. Physical Review Letters, 2011, 107
(12) : 127205

[85 ] JIANG Gaoyuan, FENG Yang, WU Weixiong, et al. Quantum
anomalous Hall multilayers grown by molecular beam epitaxy[ J].
Chinese Physics Letters, 2018, 35(7) : 076802

[86 ] HIMPSEL F J, ORTEGA J E, MANKEY G J, et al. Magnetic
nanostructures[ J]. Advances in Physics, 1998, 47(4) ; 511

[87]HUANG F, KIEF M T, MANKEY G J, et al. Magnetism in the
few-monolayers limit: A surface magneto-optic Kerr-effect study of
the magnetic behavior of ultrathin films of Co, Ni, and Co-Ni
alloys on Cu(100) and Cu(111)[J]. Physical Review B, 1994,
49(6) : 3962

[88] ZHANG Jinlong, WANG Dinghui, SHI Minji, et al. Dynamical
magnetoelectric effect in antiferromagnetic insulator Mn, Bi, Te;
[Z]. arXiv:1906.07891

[89]LIU Chengcheng, JIANG Hua, YAO Yugui. Low-energy effective
Hamiltonian involving spin-orbit coupling in silicene and two-
dimensional germanium and tin[ J]. Physical Review B, 2011, 84
(19) : 195430

[90] LIU Chengcheng, FENG Wanxiang, YAO Yugui. Quantum spin
Hall effect in silicene and two-dimensional germanium [ J ].
Physical Review Letters, 2011, 107(7) : 076802

[91 ] XU Yong, YAN Binghai, ZHANG Haijun, et al. Large-gap
quantum spin Hall insulators in tin films [ J]. Physical Review
Letters, 2013, 111(13) . 136804

[92]REIS F, LI G, DUDY L, et al. Bismuthene on a SiC substrate: a
candidate for a high-temperature quantum spin Hall material [ J].
Science, 2017, 357(6348) . 287

[93]QIAN Xiaofeng, LIU Junwei, FU Liang, et al. Quantum spin Hall
effect in two-dimensional transition metal dichalcogenides [ J].
Science, 2014, 346(6215) . 1344

[94 WU Sanfeng, FATEMI V, GIBSON Q D, et al. Observation of the
quantum spin Hall effect up to 100 kelvin in a monolayer crystal
[J]. Science, 2018, 359(6371) : 76

[95] SHARPE A L, FOX E J, BARNARD A W, et al. Emergent
ferromagnetism near three-quarters filling in twisted bilayer
graphene[ J|. Science, 2019, 365(6453) ;. 605

[96 ] SERLIN M, TSCHIRHART C L, POLSHYN H, et al. Intrinsic
quantized anomalous Hall effect in a moiré heterostructure [ J].
Science, 2020, 367 (6480) : 900

[97 ] CHEN Guorui, SHARPE A L, FOX E J, et al. Tunable correlated
Chern insulator and ferromagnetism in a moiré superlattice [ J].

Nature, 2020, 579(7797) : 56

(455

R E)



