R 5 X BRMRRIE AR CeBr: BHRALIT AT
E-T 0D BAEDYD FFD AEMI kR

1) 2B S o7 TR R, #1117 554300)
2) CGHEE RGN R TEY, HE 416000)

S

HHEMENETNEAREZ —, EIRIEE Ba b AR EEN AT SRR E
IR AE AT HL T 22 R SRR IR S, PR A R DR AR AT P ] 1 R AR AR R A T 6 52 K%
e AT HEZ R, RGEHIT T 4k CeBry BLE ML MAENE . MISATERT. T4
P RHEBWAAT N HHERY, R CeBry B AT RUFHIIRIIAMEN s Aa e v, RS

BRmLy, JEEEE S TR, HRIU WA NS A 5 (MAE =111 melV) . Bjie-

PUBMGEMSIE K 5 KREBREIF, N~ 4238.7 meV B KRR, L&

2

TERAKERER, B&ERTREHEMLEES. i, THEHR T2 EHER A ML
RTINSO /R 3 5 B IR K L, SRR A3 /R OB ) SR B« 38 3 4% Hubbard U
SRS AU AR, TR I LT DRI AT R T 4 A A 1) S R S A A 1T AR5 % 1
ARG A, A A S RS 1) S PR AT BOE SRR %, HABRREE S R RE o« A TR —
R M RR R IEUE T — D RAT R SR TERET R 5L, oA 2RI 4 A et 1
a Bt AL 7 BB AR

R WAL, BRI RIE. 2. ROE AR

PACS: 75.30.Gw, 71.70.Ej, 73.22.-f 75.70.Ak

\

SEMA R T IR R E (S 0 ZK [2023] 467 MS[2026] 804), - iR RRF AR AIESTHE (@t
WS T RMIF(2023) 41, (2025)525 (2025) 53 )

HEINE® E-mail: sheyanchao316@163.com

TEHSEH E-mail: zhangwwxx@sina.com



1515

BHBEE R TS ARZAMIEENZ A HE, HAEEEEAEE
B A IR R IR L RO R R (RDIFEIE S RIS B ARG
SR TT I —, HES) 1A BT AR AR B SRAS BRI A 2 AU R AT 58 gL
SEINARRE A IR AN 25 2B 1) S AR O T, 36 0 0T 0 A e Ao sl 1 1
BEFE. Ho, BRI R AR T RN 8] S B, e R b R AT
B RERA, BN ST BT S B e HL T AR Rl (1 B AR A,

CYERETERORL AR TR . R IR G RS, R R R KA
SR T BARSE G100, SR, A% G0 4R BRI R TG B LR R A BE % 1)
SEPESS UL R iR A R A BRAE I s SRR LB B IR AR . BT R
RE JISRAEAI R, A0 PR ORI 2% 1) S5 -5 o [ S Y8 B e 2 T ¥ DA SEE B 1 R A A
20T FsBR R B,

VAR, LB pd (DR R f HF BT SR I BB % 1) S AT S A WAL
AR AR 7E I AR R UG, ok Ce BEpa bR AR M : Bl Cel
HLEON SRR L SR, BALATIE 208 meV, JEBLREIE 374 K19 Janus 451411
2H-CeXY HZAMUEFIRE FIA 511-540 K, [ B 29.1-78.7 meV (IASHAL
LIRS ) Sk T S S AR AT Y20 718, X bR R E BT Ce R T 5
K RE T8 d - p—d MEAHAER, SN H B EE & 5 /A P E

P, FErndEd s — P -2,

RE CeBr, 5 LR CHRIER A MR RAG MBI RN A, [Fouk L5
ALY KRV E B 01, (HHGEMRRENE . BAEAS BRAAT N AL A7 42 4
FRAETT TSR = RGPERT T, AHSC LS A SRR TR
B Pl e o 45 S I B S S ) SR ), Janus LuCIL AR s RIS SEEIAS H
R R SRS PN, CeBro AF NAER 228 “4ERRE, HoRfi & m Rt =ik
BRI A AT N Bl A . T RIS 2 AN B R, R B
BLLRE . X AR O 72 B MR R e BRI . ik, A7t
THEEZ RIS, REWIT CeBro WIS ENE, BIFIER . T4 AR
ALK, B A TR ENE, WA B RIRE . BEAS AR
BUETTIRELA, e B B EPUERS S S I AL S RE S RAT Y, IRt IR

2



Hubbard U, N ARSE S i SR MAG IR IS, B0IE %04 R h m] BEAETE I R
WREIRBNE AEE/RYN. . AT BT 8 B MEMA R, RAHR
CeBry 1143 HJiE SEEZ MIFREHLH], AR T RZ MK DIFER B e h 7 2%
PHR B AR IR S A RHE R

2 W5 5%

A HET BT K (Density functional theory, iR DFT) JT s — 1k FH
T, A THESR 4R MR ERSU A VASP (Vienna ab-initio Simulation
Package) 2>200525, FHAE ARG TEIY (Projector augmented-wave, PAW) [ A4
R TR SN T Z MBI AH AR 7 A 3 SR SR R T SO 52 30 AU

(Generalized gradient approximation, f#j#% GGA) R[] Perdew—Burke-Ernzerhof
(PBE) iZ BRHHATRbERR, P HEAH 1#IKT RE 1B R 600 el 2Rt AGIE AR,
PRR I AR BT 58 st RS, RS B N AN R F IR AR J1/N T
0.005 eV/d, REERA/NT 10l o JiHBR IV R AETSN T 5NN
NIZEMEAER, ERET 4 RPN ¢ fo7 s E 7R 20 A HEZZ.
ZIEF| Ce JiT 4f HTAFAERZER RSN, THEHTIN GGA+U T T1E
B, K BEMEAESHU, =U-J BEN 7.0 e B, fi BIHX B RH
Monkhorst-Pack 77542 BT & S A, 3@ I USSR AR Rt S 8 SR T S
B IAIE BRI FL A5 M 20 ) 2 R e e, B T IR 5 B PHONOPY 4K+
AP FE3x3x] MMM T HE THRRMSE FERKR. B/RHESRLEY

WANNIER9O A4 4 ) R JriddiAt, Wannier R #CEFE,
3R 51
3.1 ARSI AR E 1

B2 CeBro IR LE I E 1)y, HARIFEN Pom2, J& T HAII/NT5
iR G . 2RI “Br-Ce-Br =8I 2RI, Hd Ce 17 E00 T
8], FRAET AT s SRR B R E Br I3+ Ce JRF /= RPN,
5 Ce J IR FEM = MR AR FC IR BT o SR 2 IRBC AL 4544 1A 28 G A2 # A
GAFH R RES MR BAT i AL SRt 7 b B LSk A . et SR fiAL s,



JZ CeBr [P f A% #4508 4.08 A, Ce-Br 8K 3.03 A, XfMifF) Ce-Br-Ce
LN 84.6° LIRS SHU G L s bW ik Z b i DI R A AR AR — B, R
W ZEEAITE TUTA B | B R i & B S Ra e 1k o e — 25 0 W ik R 1) R
P, TFE T H RIS (Electron localization function, [} ELF), &5 %
B 10)FiR. FTAER], HF 2 REAAE Br i 7 E, 1 Ce 5 Br i T2
[E]ff) ELF fHARX AR, RAETFM Ce JEF I Br R FRAEHEHF, CeBr
ST DA A T I R AE o X — 45 S R R A R LB A B A AT
=80 WRIET Ce J&T 4f M BE R AL REE . HERIE )= CeBra (113
JIERENE, BB R T HAETEBOCR, W L(offin. R ENXE
FEl N A B A =, RN RAES) 1% ERAE M. 1k b s SR 3 A
AEBRE T HEEEN Br J5, M NIRRT Ce JEF (1T A IRBNR
o KR T 5 7 S B PR B YA G

B4, B 1) T CeBra k&R Ce JR T HIBLIERES AT IE L. LA H,
TE S A E F B o T ORI SE RISE M T, Ce T 4f 5 Sd i RAE T
R IEEG R Hob, 4 BUE (WS o fro o foen fro 58 R

S50 % TEAYBURRE, M T SEAE R FREE RrFR B o 3 I A R S
B CRIEd, . d - d, s d,  HUBERTE R, SBHED RS (R

pz

BERZE S B AT kAT VS HUE T IR 0L, Bk R T Cer ANF
BUIEAE R IBC A 3 T IR 0 R B H L SRR, D R SR PR S A AR S B
JREI TR At T RO E?}iﬁﬁtﬂ

(a) (e)
E )
(dzy, do ,A'\l
2 ,& E % (dae dy)d
A i g\ e el (dny, du_ )t
A\ (dey dy) T

AEA =
—4— @
°Ce OBr

By (fead
+ G
y —_— aw It
| \ ’ = (fu £}

M
(b) ; r _— (£ 4
= (fu L)t
— (f)1
—4 et

Bl 1. (a) HJZ CeBra s g i4) BIMAL EFIMUALEL; (b)) H)Z% CeBr, ML RidS K 1 (ELF);
4



(¢) WHAEEE—An N IX m X AR ER AR TS A B2 CeBro I 7Tl 2k (1) BAH 5 5k
Uk b, A1 b, [ SR S 055 — A5 LR IX 5 (e) #UJZ CeBra 19 Ce JE- T BE 4 i 5 1L

Figure 1.(a) Top and side views of the crystal structure of monolayer CeBry; (b) Electron
localization function (ELF) of monolayer CeBr;; (¢) Phonon dispersion curves of monolayer

CeBr; calculated along the high-symmetry paths in the first Brillouin zone; (d) First Brillouin zone
of the honeycomb lattice with reciprocal lattice vectors b, and b,; (¢) Schematic illustration of
the orbital energy-level distribution of Ce atoms in monolayer CeBr..
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Kl 2. (a) HL2 CeBr, i) FM. AFM HBEHAY; (b)) B TT [T xz ~FI B EZ CeBr, ) MAE
FRIFH I, (¢) HJZ CeBra ) MAE ANF fHUIETTHR 3D HIRIE.

Figure 2. (a) FM and AFM spin configurations of monolayer CeBr2; (b) Angular dependence of
the MAE of monolayer CeBr, with the magnetization direction confined to the xz plane; (c)
Three-dimensional bar chart showing the f-orbital-resolved contributions to the MAE of

monolayer CeBr».
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Kl 3. (a) HJZ CeBr fELARIIEME (SOC) TFHIREH S . SEL S O EL D
REE T LA BER FiRet . (b) H SOC AN HLE CeBr MR H EIE. (o) Il (D
7PN RZ CeBro 1 S H B /K FL 350N B e /K il 3 R R

Figure 3. (a) Band structure of monolayer CeBr, without spin—orbit coupling (SOC). The green
solid lines and blue dashed lines represent the spin-Up and spin-down energy bands, respectively.
(b) Projected band structure of monolayer CeBr, with SOC. (¢) Anomalous Hall conductivity. (d)

Spin Hall conductivity.
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Figure 4. (a) Energy difference between AFM and FM states as a function of Hubbard U. (b)
MAE versus Hubbard U. (c) Valley splitting at the valence band maximum and conduction band

minimum as a function of Hubbard U. (d) Band gap versus Hubbard U.
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Figure 5. (a) The Energy difference between AFM and FM states as a function of strain. (b) MAE
as a function of strain. (c) Valley splitting as a function of strain. (d) Orbital magnetic moment of
the Ce atom as a function of strain.
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Strain and correlation effects modUlate the valley
polarization behavior in monolayer CeBr: *
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Abstract

The valley degree of freedom, as an intrinsic electronic property analogous to

charge and spin, has emerged as a promising carrier of information in

next-generation low-power and high-efficiency electronic devices. Achieving robust

and controllable valley polarization is a central challenge in the development of

vallevtronics. Ferrovalley materials, characterized by intrinsic magnetic ordering that

breaks time-reversal symmetry, are particularly attractive because they can generate

spontaneous valley polarization without the need for external fields. In this work,

based on first-principles calculations within the framework of density functional

theory, we systematically investigate the structural stability, magnetic properties,

electronic structure, and valley polarization behavior of a two-dimensional CeBr»

monolayer.

Our results demonstrate that monolayer CeBr. possesses excellent

thermodynamic and dynamical stability, as confirmed by total energy analysis and

phonon dispersion calculations. The system exhibits a ferromagnetic ground state

with a Curie temperature exceeding room temperature, indicating its suitability for

practical applications. In addition, a pronounced in-plane magnetic anisotropy is

identified, which plays a crucial role in stabilizing long-range magnetic order in

two-dimensional systems. When spin—orbit coupling is taken into account, the

*Project sUpported by the Science and Technology Department of GUizhoU Province, China (ZK [2023] 467 and MS[2026]
804), the NSF of Tongren Science and Technology BUreaU (Grants No. [2023]41. Grants No.[2025]52 and[2025]53).
t Corresponding aUthor E-mail: sheyanchao316@163.com
T Corresponding aUthor E-mail: Zhangwwxx@sina.com.
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degeneracy between the K and K' valleys is lifted, leading to a spontaneous valley

splitting at the valence band maximum. The magnitude of this splitting is

significantly larger than the thermal fluctuation energy at room temperature, ensuring

robust valley polarization under ambient conditions. Furthermore, Berry curvature

calculations reveal the presence of nonzero anomalous Hall conductivity and spin

Hall conductivity near the valley regions, indicating that monolayer CeBrz can host

the anomalous valley Hall effect and related spin-dependent transport phenomena.

These features highlight the coexistence and coupling of multiple degrees of freedom,

including charge, spin, orbital, and valley, in this system.

To explore the tunability of its physical properties, we further investigate the

effects of electron correlation and external strain. By varying the Hubbard U

parameter, we find that enhanced electron correlation strengthens both magnetic

anisotropy and valley polarization, reflecting the important role of localized 4f

electrons of Ce atoms. Meanwhile, the application of biaxial strain within a range of

+5% enables continuous modulation of valley splitting and magnetic anisotropy

without altering the ferromagnetic ground state, demonstrating excellent mechanical

and functional robustness. Overall, this study identifies monolayer CeBr. as a

promising two-dimensional ferrovalley material with large valley polarization, high

thermal stability, and strong tunability. The results provide valuable insights into the

interplay between electron correlation, spin—orbit coupling, and lattice deformation,

and offer theoretical guidance for the design and optimization of multifunctional

valleytronic and spintronic devices based on rare-earth halide systems.

Keywords: Valley polarization, Magnetic anisotropy, Multifield control, Anomalous valley hall

effect

PACS: 75.30.Gw, 71.70.Ej, 73.22.f, 75.70.Ak
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Figure presents the electronic structure and transport properties of monolayer CeBr2: (a) band
structure without spin-orbit coupling (SOC), where the green solid and blue dashed curves
represent spin-up and spin-down bands, respectively; (b) band structure with SOC; (c) anomalous
Hall conductivity; (d) spin Hall conductivity.

Spin—orbit coupling (SOC) in monolayer CeBr: lifts the degeneracy
between the K and K’ valleys, giving rise to a sizable spontaneous valley
splitting at the valence band maximum, as revealed by the band structure.
This intrinsic ferrovalley characteristic originates from the interplay
between ferromagnetic ordering and orbital-dependent  SOC. The
asymmetric Berry curvature distribution near the valleys further leads to
finite anomalous Hall conductivity (AHC) and spmm Hall conductivity
(SHC), indicating coupled charge—spin—valley transport. These results
demonstrate that monolayer CeBr: hosts robust valley polarization and
nontrivial transport responses without external fields. The coexistence of
valley splitting and Hall effects highlights the strong coupling among spin,
orbital, and valley degrees of freedom, establishing CeBr: as a promising

platform for multifunctional valleytronic and spintronic devices.
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