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HATE RN I 89 — e BHE QR EOR SRS DR T AR BRI %M. 56 T8 — PR I 5, AR
PO T ZHEN AR A BaPb MR R HA SR T RO R KA. R RS R R R A, OF H A e AL Y
Pb-p %UiE 5 3 i & A i ) B3 X B k. BT JEZ Chern 28 (C = 1) B2 BaPb AR MR I T

4 [ e ALY p,, PUE I A = R AE KT s R .

AR T Z A 4E 1 p. BB WKL e i DS IR A S

PR IEWEIR, p,., WU T MUY o BEE 3 RE . 247 18 [ HE-PE R & 1E FH I, R B A AR 2k R 5w s 4T JF T 453
177.39 meV (AR R A7 B, 38 1 5w B AR f L B, L Bl R AL RS 0315, SIESE T BaPb ARE Y 3 1
PE. AN, R R I BTG 52.01 meV 1Y KR T 4 17 S RE .

KSR T RCOR RN, RIBARK S RE, SRR SR A, Sk

PACS: 75.70.AK, 73.22.-f, 73.43.—f

1 5

FERE W UAE R, —4ephk i T H R0 P
ML, FEVF 2SI A AT IZ N, Bian
YUK FFOGEE . R AR | AL LR IR
& 1-0. Haldanel BT il sk i d2 ) 7 i
FRE BRSO (quantum anomalous Hall effect,
QAHE). X — e FU i & 17 58 # AT EE AR
BRCHL 8 L B A R % R B KT, S B
QAHE [XE s 7E T BE 20 f2 I 1] S 380 % FR 1 e il
W, XCEH R B TE-BUERS S (spin-orbit coupling,
SOC) =1L [N, 7 KARERREA P 1R R
BB R, HAET, 2008 Higfll QAHE 78
HARIR AT GERET 100 mK) WEEH], K
PR P 23 WG W B I 0= 181 B f5 ) VAT 8 Cr-V 3k
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Dy, UEH AN T T AR PERE, 1X 5 Z i
HRIE Y p, PUEIE KL Pk h e SR ], RIS
WAL, EANRROREE A ML, T3
(475 T e A AT HL I DX PN AT A, TR R F
JZ BaPb (K R J& 8 Jy2# A0 1. ) 5 R D A
U, Wi T EHR)Z BaPb By B R GA 378 K. il
i XX AE = Evo — Eoor, 5 & T MR #EAL 7
] : - T1 ARG [100] J7 [a] A1 2 15 FF 101 49 [001] J7
], 15 1 BaPb AfAHE S 10 S ERE (magnetic
anisotropy energy, MAE). 2 NHIAHE, %1E SOC
BN, B453F)2 BaPb ) MAE =ik 52.01 meV /cell.
[, R BIAYAR I 5 s 4T IF 177.39 meV B
B, DU RN G S R — e T 2
BaPb R4¢n] DISE i 7 O RR A X — R
W= BaPb ST LIRSS QAHE MR 1
RE, MITAEHE T IEHL 22 1 & 8.

2 HEF*®

N1 REMAFFE L BaPb HRGHE | dL T
AHRFMERR, RATHT DFT 19 VASP 444 (the
Vienna ab initio simulation package)?*?. £ T
] SR BE 3R AL %) Perdew-Burke-Ernzerh (PBE)
LN (RS QT M s Sl LN $ 22 ) IR AT
% (projected augmented wave, PAW) Jy i Ab #
BT 5EFZZ M EER. Eaiet, b
T HRB EeRR 8 A, B I T W S o
BN 106 eV, - AT HER F T 500 eV, Rl
T Icentered HiEr=4 K&, K E MM N 12 x
12 x 1. tehb, 1 B 1k s i A P e e
A EAE ], 7E3E B TP m AR 2 5w, BOE T
20 AR HEAJZ . ASCE ] PHONOPY S fA
FRAS B 1R 113875 13, AR IR 2544 B e 4 B0l
FIHFTCRR i A& S AR AR R 72 F Wannier
Tools ZAFELXT HLZ BaPb AU 22 . ULA| iR
RO RS AT TR B X DRI R R
KHT K ASMEE A 120 x 120 x 168233

3 #XR5i%®

3.1 REEHmS5EREENE

AL )5 1 52 BaPb 5 W& 1(a) iR, Ji
JAL & —A Ba L FI—4 Pb J&T, TR A

S0 R S f O e e RS . A RS
P6m2, fHEN Dy, KRG G HECH 6.01 A,
Ba—Pb #Khy 3.47 A, ASCMIE BURE RS54 (1 3)
J12ERQEMEPIAN T TH 43 BT T 52 BaPb R E PE.
B S it X By = Exp/Nop — Esp/Nap i 5 7B
ise B X Eap (Esp) Ml Nap (Nsp ) 435152 —
A (= 4E) S5 EREFN £ R N AL & Y S
BB RN IIE EE N 1.03 eV /atom, K
T AT SRV AT 4 19 0.76 eV /atomP5:36], WA PR3
T2 BaPb 1Y T AT LI H ) )1 AR e 1. B
AR 4 x4 B IEITHR T S i, dnlEl 1(b)
fis. ATLAAE R, P82 BaPb 4544 75 115 14 T A Bk
B TERE A BN X R B, AR, 3=
W Z) Ty R A 1.

(b 3

N/ |

Frequency/THz

AW,

r

1 (a) H.JZ BaPb W @hA& 4544 ; (b) H)2 BaPb 7 Fiif.
Al — A 4 x 4 BB

Fig. 1. (a) Lattice structure for monolayer BaPb; (b) the
phonon dispersion curves monolayer BaPb. A 4 x 4 super-

cell is used in the calculation.

3.2 WMREEREERESH

i DET HH5 K8, 6 A e LAY H)Z BaPb
B RE SR 5 T A ALY 5= BaPb. X ERE
S HIT /2 BaPb REEAL SRR T, (HEA
SREATRENE. N T iR RGN REMERIR, Gl 2(a) A0
&l 2(b) FoR, THE T 2 x 2 LAY = Fh @it AL 2k
i (ferromagnetic, FM) &%, ;R8i# (antiferromag-
netic, AFM) & FfIAE#k #% (non-magnetic, NM) 2%
e, LA B2 BaPb HREEEZS.

THEEW, X F 2 BaPb KR, FM S8 =
F NM 25 AFM Z551511{i% 981.26 1 198.95 meV.
xR, FM S BA RACRE R, A RIE W ERRE,
WEFE F2ORIET Pb Y p BUIE L. b, HE
T PR REAL DT 1] ST YA [100] J7 6] FIEE ETF
1 %) [001] J5 315 T BaPb JE A MAE. MAE
E XK AE = Eig0 — Eoor, HH Evoo Fl Eoor 7313
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JRHEALTT [100] F1[001] 7 ] OAR R A9 B fE. MAE
RIEAE UL G A T s 4 2 s 1), B 2 2
H ooy, IR RY A 52.01 meV, F IR
W [001) AT RE R IR, L, B F S5 BaPb
FZREACTE 2 B FRFME .
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Fig. 2. Two magnetic configurations for monolayer BaPb:
(a) Ferromagnetic; (b) antiferromagnetic. (¢) The average
magnetic moment per unit cell with respect to temperature
calculated for monolayer BaPb obtained by using Monte

Carlo simulations.

TR ZR KRG 8 B IR X F QAHE 114 52 50 080
W B P, WA SRR 2 (Monte Carlo,
MC) #48L, ftiit T BaPb B2 G BIERE (T )P,
AT AR IR B s % i, B H =
—% Zm_ JijSi-8; — Ky (SP)*. TR =
T3 00 2R B e A AR 1) R A B E T () PR R
) MAE (K). i3 DFT 8 0] A5 H 38 ek
SR J{HM 16.58 meV. FEiX B, AR SCH) MC B
JE 75 B S B AE—A> 100 x 100 Y8 A 1
PEATRY, MAIAS 1 2A)2 BaPb AYJE R A 378 K,
mE 2(c) Frs.

454

FLJZ BaPb i A @k 9 L AT 98 B A L 1
L50 b E A I SOC 1 1) H)Z BaPb

3.3

HIRE 45 1. WAl 3 FiR, B50+ )= BaPb HREH
SERYJESE 4 A WAL, B, EBEM L AR B
AL, T A BER T A RET I A JE . [RIR,
AT DAY A ORI 2 170 1) T ) RS TE 2K BRI
R T a5 EAFTE AL AR BT SO RERT .

1.0
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Fig. 3. Spin-polarized band structure for monolayer BaPb.

b5, WF9E % & SOC V& MR 43 BV 2 07
[i] - 1T A RN 2 7 [a] P IS A B2 BaPb [ R
SER, QN 4 PR, S5, R 2 W), K
RUHERKPL s BB FT T T 4 R3iHT Bt 177.39 meV,
R R RPN, A N 2 7 A
FEI BREE A I s A TR AS . X R 3 5 it i
FL I A it S T 4 AR g A T 1w, AT DASIEEAAR 2R
& RSB G5 AL,

3.4 ETREERIM

TEIX —F 43, 38 5 75 DLA] il 28 F Chern %k
SHBGEHR BaPb MO EME TR, 2126, RIS R
Oy = Ce?/hITH IR B IRHS, WA 5(a) PR
Chern 4 101 T LA 45— SIS 2 g
ARG 0= [ @hokids), HoP

BZ

Q(k)Z—an Z 21m<wnk|lzgi///nf>l§¢;2k|Vy|1//n’k>

n n’'#n

Oy ) 225 ) B DU A 3 v 0wy S LT,y T 1)
AU EE AT, LA B2, B2 BaPb
WK g bl D B — T er A,
KR PR AR FRAE. 7R 5(a) FPRYSE IR KW,
Z G Chern UM 1, X ERE 1E 4 FN I 2
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Fig. 4. Band structures (including SOC) for monolayer BaPb: (a) With magnetic moments oriented in-plane along z; (b) with mag-

netic moments oriented out of the plane (along z directions).
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Fig. 5. (a) Anomalous Hall conductivity when the Fermi level is shifted around the original Fermi level; (b) the Berry curvature
with SOC in the momentum space; (c¢) calculated edge state of a semi-infinite sheet for monolayer BaPb.

B U — A&, RN, & FREERS
T e X FR AR A1 1) DUR i 22 4 & 5(b) frzs. w]
DL B 7E 3 23 0] vh DUR) it 3878 T AR i SR BN
X FRPE, I3 — AN HUERH T & G2 n] DL Si i
QAHE.

AL, Chern 48 20K 8 i 22 1R AE R AE A8 KT
N ETF RS, foaiEi, EFRE TR
HOERSE I R T TF LSS HAEE. NI,
AR SCH T I Ry Wannier PR T BaPb 20

BRI s AReR R, T T AR I R s 2%
JE. K& Chern B4 % T HAZEEH. 7T
VIR, 7E2OR BB (1 S5 Ry 22 [ —
MHIMEY I F L, X5 Chern 54 X%HE
g 1RSSR AR —E, dnlE 5(c) Fras. IERTHE
PIFE T s T IR R BRI B R 177.39 meV, X B IR
FHHZ BaPb M) QAHE A SEid i, Kk
B THROTEBZR Cr 1) BiySey M IIZEE] QAHE
) 30 mK IR,
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& 6 (a), (b) h-BN/BaPb 5 fi%% (h-BN/BaPb) {& & B2+ 2 BaPb 1145 #4 it PR 45 14 i I 08 L AN AL 5] () h-BN/BaPb 5 5T
45 H e AL BN 4544 ; (d) %5 J& SOC LMY h-BN/BaPb 5 51 45 1 7 1 8.3 7 )2 BaPb 4 4544 (% & SOC %))
Fig. 6. Crystal structure of monolayer BaPb in the h-BN/BaPb heterostructure system: (a) Top and (b) side views. Here, the black

solid lines denote the unit cell. (¢) Spin-polarized band structure of h-BN/BaPb heterostructure; (d) the band structures (including

SOC) of monolayer BaPb in the h-BN/BaPb heterostructure system.

3.5 ERMM

5 B A AR B RE Y S5 R R 1 T Y
R PEXT T o 45 1 1 S 36 1) £ R R R AR R
FL BT ARER 4> LIS B AL (hexagonal boron
nitride, h-BN) %I K6 58 T 1) BaPb By BB
4544, 7€ h-BN WS _EA K A 52 BaPb 1T RERY
6 25 48] 1 R R L AN 400 1] G 5T 6(a) AT 6(b) BT
I8 SCARRE R LK |ansn — aBapo| /ansn , FLH?
an-sN 1 agapy 7351 2 h-BN % JIE AL 2 BaPb 119
K H AL TEARSCHERI AT T 1 x 1Y BaPb
VT x VT h-BN # i, THHEA P 1 Ak ok
BRI, R 5.71%.

WA 6(c) Bz, 76 h-BN/BaPb 5 B 45 4 |
FOR BB (1) R BAE PR Fats (O U SR AT TE.
# & SOC RN, —RAARSK P e REAF T T 42
Jay i Bt 82.11 meV, WA 6(d) . X Lgh RE
], h-BN #JEK X 5437 )2 BaPb BREHT 258 JL-F
B RZ. Ik, FEAk P v SR B SOC 5
S AR A B T BE SR B AR I S TS A4 v R] LA
SCHEE TSR R RS, IR MRS R .

w5, SRR PB4 T h-BN/BaPb 55
SRR SR OCR, R 7 R, 45 R E Y,
H 58 R T B0 3 S8R0 1T BB S M S 5 4
FERIE MG A HAL ], T LSS Ve S 80 J (AR
4 2.39 meV, MR T, A0 54 K. (A FAEREMERY
UK h-BN 5 BaPb J&if i yu il LHHEHZE G 19,
DA AR 2R ARG A5 1) S RE T LT ANAE, 4 51.32 meV.

1.0

0.5

Magentic moment/ug

-

0 20 40 60 80 100
Temperature/K

B 7 FIUHZE R ES ] A h-BN/BaPb 5 5 45 (1) i
FH5 R G AR

Fig. 7. Average magnetic moment per unit cell with respect
to temperature calculated for the h-BN/BaPb heterojunc-
tion obtained by using Monte Carlo simulation.
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AR SCRH S — PR A5 T HZ BaPb
YR8 Chern 48 2% AR 1E 1 FL - | WM FTHR 1
PERR. A FRETRRHIE T 52 BaPb gl Ji2# ke
PR, DR AR 1 I B REHE— 2P UE S T S0
SEELE T RE M. FEAG AR IR N 378 K A4 1)
O, B HA SRR, AT7ER BT 10 A AL bR
Hh E1SRE KK MAE, BEFEW 2 07 M, KRR
PN S T 2 5 ) R R B 2. X
TR A 38 Aok it n P A7 B 3 S O 4 AR R A T T
AR RN R SRR M S AR AS . BT
), fE—PIEER Chern 8 (C = 1) F, ZH
BRI v S L SOC AT HF T 177.39 meV 1Y
EFREFFME PR, SR REEA 4 F et AL i B 45
F, A BAGHEBR, T HR e 4 B AR b4
GRS AHAR S5 X TRk 9K B e H -2 1 N
FHAAR A
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Abstract

The quantum anomalous Hall effect is an intriguing quantum state that exhibits chiral edge states in the
absence of a magnetic field. The chiral edge states are topologically protected and robust against electron
scattering, which possesses great potential applications in designing low energy consumption and dissipation less
spintronic devices. The experimental conditions are required to be very high, such as extremely low temperature
(< 100 mK) due to the small band gap and the greatly accurate control of the extrinsic impurities. These
greatly hinder their devices from being put into applications further. Hence, it would be meaningful to search
for a new Chern insulator with a large band gap and high Curie temperature. According to the first-principles
calculations, we predict the room temperature quantum anomalous Hall effect in the monolayer BaPb. The
nontrivial topology of this new type of ferroelectric semi-metal material derives from fully spin-polarized
quadratic non-Dirac bands. The quantum anomalous Hall effect can be realized in the monolayer BaPb with
fully spin-polarized quadratic p,, non-Dirac bands with the nonzero Chern number (C = 1). Because of the
trigonal symmetry of monolayer BaPb material, these bands composed of p,, orbitals are at the |~ point, which
is different from the Dirac state formed by the p, orbital reported previously. In addition, it can still retain its
original topological properties even if strongly hybridized with the substrate. The calculated phonon spectrum
shows no imaginary frequency in the entire Brillouin zone, indicating that the monolayer BaPb system is
dynamically stable. By using Monte Carlo simulation, we determine the Curie temperature of BaPb monolayer
toreach up to 378 K. We also calculate the magnetic anisotropy energy of the BaPb cell, defined as
AE = Ei00 — FEoo1. Here, we consider two magnetization easy-axis directions, [100] and [001]. To our surprise,
the MAE of monolayer BaPb is as high as 52.01 meV/cell by considering the spin-orbit coupling effect.
Furthermore, the nontrivial band gap is opened with a magnitude of 177.39 meV when the spin-orbit coupling
effect is included. The calculations of Berry curvature and edge states further prove that the monolayer BaPb
system can realize the quantum anomalous Hall state. This discovery indicates that the monolayer BaPb
materials can be used as a candidate for quantum anomalous Hall effect materials, thereby promoting the

development of spintronics.

Keywords: quantum anomalous Hall effect, quadratic non-Dirac bands, ferromagnetic half-metallicity, first-
principle
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