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Fig. 1. (a)—(d) Top and side views of the four stacking patterns of optimized Sb/WS, heterostructures; (e) the binding energy and

interlayer distance of the optimized heterostructures; (f) Brillouin zone corresponding to heterostructure unit-cell.
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Fig. 2. Band structures by PBE calculation: (a) Sb monolayer; (b) WS, monolayer; (c) Sb/WS, heterostructure. The band struc-
tures by HSEQ6 calculation: (d) Sb monolayer; (¢) WS, monolayer; (f) Sb/WS, heterostructure.
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Fig. 3. Four highly symmetrical adsorbed sites of Fe atom for Sb/WS, heterostructure: (a) Bellow the bottom WS, monolayer;
(b) between two monolayers; (c) above the top Sb monolayer.
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Bgy: Fe LTI fffF Sb—Sb faH S ag1E 7.
X = 2SR R ASE T8 1) AN ] 08 A7 4 S 0
W R RE, o S
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Hrt Bty Esoyws, s Ere 53 MUERM T Z 5 RGEHY

BB, B2 AT Sb/WS, SRS Iy M AE S, H
RET Fe JEFRYAESR, R4EE CATAL 7y E, Xt
W — AR R, TERY B, %R — AN A B,
TR R e BT 11 R oA AR 8 O AR R R, R
Fe JELTF W B ) 42 m 45 W no Ao . — 2L
% B BE SRR AR AL Ty, Ts o M Vg, HMK
BFE 23 ) A -7.087 eV(Ty), ~7.754 eV(Tg ), &
~7.668 eV (Vgy,), 43l %5 N = 2 B v () B R 2 44
JIT AR TIOR3 = b f A IO A 225 40 1) P, 1
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(4 L BE 7 B AR By 1), s B AFM 2. 3l i
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HMEEE I 34 S I FA D a i, WS, AR
WA RN, SRR, W2 5 R AR T 22
H Fe & FFroiik, 523 Mai Gl Fi sk
A, UL R R T g S RS A R
WEYEBA = B AL

R T R 5 W AR R K g AL S R Y
Fe T MR R 0 BRERE, g5 Rk 1 s, &
R, XHF Ty, Ts o K Vg, =T, Fe J5F
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FIRRE AT (1 4) 5E4—50 SR, AR RS
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T Fe R Bt e i F#8 (VEC) 7 Ll K
HLf 7 7% A (T4 FL - 1 e EHE BT 3 234, Fe Ji
FHFHA (VEC) KAV JRZEH A Fe i+ 32 5|
SERZEVE TS, 46 Fe J815 5 4l 1 HLiE 24
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Fig. 4. Spin-polarized density (magnetic distribution) in the FM state, and corresponding adsorbed manners are: (a) Ty; (b) Tg

(¢c) Vgp,. The isosurface is set as 0.002 e/A3.
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£ 1 WHE.TM JEFH A8 AT R FIRE AL RE. po IRSL Fe I FIURERE, 1ol Fe JR WM RERE, 55 M i
JCHLRERE . VEC R IRST Fe JiF 4 L FHI L (valence electron configuration), VEC™A Fe J&F 0 [t 5 # fo 744 54 .
AQ N Z G Fe JRTFIEEA RIS, « R Fe JRTR UM, By AREILRE

Table 1.  Magnetic moment, electron configuration of TM atom, charge transfer and magnetization energy. y is the mag-

netic moment of isolated Fe atoms, u is the magnetic moment after adsorption of Fe atoms, M in parentheses is the magnet-

ic moment of the supercell. VEC is the valence electron configuration of isolated Fe atoms, and VEC* is the valence electron

configuration of Fe atoms after adsorption. AQ is the charge transferred by Fe atom after adsorption, where “—” means that

the Fe atom loses its charge. Ey; is the magnetization energy.

Adsorbed site u/bs  u/ps (M/ug) VEC VEC* AQ/le|]  Ey/meV
3d/4s 3d/4s/4p
Ty 0. .
W 4 2.002 (2.023) 62 6.923/0.354/0.304 0.423 75.3
3d/4s 3d/4s/4p
T ) ) . ‘
S_m 4 2002 (2.290) 6/2 7.011/0.568/0.304 0-119 146.46
3d/4s 3d/4s/4p N
Vg, 4 2.004 (2.313) 672 7 030/0.577 /0.330 0.065 10.02

K Ap BB, A F I 2 Sb/WS, F 4
A AR | 40514 0.423 e, 0.119] €|, 0.065) €]
A LA 2 (Tyy, Ts w K V) AT
FEARTRIWE? X2 T Fe BT 5 MU I (Sh, W,
S) MIHL A MEFEE 22 TS X T Vg, WM, T
Fe i 75 Sb 2 RkAHEMEAEN, H Fe i+
f L A M (1.83) /T Sb LT 1 L fa b (2.05), B
LB M Fe JR PR 2] Sb )2, 1 Fe JR T 5
JEIZH WS, EMB T, — 3 2 8R %& A i i
. MXF Ty W=, 5 Vg, AL, HJ2& Fe Ji
TS WS, ZRA HEMEAEH, W ET (2.36)
5 SR (2.58) HL G PEAREL Fe I i K
2, Wik, WEF S FEFHM Fe J5i 1145 H
T, B, AT Fe JiF5 Sb JFFAYH k2
i, FeJR 5 W, S JF 7Y Gtk 22 HE K,
SEE Ty W B 7 B I Y L fr 5 B R de 22 . X T
T o WM}, Fe J8 700 TRIHZE R, Fe 5 S, W,
Sb R FZ A e 25, X RE Fe JEFIH
WAL R) Sh 2 b, B E WS, 2. |
JE Fe JRFH e BmmE Sb 25, Fe 815 S,
W T [B] 1 L B 22 (L S A RS, S8R 3
WS, Z WA, B Fe i1k £ 15, fifg
JR A% B F R R AR R, S 3 Fe 8510 &
P (R3] WS, 2) MEREE K, RZIRR, s
Ut Fe Ji TR L 0y F T Sb, S K& W iR
F R M. G T, 7 =U BT, Fe J5+
REMEFNT Tw 5 Vg, W02 .
R T HEBAS R B R GRS e Pk, THAAR R
IREALRE, & h
Ex = (Exv — Epm) /1, (3)
/ﬁ\:qj ENM ﬂ] EFM ﬁ%”%@i‘ Fe HKI}HZEMK%E%

g (NM) 25 F08kRE (FM) WA S e, 111 n AU
ZRR R REIEE TR, PR R 1 ). B
SR, WFF =AW BT, FM S R R i3
& By BOREWE A SRR E. BAR, Ty, B
B By(146.46 meV /BEMEET), AKHY By
EURITE R T MER (T = 300K, kT =
26 meV), BV & TREIRBSMAT, #HEEROE
AR, XL, FeJi 75 1T 82
S, DT BEIN T S5 5 245 1 A R 2 AN A
XFF Vg, WM, #46RE R 10.02 meV /RETHE R T,
AIZE IR AT, R R ANRE IR FRRERE M, ARHZ
PORAR M & A RGBS AR , A2 R ICHER. T Ty
W RfF, RGEREALRE A 75.3 meV /REVERE T, X1
TR T RGBT SR E s, 1 Ty, R
TR Z.

K 5(a)—(c) Bl Ty, Ts ms Vb AR
1 B S 4 A e AL R REHF 4548 HiR UL, RERE
T 1 S5 T 245 1 WO o7 RS A () S [RT A SR
Tw 5 Ts W7 2000 5 B 45 MTCHE 1 SR 22
JwE -2 SR (HSC), BI—Fh [ BE 89 B 7% 1
Fy—F B BERPHEBRIN. X FASCIEN, S04 o A e
i) CBM 5 VBM #4515 BR¥& 7€ 8- F iERY) CBM
5 VBM 4 094 BRI, {3 Ty BRI o FERY
CBM 5 VBM #HBIAE T, WP BRME K 0.454 eV,
1M Ts WM o- B 5EM CBM 5 VBM & i T
Z 55, BRI 0.209 eV. SR, Vi, MR i 2
AR, BT S AL PR 2 SR (BMS) 1 5,
H B-HBER CBM AL T I, o-HiER VBM i
T Y &, XA E JE B B (spin-flip gap) M
0.249 eV. AN, N[ R AH (R R A0 % £ AN
[ D BE AR A5 A EE BN .
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Fig. 5. Band structure, density of states and projected density of states of the heterostructures corresponding to three most stable

adsorption sites: (a)-(c) Band structure; (d)—(f) density of states and projected density of states.

ARG AT BORIR, TR RGNS
I (DOS) LI KBGHAEEE (PDOS), Q& 5(d)—
(f) fzs, Her PDOS 44 DOS 43l #5531 Fe i
T ShbHZE K WS, FZME%E. HiEH, Bl
1) o- A BES B- F e 25 BEZARXTFRIY, XTI F g
WAL RE e, #2912, Fe J& 719 PDOS B A7 &
AEXFFRIE, BT ARG £ ORI T Fe JF. [WHE,
REE 2] Fe M Sb HUZEA/ /5% WS, HZH) PDOS
o B AR X R, RIASAE JCRE Y P2 5 &
P EA [ B 0 B B, DOS B2 PDOS 47 B
255, i, XF T, W (] 5(d)), $EoKReg T
) - F JiE DOS 1 Fe Ji T & WS, 2 it ik, Sb
JEFEAWA TTHR, [l BFRAT] A BRAE 2 OK Be gt i
Fe Jfi 15 WS, )2 o- AJiEM PDOS IEREIR 47X 57,
XA W AT SR 0 HUE R A & AR, X T
Ts o B (K 5(c)), TERREH ML o- A i€ DOS
M Fe J&F. Sb )2 & WS, JZ 3L fr sk, X =%
a- H R PDOS WX 57 B EAT T Z (B 344 5
(IE RS I A ERERS. X Vg, TR (B 5(1)),
S HAEFOKBEH LA R Y o- HJiE DOS M Fe J& T

Fo Sb EF TR, S HAESORRES LA B 8- H e
DOS H1 WS, Z i sifk. A& 5(d)—(f) & 7] LLE
th, Bt Fe Ji 7 IR TEAE S 4 fei (WL 2(c))
H BN FRET (gap-state, ULIEl 5(a)—(c)),
KIET Fe i+ LUK Fe i+ 582 A B AEH
(LB Zb 5HE).

3.3 EFIAEMM

N, T ETHE Fe J MR SR BTAS R TERY
P IREERON, AR TARCE BRI O N B
L ST ENE . AT RLAL, SN B LY (B
S — A RO T AR REH F R B 1Y B
FBL, BB, DIRERRE e 19 T, J7 2R B Ao 5
SR 2 A 5], SR SN F 37 00 1R 2R i F R ) DR R
7. FEAH DGR R B T ARRE 10 AP Z 5], Sb
JRREIT B (IERR), 11 WS, JZFEIT T AR (11
), Ht= A4 —4~ D\ Sb 24 18] WS, 24 IE
L, WK 6(a) BTz, 25 50 EL 37 B 1) AR oA 6 F
Y. 0 T RSRAN R R A AR E BRI, TR
RHRIGRE, LN AE = By — By, Hh By(E)
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Fig. 6. (a) Schematic diagram of applied external electric field on heterostructure. (b) Electric field energy, band gap, and magnetic

phase versus the external electric field. (c)—(j) The band structures for E,, = —0.1, -0.3, -0.7, -1, 0.2, 0.5, 0.8, and 1.0 V/A, where

the green region in panel (d) represents the enlarged partial band structure.
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TE B = 0.5 V/AR, 37 /N R 0, HAAEE =
0.6 V/A, ZIFWR EFAHZE E, =09 V/A, H
Ak S e b R, FEAE BRS8N A 0. T E £
HLIZTE RN, A BRE Je K, 2 B, = 0.2 V/ARY
BRI B RS, ZF RS T, HE B,y =
~0.9 V/ARF, 37 B AE Ry 0. BT BR 0 3E )
PEAR AL, BEAH QAR B A5 Ak, W 6(b) TR, 76
0.3 V/A < B, <04 V/AW, KRGEHFFEA R
HSC M. 72 HAbIE s i, 241 2 0.4 V/A
<Eu < 0.6 V/AR, KRN LEIE (HM), 2
0.6 V/IA<E,, < 0.9 V/ARF, {KZ 78K HSC,
TE Epy = 0.9 V/ARF, M AR Rl HM. i 75 HAth
TFRIZE RN, M4 R-0.5 V/A<E,, < 0.3 V/A
B, R R4 R BMS, 4208 V/IA < B, <
-0.5 V/AR}, K% N HSC, £ E. < 0.8 V/ARY,
TRZ7E R HM.

AT IEI R B YR R TG TR
PERONE, ¢ B2 AR JE R A, i B =—0.1,
0.3, 0.7, -1, 0.2, 0.5, 0.8 il 1.0 V/AR e 45
WK 6(c)—() B, EEARIGIERN, By, =
-0.1 V/A, :XA/NS AT BURE Y & AR I
BUAE BT LA BG5S, {HAR R 4750 HSC; Y
E. = 0.3 V/AR, &R CBM & VBM K& T
PRI TR Y FE, BT LU R 2SS BMS; 75 By =
-0.7 V/AR}, KRB 1) CBM 5 VBM #ORHE T
o- F i, 7K Z& 3 HSC; XY B, = 1.0 V/ARY,
RRA o FBEFRET 28 9K BB, AT R R AR
i HM. MiFEIEHZEEIN, 4 B = 0.2 V/A, H
F CBM 5 VBM [ #K BB AR, 1K R B4R
/N, BAR R REAT B9 CBM 5 VBM #B3K I T o-H
Jie, B LA #4758 HSC; 78 B, = 0.5 V/AR, 1A
FA o ATETREH 2 PR ARG, AR R L AR
 HM; MiZJ5, 7 By = 0.8 V/ARF, JFEEd K
REZL W o F E T REH 1] BB 8)), 1A 3 H [nl HSC;
B R B, = 1.0 V/AR, (KR 578 HM.

e, DR BN A% S T4 A R Y
PR AL T, 77 200 R B 57 S5 285 S 0], it
PR ST anE 7(a) B, HRARE R e = d-d,
Horpr d Al dy A3 I FIE IR ST Sb HUZ S WS,
BRI, STk I o6 S T4 e R PR
S, TR ARG RINAERE, HoE U AEs = Es—E,
Hr By (Ey) AR KA G (1) R IE FM AR
SAER, THELGE R 7(b) . AXMEFR W, Bt

MR, RGHER ETF, BIZEH i e Ra 2 PEIRAIR,
0 AEg B e 2840 — G B0 4 78, X 1B e
AT RASTEE N (-0.5 A<e < 0.5 A), 1k
FAb T EIE AR B Fe JB 75 Wi 82 T i Y 4L
ST W S A I 0. FRAT TR AT BB R
A AR AL R IAE R 7(b), TTLAE ), 7ERLi i
W (e >0), #WHFFE, 16 e = 0.3 AJF, #HHEN 0 (HM
g MM). MZERZEBFE AN (< 0), KRB
T 16 I R AR XA R AT IR S it A A5 A O T
Bk, B 7(b) i RN AE T RGERIRER, R
RIS R -0.5 A < e < 0.3 AR, KR4 HSC
PERAAZ, YRR L 0.3 A <e<0.4 AR, (AR
M HSC #:75 5y HM, it 0.4 A< e < 0.5 AR,
AR 2 SR B MIML. 33 10 BH 107 722 fi BH S 980 5 1k LAk
FRANIRI R AR

Sk T R AT R L A X S O 45 e L
FRE AR, K 7(c)—(f) it e = —0.3, 0.2, 0.35,
0.4 AR BETT &5 4. 15 A it fin 1o A% sf () gy (L
El 5(b) UiR) AHELES, BATEM ¢ = 0.3 AR, B
oA I R R AR 0 A A (FL A R 46 175 DL AR 2
L, RE), M e = 0.2, 0.35, 0.4 A, BEFF 4015
RAETENHB AL, Fi, K145,
R[4 % 38 ANReE /A B sE /N, B AR R R
S e TR VA (1 IR 7 N V1= R R U W T = DO
KRB LR BN 3T 1 REAT 43 AT A S 1S ). 3X 2
T, FERE NN AE 2 /i, Fe WH7E Sb/WS, JZ21E], 5
Sb A1 S i+ Z [AJE AN S 25 A 7 — ik, T
ARSI, S EH IR ORRR N B SREE, Rt
TR ZR IR BEAY 25 A N 23 A Wl 25 el A, T 24t fin 47 g
fF, BEEZ R R3S K, JE M 2551 Fe, Sb &
S BN SRR LAY, S B IR ek
A A REHT A A B R AR ) U HR SR oK ARG
VTHIREH . Heoh, I 7(b)—(f) AT LT 2 HbF 3],
MAEM e = —0.5 AR 0.5 AjdFerh, S iss i 2 ]
PRI SO BRI, B — B R,
BB LAY AT T UL, X T Fe JRF %
Ty 7B 575145, o F B 1 B fif ety 32 22
FIRT WS, JZ BT, 10 o F Y B i s £ 22
KIET Fe It Fry otk (WIE 5(e)), H Fe ik
ZHT, WS, EMRIE T, i LAAE—M Fe i
TR WS, 2R By, 245 4S5 i 2 A 2
PEBE KL, N Fe J5F 2] WS, )2 09 BT R 08 2L
S B, W, H E, & Fe RT3 WS, Zi g $
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Fig. 7. (a) Schematic diagram of stretching and compressing heterostructure; (b) the strain energy, band gap and magnetic phase as

versus strain; (¢)—(f) band structure at ¢ = 0.3, 0.2, 0.35, and 0.4 A, where the green region in panel (e) and (f) represent the en-

larged partial band structure.
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Magneto-electronic properties and manipulation
effects of Fe-adsorbed Sb/WS, heterostructure”
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(Hunan Provincial Key Laboratory of Flexible Electronic Materials Genome Engineering,

Changsha University of Science and Technology, Changsha 410114, China)
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Abstract

To study the induced magnetism mechanism and magneto-electronic properties of non-magnetic two-
dimensional van der Waals heterostructure adsorbing magnetic atoms, we construct Sb/WS, heterostructure,
and consider its adsorbed Fe atoms. The calculated adsorption energy shows that Ty, Vg, adsorption are the
most likely positions for Fe atom adsorbed below and above the heterostructure, respectively, and Tg y
adsorption is the most likely position for Fe atom adsorbed between two monolayers. The induced magnetism is
due to the electron-spin rearrangement caused by the expansion of valence electronic configuration (VEC) and
charge transfer after Fe atoms have been adsorbed. The Ty adsorption and the Tg y; adsorption make the
nonmagnetic semiconducting heterostructure become a half-semiconductor (HSC), while Vg, adsorption turns
the heterostructure into a bipolar magnetic semiconductor (BMS). In particular, the calculated magnetized
energy indicates that the interlayer Tg y adsorption leads the heterostructure to holding the highest magnetic
stability, which is enough to resist the influence of thermal fluctuation at room temperature. Quantum
manipulation can cause the heterostructure to produce abundant magnetism, especially the flexible change of
magnetic phase. For example, the application of external electric field can give rise to the magnetic phase
transition among HSC, HM (half-metal) and BMS for the heterostructure, and the vertical strain can make the
heterostructure realize the magnetic phase transition among HSC, HM and MM (magnetic metal). This study
shows that the heterostructure can increase the adsorption region of transition metal atoms (below, interlayer
and above), so as to produce rich magnetism, especially for the interlayer adsorption of transition metals, its

magnetic stability against temperature is significantly enhanced.

Keywords: two-dimensional van der Waals heterostructure, magneto-electronic property, magnetic stability,

quantum manipulation, magnetic phase transition
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