R OO I
J N o115 ¢ Yot A OO TTPRP 111
BB 2R e 1
Lo G e bbb 1
1.2 THERBE SRR oo 2

1.3 BRHEF SAR P BIAT A TAE T oo 6
1.4 A SEIIIETEPIZR coeeeeeeeeeeeeeeee et 9
FE HIRHITEEL TR oo s 11
2.1 ZRETFARRHFHIIEAATTVE oo 11
211 ZAR R G BE TS TR covveeeeeeee e 11

2.1.2 Born-Oppenheimer T L.....c.coviviviiiiiiccccce s 12

2.1.3 Hartree-FOCK TTMBA. ..ottt 13

2.2 BEFEZERFEIR ..ot 14
2.2.1 Hohenberg-Kohn FEH .......ccccoiiiiiiiiicee s 14

2.2.2 KOMN-Sham JTHE .ottt sttt sae e 15

2.3 AEHTCIRIZBR oottt 16
24 DFTHU JTVE oottt 16

= PR TN B A R B R R SR MoX Y (X=S,Se;Y=Br]) ................. 19
R I 1 1V == OO 19
3.2 T B T2 et 20
B33 ZEFEGTIIL oo 20
34 ZREEIINGE oo e 27
SV W YRR SR MoXY(X=S,Se; Y=Br,l) F I EAC HAH EAEA ... 29
R i = OO 29

R = Ry 30



R = S USSP 30

A4 ZEEEIINGE oo 36
o A s TS 37
ST B TR 37
5.2 B e 38
B 1 = VA 21 7 2 N 7Y T 53
L OO 55



—HEEREE B4 MoXY (X=S,Se; Y=Br,I)
BZRER N E— RIS

IR

MR R AR T, R MR R ST . T 4ERORA B R T
RO 7 ae b, ATTAEZE B RE . 100, B2 S 6 O H A1 S5 S AT Jee 300 L I
. Tk, “HERPRIIRAS 1R TR 50, AR ANSLIG T AT TIRA
HIWEFL, A3 h B, EEEmRELEY, SREMY), GIESEE. 480
PP AT T JONE R A% B e 5 B SRS, BRIty — 48 5 e
HLF R L PR At AR o

BT A & SR AT T B KA BRI 3T B 4R RRE,  JF Hdid B3R 551
BFFRREAHERRE, —HEMARES. K Goodenough-Kanamori-Anderson
(GKAYRRI,  $ET1 J BLIR B A A o £ T Y o S B, Sl AR T AT BAp LA 4
M EAFIAEEAZ A A . SRR IR B S IR KRR SR HE e B AR AE R AR 5 3R i
R PEE ) R B T AR S YA 4 T BT T B AS A B . — ORI, X T AN
LA kAT, A R SR S BORHIANR, I HAESNREE T BT A 7 A
—FE. B — &M TRTA SR AR, AT LR AL A A AR 5 IR T, X T
S B AT 2 T BOS T S M A E I ROREM + 70 9B o 72 SRR HO A AT 7T
WSS ELAE RN TR s A 2 A S A R O L DR RE L TR 2
Mep AT AR A HERMEM . X SR b S W BAE T FL, IR
i AR T S R B, Bt B e R ) YRR SRR, A
Q0 R SRS BAEM . AR, AP AR U R

ARSI BT AR



1. JEISES TN R A v R ) — SR Y SR MoX Y (X=S,Se;Y=Br,])

ARSCIR T — 58 0 4R S 4 MoXY, T 25 B 7 R YR 8 (DFPT) F1 43 1
) )1 BN AIMD) TH S 8 T HEh )M R e e o R SE I 5 — PR R B SR
T AT — R R S A, X MR R T IR R LR, BRI
Im) e M e 5 e —4E s e i, R IR E A YE EE A 290 K (MoSBr) £ 322 K
(MoSel). AMEIET GKA BT H i R 2241 FAM 13— 2B 40 b7 o TR 0 P
SRR AR SR R SR AL T T R

2. A 4EkEE Sk MoXY (X=S,Se; Y=Br,l)HH {8 5 #eAf H.1E

ARSCHET Kanamori AL 5 H T — AN 18 138 F T BT 28 45 B 4% 19 AT AR AE B 32 He A
HAEH SRR, RINARTT 1 R3S 5 B AR B 45X Py i i B S B 4% T Bos 4 6} s
FLIRLE s, S ELA XA A R AR T O A A AR MoXY i A8 H A AR
S AR S IR SR R o A SO R RS 1 B Rk R SR A B R, R —
BB FUJE BRI AR AL TR R, AT DARE— B HES AV A SR TE 1 e LT A
AR R K
KR MR B S AAORL AR BRI
Gr35: 0469



First-Principles Study of the Superexchange Interactions of
Two-Dimensional Ferromagnetic Semiconductors
MoXY (X=S,Se;Y=Br,I)

Abstract

Two-dimensional (2D) materials possess unique physical and chemical properties. Their
thickness reaches atomic level. It’s believed that they can be integrated into microelectronic
devices, and potentially extend the Moore’s Law. For instance, monolayer graphene has proven
its value in many fields, such as the field of optoelectronic devices. In recent years, 2D materials,
including hexagonal boron nitride (h-BN), transition metal dichalcogenides (TMD), metal oxides,
and organic semiconductors, have gained increasing attention in the scientific community.
Researchers have conducted extensive theoretical and experimental researches on 2D materials.
2D magnetic semiconductors, combining spin degree of freedom with semiconductor properties
in few atomic layers, have become the fundamental ingredients in the application of 2D spintronic
devices.

The search and preparation of novel 2D semiconductors with long-range and room
temperature ferromagnetism, and the quest for external modulation strategies such as strain
engineering to enhance their Curie temperature have always been the hot spots of future research.
According to the Goodenough-Kanamori-Anderson (GKA) rules, the nature of enhancing Curie
temperature lies in the modulation of superexchange mechanisms. Exchange interaction can be
categorized into direct exchange and superexchange interactions, along with others. Unraveling
the physics of how these external modulation strategies modulate the underlying superexchange
mechanisms is the key to the rational design and the performance improvement of high Curie
temperature low-dimensional ferromagnets. Generally speaking, for different exchange path, the
interaction strength is also different, and behaves differently under applied modulation strategies.
Therefore, a general path-resolved indicator of superexchange interaction strength is crucial for

understanding the external modulation mechanisms of superexchange interaction. In the study of



magnetic semiconductors, magnetic exchange interaction plays critical roles in optimizing their
performance, revealing the microscopic mechanisms of how their magnetic phases are stabilized,
and enriching their variety. In order to deepen our understanding of the physical mechanisms
behind different magnetic orders in semiconductors, the study of exchange interaction is
indispensable. Designing 2D ferromagnetic semiconductors (FMSs) with high Curie temperatures
could potentially expand the application of magnetic semiconductors in areas such as the storage,
transmission, and processing of information.

The specific research contents of this paper are as follows:

1. Theoretical prediction of a new family of ferromagnetic semiconductors MoXY (X =S,
Se; Y =Br, I).

This paper predicts a novel family of 2D FMSs, MoXY. Their dynamic and thermodynamic
stability have been confirmed via Density Functional Perturbation Theory (DFPT) calculations
and Ab Initio Molecular Dynamics (AIMD) simulations. Moreover, a series of excellent magnetic
and electrical properties of the materials have been demonstrated through first-principles
calculations. The Curie temperatures of the materials are above the room temperature, and they
possess high magnetic anisotropy energy (MAE) and quasi-1D transport behaviors. Their Curie
temperatures range from 290 K (MoSBr) to 322 K (MoSel). Additionally, further analysis of the
superexchange interactions has been conducted according to the Goodenough-Kanamori-
Anderson (GKA) rules. This research opens new possibilities for the future application of magnetic
semiconductors.

2. Modulation of superexchange interactions in MoXY (X =S, Se; Y =Br, 1)

This paper proposes a path-resolved indicator of superexchange interaction strength based on
the Kanamori’s mechanism. It also explores the impacts of two heavily used external modulation
strategies, i.e. the strain modulation and ligand substitution, on the Curie temperatures of materials
and provides further explanations of the related underlaying mechanisms by employing the
proposed path-resolved indicator of superexchange interaction strength. This paper provides new

insights for the further research of enhancing the superexchange interaction strength and increasing



the Curie temperatures of 2D FMSs. It potentially advances the future development of magnetic
semiconductors in the field of spintronics.

Key words: Two-dimensional materials; Magnetic Semiconductors; Exchange Interaction; First-
principles calculations
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REE, B HE— 2D 7 RIS R 3R S RO A 4 o B LA A%, 7R S — s 2 #e A
FHHIERAR . #R4E Anderson XTI HEFE R — D HE T 54t )5 225 T U IR BE S 1) 20 #r,
LA B HRE S d-p ZEIERIEA S, d. p BeZ R e B 22 (R SO 5 s 2 TR 1Y
Re %), p-d BUEIRMAZEBHy, BEPEIR T SRR AR R IR EE, AR HE R RERD U {5/
S RAVYILEAG K. FESBRIE AR AT R S SR A, 2 R D A8 e A P e
5k E B R /INEE IR O, T HLRL S S 2 S BBk AR B SE B N A, BT AR
AR B — PRI LME GKA BN S AT A8 e 1 1E e — R, RROSET XA Rk 344

e
Bl



oM R A s /NI D51, TR ELRR A7 SR A5 21— d i s 4 T ik 5K,
B RERAL L B I IR 2

1.4 XRXHAREAR

LR EPTA, BREGAPE S RS T SRR AN AR B T, B YT SRR Bk
UM B e T A M RER AL B U R A BN o O 1 SEBLUE R AR B
FFARSEEE R e, SHREAT UL R PERE S e e BLIRL L 1 —4EBRRE - AR R AR R L 2. {HH
TP T A e s T ECR R, SRS AE IR N AR Rk R L
Fe AR AR, K28 ek SRR e BIR AR AU, TS E A e TR SEERR .
PRI 34K B TR I A =R e BRI 75 PR RE I B RR T~ S AR X T G0 OK BRI gt
B BATE KR o WRIR YRR T A A i BLIR SEAT — S b Vo T LUE i Ah S T
BORZFTT, (HRBANE R E AT BA AL & E B 5 BN 18 3 — 4em i
PFRAORL, IR EORIATEAG NP AL, RIS B0 P B SE 46 & R 77 2R B B 2 A
Ji R LRI AR Ak, BN T AR IR R AL B AR, 7 RN A
B BT B e IR A AR SR DA SO AR T

BomA T AERRE SRRE S REL B, SRRt e BRI OGS T
LS TR IR 1 AR R A A BLAE A

5 B T ARSI R T S B AT 2R — SR 5 s

BRI T AT R BRI T 4EBRREE T A BEMoX Y (X=S,Se; Y=Br, )52 S

I
:

o5 DY 25 %) — 4ER G SARMOXY (X=S,Se; Y=Br, 1) {1 {148 58 A0 FLAE FH 3T 4%
BREAH TGS RE,



E-E BERMHEREE

A E AT NEIR A S ) 32 S SR R AR R . MR 2O B, R
PO RIS, YU T HAOW T AR o BRI LU RO 45 1 2 BRI L I B ) oS . B
T ABA S T SO LT A TR, B W T BRI TR T s B G L
BFER RN AIERE R, XS E ARSI 7R BT a0 . SR REERS
PIER A% O 2 — 2 A &7 0 M SRR R BB A B LT &6 A, T 58 I 1
HEAS TS BT R 0 0 TR A MR R B A, %0 /2 W FE 12 B B R (Density
Functional Theory, DFT). HAATFEEVIER M50 5% B it G AN TIAS [F] S Aob R P -
{EL S5 ]k ) ST R T RO AR LR, LR T TR A ELAE AR O S 2%, RS ok
FE R AR LN X ) o PRI, AT ] 75 B8 B A AR V2R s> T SR, 5 RV ek B R e T A
DFT 52—t 78 2 i 744 28 BT S5 I I MK BTV (Ab-initio Method), & BL L %5 U
PR BN E AT TR RO AR, W) 2 N T B AN 2 4

2.1 BRFERPIEMTEE
211 BHRGHEEISHE

B IR T2 R TR R R OV T R — 3, DO T A B
a5 AR T A . FRATAT DU I SR e 5 15 5 RS BB T R B AL BE B A AL 87 2R KL
ZHLT RGBT HA] DL AL RS A -

H=Ty(R) +T,(r)+ Hy(R) + H,(r) + Hy_.(r, R), (2.1.1)

Hep,  H OAMEERES, r Al R REARTEFREFLL B, T N fl e
73 AR B 1 S BT, TR TR AN B T S BRON 5K o R_ IUA% TR L A5 -

EMFIEN A, BIORMGHEWEA, M r A RO FRIRE R4 2 P 16 oA 11 A
tro T F1 VARKRBIRESHRERTT, N TR T EZINET, e THAERNHET. X T L
WITRER S BT RIT, AT LIS H:



_ N 1 ZiZjez
= Zl 12M VRI ] 12 Vr] + Z Zj:ﬁiz |Ri—Rj|

1 e?
+ X e~ e S r,| (212)

XK R R AN BT 3h6e . T Izhae. AR EF %5258+
KO EBAHBEAERSAGE. RN EAEREARESE . XBRMM M Z5 348 5T 2%
HHL B SR AR FELAT S, T me AT e JUIFE O LT BT AT A A AR F A A BRI Y
THEOLT, ZH TR REEEAMESEEE S TR ARIE -

A¥(r,R) = E¥(r,R), (2.1.3)

YL TR AL, B Re R ANMEE. I 7 (2.1.1)-Q.13)T LI RE tH, X2k
TR TR, 215 288 15 7 B IRS B i 2 AR R HEY o DRI, FRATT AR EE MRl Al SR g 7
X RBEFATKIALE I T7 10 BT R MR LE R 2 B 114 R € 15 7 RE I3 R F I
JURRIE AT 12 o

2.1.2 Born-Oppenheimer iT{il

NT REIE R A2 Bk R e s AR, TE19274F, AR BAERIE T T & 41
Born-OppenheimerZa #m A0, FLRZ.OBEE 8 B R T2 P iR, HREmthd 7
KRZ, UK REYRES T BT XA EF Rl Ll 8 7%, X
MBS, SRFENBFAL, EARZTONE RN X RG22 0T DL 2 5 1
FEsl, HFERERTIATN. TR ERQ1.1)R A LRk R 5 s ] f{i -

A=- ;;12’; S S5~ S D

IX I G B NS 5 R A B A G, B T s B b, AT

(2.1.1) AT LLgE—P A

1MT| (2.1.4)

H¥Y(r) = E¥Y(r), (2.1.5)
FERXFE—MERIT R EA Z283n N HHE, RS EKA T RE. BT
SOARIX —HEEL, RFEFATTIN T Bk I



2.1.3 Hartree-Fock iT{il

fEXZ J5, Hartreef il /7 —Fi it 2 BT R REEEIS TRRITTE, FRJyHartreeTs

i KREANHT MR Z BT B T AR HOR . AR 1 R BOT AR BT

735 750 T4 R BOK T L SR I A 4 SR AR 5T . DR G Hartree J7 ¥ Ji5 SR8 48 B T Hartree-

Fock /i, FFiZHIHUR T IR iHartree /772 . Hartree /7 1L % DL & 2 ¥ 2 T REERIIE
BRI 2/ B LT U BRI AR, LN ) H U8 R B RT  E:

Yr) =¥, ry, ..1) = @(ry) - @,(y) - @, (1), (2.1.6)

R B T A S R 5 A

o, @)
r=rT"

L
2m

A=—-—-V+V(r)+ x dr (2.1.7)

FETTRERI AT, B RAGR TR I, UGS i 7 2 BB T ae T, &
Je AR A T R AN H I T3 E A RE, B Hartree BRI, LB HAL
TR IR E AL B AL B BT TR G B AT VB — A3, BIR R T E
g 7 R ] DU — B AnAS LR TR U 7 1%
Ho (1) = &¢,r), (2.1.8)
& N MHETFRIAMERE, SRerREAN:
E=g +&++¢, (2.1.9)
Hartree 773758 1 W7 H HHEE, (HERAW Ko7 H iR H . B E 2o B AURM
TRIAAE R ], 38 ok B 2 [R) B e B 7 A — S AR KA He SO R, Hartree-Fock
RS HE— D F T AR GE IR R B IR O SRR AT A o TR ) R B AR S R T ]
FRIAR ELAE AN B R ) s e 981,

P1(ry) @1(rz) - ()
Wy, Ty 1) = 02(r1)  ¢2(r2) 2(rn)| (2.1.10)
¢n(r1) <Pn(rz) (pn(rn)

XN AMEIR T Hartree-Fock J7ikHIR% 0y, B2 T R T4 iz5), R THET5
SEIIZIE L, D TR . RS, %07V HE T IREUREAN B T BN T RA N



F&JE M. Born-Oppenheimer £ fLUAT Hartree-Fock ~FX3zir it 7 — & 5Tk, {H
TIAELEA I R 8, 5 SEDFTI R B T3l 7).

2.2 BEZRIED

DFT 4 Hartree-Fock “P*¥3373 Ll 75 ik R85 A B ARA A o HL7 A7 B A =4k
FRPH=AAHE, WRETECO 0, BEMELREA 30D ML, BTEENSE
ZAREA R, TR GRIRAFN, SN EDU 5 T EA#El, Hartree-Fock 131373 {bM i
L gL, BRI R AP R B S AERE &, 117 DFT W QUHT PR 5 7% 5 S AL BE
BEPERAK, BT T IE AR X > . BRtG, DFT ©4& BT B R 4 M 0 ik i

2.2.1 Hohenberg-Kohn EIE

VER—FBETT BRI T, DFT LR ALAEE Hohenberg 1 Kohn #2 H )75
AN B — e R o ) e 2R,

@©  ATFEBRA R SR T RIS Y ER I TURRLT0% BE RR BU E 2 B

@ R TEARZAMT, BeEIZ R0 IR 8 1R 4505 B2 R BB IME R R EES
S

A, Hohenberg-Kohn EHE LA T p(r) 1EANMIRIFREAA &, %A L EAFMiT
Bh, AIMATLORS SRR 2 TR &R, 2w T DFT (ARG, Bt B QO R HTH %
FEZ M p(r) HUE RGBT, O HKRMBARESREEN %, LRSS
S R T R .

Erelp@)] = Cr [ p3@) dr —Z [ 2 dr + [ pr(@) dr + 2 fpl(:z—gr,;)drdr’, (2.2.1)

Hohenberg-Kohn E ¥ K Z A F &5 T UL TR Ep(r) NEZEMZ K, 24U
p(r) A I FRATT AT USRS B SR AR, 3X — 3RV E AR 2 TR BRI 48 8 . B r T3 AL
H AN E R B R 2 T R, 2p () BONRS BN 7] LURS B AL BE 22 HL 7 A 4 14 ) AL
X A IACDFTHIS SR AL T R ST St . B TIZRIAT, p(r) HARB AR E RGiH
JROGEREIE 2, LI RGN SRR B K2 bR T AR DA R RIA R

E =E[p(r)] = [ p(r)Vex: (1) dr + Vyg [p ()], (22.2)



Hor:
Vuk[p()] = Tlp(M)] + Ecout[p(1)] + Eexc[p(1)], (22.3)
RS TR BV [p(P)], RUTEZHTF RGN, AREXEIESNEZ R, E
O EAE T2 BRI LA M A e 52 62 BRI . Hohenberg-Kohn i& 3 £ ok 2 Ab7E T3 i A i
IR A E R R, G HAE R AT LUl SE PR T BO SR g1 EE 4, ADFTHS
5B . B2 T Al o
2.2.2 Kohn-Sham 7578

Kohn-Sham 77 7 ) 68T AE T, ‘BEFE(2.2.3):01, ICHEAEMH KRG shaez Al 7
SKAGHIBNRE, FRZE T BTy 2R RIBIZ s T, BRI SOAR =5 145 H 73 AT oK
(AN E DR 3R e 72 1A 45 SR I bR 1, AR BEBONRSE B SR B L T, Al RETS BIMERRZE R
IR 2R HL T N B O,

p(r) =3, [|o;|, (2.2.4)
LR R v R R LLS N

=292 + Verr [p()]| 0; () = 50,0, (2225)

Verrlp (] = Vexe [p(M] + Viare[p (1] + Vexc [p ()], (2.2.6)
oo,
Vexe o] = =271 [ @5 (r)V2 [ g;()dr, (2.2.7)
Viarelp()] = [ |r( = (2.2.8)
Vae[p ()] = Zexele®] (2.2.9)

5p(r)
BRI, FAT B R v S, SR T RSB PERI 7 JE A2 2] 1 )i — IRHKZ R Eoxe[p(1)]
e AT Caf®] 7 —DIReti, EREHISHESLZREN, SR M hT8R=
AL RITZ o R VIE 30, BATAS AR T — L 5632 b



2.3 ZHWKELZT R

25 ERTIR, ACHRKIRIZ B Eopc[p(r)] SDFTHE B AR <. BT JRATT A5 L it
BT ERER, HRBRZR T RZGRERNE, HATRAES 2 W S 6 .
X R TAESE — B BN, AT EAE SR BT S BT R (BT, R T
SE CABSUE SR R R BRR 5y, NATY IR i AN I 5t P 38 BT AL SR AR XA ] . 76 SR
THE SR TR E R A R AT A5 B AS R Bz B . A IR AT S AN R
HI T V2 A8 Y 032 B8 B4 JR R P AU(LDA) « | R LI (GG A) &P,

JRiE 5 i fbl(Local density approximation, LDA) & &A1) 2 K H Kz k. Hilh
HMEEARS ST, AR AL B A T o A B 50, AR B RS BRIz b ] A
HAMRME. NS HIRECRE AT AR

Exlp(M)] = [ p(Mexc[p(r)]dr, (23.1)

FEACBRREAEAD BRI, BT B B e BT A 2E, R A e B2 Bl (Local Spin
density approximation, LSDA)# #i& Hi DAL B AN [F] H e 1 B 7% % . LDAJTER RS : 2
TE AR ST, BRI R R 45 IR s i B A A BUR RV BRI, %R
AR S5 FARZBR . 7 AP AT 2 A ST E O, AT 5N F A 25 FE R P R &
T UEAREIL A (Generalized gradient approximation, GGA) , GGAFAI I hERE

A

EZip(m)] = [ p(M)exc[p(r), Vp(r)]dr, (2.3.2)
H T8 R 852 Bt 2 GGATTE,  BFEIRANA B A2 3 & Hh W3 i) Perdew-Burke-
Ernzerhof (PBE)Z5®, {H)&5 LDA 72, GGA A H RIELA, Flin o mfh s r fig
WHL N AT T PBESoI(PBE for solid)iz pf, i X N2 bR AT LALE % & B2 R ar 25 52 (1)
[FIS, AT LAIRAS 5 SEBGAH T ) di i 2
2.4 DFT+U /53%

DFT+UJ5 ¥ H M T AL B S AT d B FUE H 7 IR R, SR AR RIR R I —F 5%, P
THIRRIBAR R R, SRIGE BT A IAER], RIS AH AR AR s 2 . 2 TAE L IDFT



HIBHILDA, GGAHLLSDA, T 1 F¥igiteh, HJoikEmhfidixXfe, & 2pA4
HAR -7 A BAER . Bk, DFT+UJ7 %8 7 bR e DFT B 2 Al B 51 A — 8401
Hubbard USEk st oH 5 o 3x ANUBURER T Al —AN &7 b B e s i B 2 TR0 IR S 1 5 7
B AN RV R T R A EEASHE IR 77, AT DA B S A s R SR IR R P I T ZETTHER
HABREPIER, IABIESHU, 152311868 AR

EPFT+[p(r),n%] = EPPT[p(1)] + E¥*8[p(r)] — Eqc[n°], (23.4)

F 5 EMAH I S G 8RN B e FEAERE, HREEq [n?] W8 THBRER
THERISEM . 2T VEL I SERIAE, JUHAEE XA 2R BT FE A REE IR AT L AT R R 45
R



F=F BRTNERESEERENGREESEH
MoXY (X=S,Se:Y=Br,)

3.1 IRE=

A SRR IR IR R R T ERMRE G T, S 4R EIRAORL SR T K
IR RN il hn — i Y4 IR R AL &4, L34S T BT IR B A, nda ik
S SE. P REM, —HIRE, EREX—RABFANMEY, HEERA
MEREYE, BIRFERA TR Z I EEE R 43 W/ D 116.99-102 3 B0 i~ A% 4y e B, 7E %
[r) [5) P PO AR R AR Y SR BRSNS o] BEA7 AE K AR R 7 03104, 5 N
1) R A T AT S - BRA AN E BE I A6, 4EREME T DAEAEDON . b2 S5,
Z IR T I AR B0 T TR 8 i — 4ERE VAP RI01081 201747, @i S50 A Ih & T
YRR SR CrisFICraGes Tes i 100100, AATIEFF 46 R IF 17 % T~ — 4 fh A behix — 4
(IR NI AT o

TESFh R b, YRR S A 7E R et S FH AT RN e AR AT L — e E
SRS T BRI OG. — T, YRRk S U FOR BRI AL T S, AR AT
RSB 5 AR RO 5y — 5T, R TTOR R R SN B e H ARk R R
BE77, XS BRARMES E R E B, SR B TR LI 4t Sk 1 R B
W R AR T =R, XS T BB TR R MR BEAh, BORIRRE % ) M e AT
DA B KRR BT 5 A MR8 o R G FRAT T3 1) 75 3 1o 50 6 b B 048 9900 7 7 92 R LB
% AT v BRI BE AN UK G % 1) S P B IR — R Bk e S AR 41T

FERT—& 5 eh, JRATE I 58— R BT R U, BT — AR B IR A A R A
() e AR R S AMOXY (X = S, Se; Y = Br, ). HEAMERIIHE—4E 80K T s lT
N, B E RIRE, LR HRE % ) e e . BRATTE S P T SEOR 43 ) ) AR
(AIMD)HA T eI E M, BT S RIS (MC) B 5 1 3L HLIRRE , AR HLIR
{38 il 290 K(MoSBr) £1I322 K(MoSel) ANk, AR ATTI4 38 1 GKARE U B Jig 1) 22 e
B HAT ARG T BE— 255007



3.2 HEE*

FATEDFTE & HESE A HEAT 1 LT G5 R ATAR 2 ) 8050 A5 5 FE (PDOS) A 5209991,
it 5T QUANTUM ESPRESSO % A1, s i 11181, 3141157 FH Fritz-Haber-Institute(FHI) Ji#
KA A B 7Sz 5 40 v 22 8] R AR LR B9, 4 55 A i F Perdew-Burke-Ernzerhof(PBE) 32 #t
KEEZ B, PBERH 1T SUBAFE ALl Generalized-Gradient-Approximation (GGA) 41, &7
F Mo dHL T R R 3R RN, AR T GGA+UT I, Ik $E 13 eVIHubbard U
a2 2R FIMoXY H 2 I KARTEAE AR HAEH, I8 RH T vdW-D2ii & £ 124,
BRI E L 15 A PPN AE 60 Ry, R HI 245161k A W 6l A HLIK DX ik
17 RFE N T HE —4EMOXY AR E M, FRATIE F %5 02 eR A B 18 (DFPT)#EAT 1 5 11t
RIS], 3178300 KT 18 FHNoséHoover /7 3T T Kk 5-ps I AIMDAE 28], Sy 1 35159 s B
BEE, BATE I E U A AR FREAS 2 <2 =< L M2 g8 & 2R 8 2 i . AR5
5 FHV AMPIRE 8- 40,38 15 M CASEADL R J7 325 A S50 A i 2 i 2 P AR A i 34 (1271290 L
JEE XA i B2 5 T A B ) 5 R 300 B S HL - A R BR BOR FRAT T o FE Ak SRR A 17 S
BEMS, (8 1 25 REAR X 1 R4 L PR IR Bk v 550 B e IR 5 R A0 - AF A A TE A FH 6 T 2% 1)
S B R TR,

33ER5TR

MOXY & T IE& &, % [ APMmn(I3-1(a)), o T AEs A e Js TH0E, 7EiH5
ePRRATINER: T A, WERE B I 5 10 R R AR R 05 R I PE3-1(b) B G
defy, FHTE A FAMOE T BIABIRIE TR A R T B R (KR A Moj2 S8k
R T IR B A B R BT R 2 ). A5 4 B Mo B 7 DY A B B - R A 1 26
BT ARXHR I AL R, DRI T — A 55 R L i £\ T 0 o AR 2 ST 2 1
e, IR ELEEH A RN TR G, MO BT LI T [ IR 1 B AN o 56 5
FHIRZAHET, M RMO™ B 5 755 (5S> ) RIBr (8 1) 13 To i T 5
L6 AR RS, AEANMOPH BT I8 4% 10 = AN dBIE 0 1 10 et T R s . ik
ST I T, Mo BB 1 0 A 3B 4 B 4L A BN R U - eq(f 5 d,2



Adya g2 PUIE) Mg (5 dxy, dyAMdaxliE) . KL, MO BHE T HH I =ANE A e 3d
T =R BRI e lLIE .
* 31 BEMMAER —4EMoXY (X = S, Se; Y = Br, )5 ZABHI kg & rafb, LA H: ELREAN H)

Ti%ﬁ%: K;%E Eg*ﬂ Eg,i °

a(A) b(A) Eq(eV) Eg,i(eV)
MoSBr 3.793 96.06 0.91 0.91
MosSlI 3.923 70.69 0.80 0.80
MoSeBr 3.885 5.287 0.46
MoSel 4.020 5.279 0.39 0.39

O
1.
@) (b)
3-1 ()MoXY 52 I RL BRI AL L (o) PPRHie s 5 B AR R 5 fm il R 2R & .

250 250
350
I 350
300 é/— 200 g ﬁ ! %j@%
T P~ -</\ 300 \)é 200
e 250 - E— A 250 [ \_/\
< [— 150
> 200 ><—1 e = ] : 200 [~ —— —1 %
€ 150 100 e —
] i 150 /-\ g 100
3 eR——
g 100 — 100 ,Y \
. 50 = 50
50 I — ]
0 0 0 0
r X M X M r X M X M
-6482 -6312.0
g 132357
-95856
S -132358 = —6484 -6313.0
L oses7| { s o-5-0-0-9 l o sl =B ; P
s -
op— 0 122359 d —63140{ ° R
o< = { . -, -6486 ® °
c : ’ e -63145{ © t} °
~95859| o § f‘ % o ¢ -eae7( % % o |-63150 &5
" -132361 o =
-95860 6488 6315.5
0 12 3 4 5 0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4 5
Time (Ps) Time (Ps) Time (Ps) Time (Ps)
(a) (b) (©) (d)

Kl 3-2 MEAE IS S =R FAIMDELA R, Kl 5437 8(@)MoSBr;  (b)MoSI; (c)MoSeBr;

(d)MoSel, AIMDS5REI T 7745 ps)a 414 .



T L TH 5252 <Lk i A T R BRI S BRI B S RE R, AN T HEMoXY
(RS2SR BRBE Y o AT 10 A% 5 BRI Rl B 45 7E 22 3-10, W] B 3 AMoSBr#|
MoSel i 4% $iE A BN . 2 5 JA VB DFPT v T 175 115, I 3ET T AIMD# L,
BN T MoXY B Z IR E M, Xt R I 45 RAEEI3-2rh 45 .

i iF GGA+UTHEAT R KIMoXY [ H etk Ak 5e 7 Bl Mz FLAH B I PDOS EIEH] , MoSBr,
MoSIHIMoSel =& #f J& T [a1 347 B~ A4, HAr BUE RSN T T RS BRI B . =&
Wit B KA (VBMYSL T8, 1M 545 e /ME (CBM) AL FTRIX 5 2 18] . BATTIE K& FMoSeBr &
—ANBEEAFERE SR MoXY I #4514 DL PDOSTHE i E3-3 77 -

MoSeBr
—Mo-d,.
4 { Spin-up B0 4 %7 Q =
= 10 ; | = — 2
! —Mod, —— =]
~ 2 4 ' —Mod, | ~ 2 S >
5 ! \ —s» 3 S
o ' Brp - =
2 | ' @ — %
& ] i &
3 i -2 o
' a
] ; 2
-4 1Spin-down —4
:
4 2 0 2 4 Y r X M
Energy(eV)
MoS| 15 — loSel
%7@ T ) @
I TS=g g S E

i
i
R
ISR
A

I
T
¢

Energy (eV)

I
~

nert e
|
~
PDOS(Arbitrary Unit)

1
ES

| Spin-down -4 VNA N[N ispindown
I 1 1

A ¥ T X M 3 4 2 4

(d)
K| 3-3 (a)MoSBr; (b)MoSl; (c)MoSeBr; (d)MoSel ] H, T-45#) 5PDOSK] .
FEMoXYIE LB 1 s B #E— ZE SR T MmAT N, FED AN, MoXY BB AR
At i e W8 PRSI A 7 1m), Rafib oy e J2AT v B &% m) et o Bk U, A EIX ) RE i
JUF5e 4, RIANTT ) bR 5188 A0 A8 AR MTEIY B RETT B REM, =] T
XA A R m R TR R TR U — AL AR A B R T
BT EIRTFILREE, TN EEH LTy fRkes1sa,

eh36‘2D

2 0 2 0
Energy(eV) Enengy (eV)

(3.3.1)

FER3.D)H, et E, e, CpRitiiiE, KyRPI/RL2HWE, TR

HRSE S me Ay, 70 732 1576 T N afnb s 1] F A R0 &, Thime* FEP 73 3l 3R 7= i 3 A= 7 [ 1)



BRI ENIZAZS . TFEAA B PR T MoXY R FIER R WK 3-2f 7
# 3-2 BT (3.3.1)IFEAH A EIR T HEMoXY(X=S, Se; Y=Br, DA T & m (LA i A5
fr)s JEARSA(Ep)s PRI & (Con) MR TIEAE K (ap) -

Carrier Direction m" Ep(eV) Coo(I/m?)  pyp(cm?Vvis™)
MoSBr h I-X 1.53 9.56 177.90 47
r-y 0.22 8.63 140.94 314
e I-X 2.93 9.36 177.90 18
r-y 0.23 13.64 140.94 87
MoSl h I-X 2.01 7.28 91.78 24
r-y 0.28 7.59 118.59 209
e I-X 1.53 8.34 91.78 30
r-y 0.24 14.09 118.59 87
MoSeBr h I-X 1.48 9.64 101.24 34
r-y 0.15 7.70 115.55 594
e Ir-X 2.62 9.00 101.24 15
r-y 0.18 12.86 115.55 119
MoSel h Ir-X 1.87 7.17 85.41 26
r-y 0.28 6.45 94.31 238
e Ir-X 1.19 7.43 85.41 57
r-y 0.20 12.74 94.31 127

BARVEAEDTT IR BRI R W K TR E a7 I B TR 2 BRI AT Bl v #
W fEadyn) b B Rl , TZEbTT Ia) E RA BT A, BIWEAEDTT ) AL AT e ik
— Y FRATTAT ARSI R AR A8 A FH K B A B0 MO XY HR P S B R P 7 — 4
HLF 54T . MR EI3-1(d)IPDOS, #4 KHKVBM 3= 2l i 15 A 1 % B 1 I p i DTk .
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