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T ARG . Komsa 55 W0 {UBEFR, ML F48 5 A B T1E
MoS, B4 HAh T Z, Mo ) p/d ¥ 51 %
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HER PO EFBEa] LITE MoS, - SR v s s bk,
{HEARE T BRI T MoS, #EH: kit — 2 1 I
RN, i Had Z2 B2 T R A G AR IR AL
A, FEARARMEREMER L. b, Bt R IR
LA GIE I T2 7R G L, AFT MoS,
SeAEALTERE R ER T PU. AR R, —AEAT B £
AR It b el TR | AR SR C LA S B S i ]
ENELERY 2 S AN I = U S TN e S iR
P P22 A b, AR Tz TR SR
) L2354 | i e 2B D VAR R P e s SR
P 2526, R R, AR TR R A 41,
A DR ] 2 SR b g v 5 SRR 2 TR Y
e 27281 Dai 45 2O F5l, 1 A2 AT LAJA T InMoTey H.
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PIVE, BEFE AR X 5 A SR B A% MoS, HL T4 14
DAL E S SE

A SR S — PR B 5 B R GG T
X Co B4 HL)Z 2H-MoS, 1K R B HL T 454 | #4
SR DGR B RE . WS, AR AR
PHT Coyg, BREAT™ LR SRy BREH Y KN, 38 W] LATA S
Jri SRR ) A ] 3 A L BEZR I L e 1 X B Y

8 o 9 O, R 5 AR ELAE FH BB A2 AE -9%—9%
TWHINARG:, 3% WAL T HEAE Z 6] (9 FM ARG 5 S
HROR, W Z 18] IR A BILAR Al AR d-p-d i sg #edR
FHAT d-d EAE A A B AR e Ak, S A8
A — 22Tt Coygo MR RAE AT WIEX MIZLIMEIX
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SERTEIAGR IR AT LA ALy 2. H AR B3 DRI AS S0k
F 2H MM BLZE MoS, fE 5K R . B2 MoS,
I F A SIS S ST Fl—A~ Mo Ji+, #H it
5xHx 1Y, WS E] T E 75 ANET 1 MoS, i
mm i, Ak g 2 ) SR A AR T, FRAOTTFE T IZ =
YRR B BT T 200 nm A EAS )2, E 1(a)
53 )2 L MoS, IR () Al &l (),
R, O A/ IR Mo, S, Co i1
H—" Co JEFEAKE 1(a) F1455 K 1 9 Mo JR
T, SRR T A& —A Coy, BRFA T MoS, 8 i il
45k, Co i ¥ 40 T 6 MITRBHY S 5T (nearest
neighbor S atoms, N S) #4 LA = AE 4544 %) oty
i E, WE 1(b). MoS, RS54 1 55 — A BLIK IX
RIEFSIHIC S5, AR TR, FRATT32E BRI A% 25 1]
eI AR N G- M—K—G, Hh G he—
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Huly, KON —An LR IX i R 22 a5, WAL 1(c).

AR SCR % B2 R B CASTEP #
e, B A TR R e A LA B T B R A
TR 7 AT D5 R BCR FH P THD 3B 8 e A
JETF, - THIR I PRAU K1 BE B2 24 500 eV, A VA
KN 1.0x10°6 eV /atom, HL 2 [H] [ 38 e %
5637 PR T SR JE JEL (generalized gradient
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hof iZ ¥R (PBE, GGA-PBE), & B4 Jf§ % 4 ii &
FdE BE TR E DG YE BT OTFG JE U 5k
Ji% # . % ] Monk-Horst-Pack J5 22 BU W A5 B YK X
BB TR & A% SN 5x5x 1. i THBIE
GGA-PBE 22t JCHIZ PR X MoS, 2 TR R 58
FEARAN IR R, Xt Mo-d HLF-F1 S-p BT 1 ES 47
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1 RIREHRERE (a) B2 2H-MoS, # &k M 251 B9 AL 181 (LE) AL IR (F); (b) Co 16 A N S 44 i 19 = 1 A 4544 ;

(c) S LIRS PR, £TERRR b 23 AU B A

Fig. 1. Diagram of crystal structure: (a) Monolayer 2H-MoS, on vertical (top) and side (bottom) views under strain-free condition;

(b) trigonal prismatic coordination of six S atoms; (c) Brillouin zone and high symmetry points, the red line means the taking-point

path in k-space.

(B (Us.,) XA 2 it 1A 235 48) R0 P~ 45 040 19 52 0 7] LA
2%, Mo-d L1 UMEHN Uyoq = 2.5 eV I, T
TS MoS, 1Y ks H 4L ap = 0.316 nm, 2545 %%
JE E, = 1.78 eV, 5EBAAST SR . B R
1 Co-d LTI U BRI THEHAERIME, Ugeq =
2.5 ¢eV.

ARTCNTF MoS, Jith Ml YA XU R AF 38 1o BAOAS
K& H BRI, Hoe S

e=2799 1009, (1)
ap

X, a F ag 705 ZR78 AT I A2 I AT I 728 I Y &y
RHEL, e > 0 Ml e < 070 F7RA 1N A A1 46 i
AR RIS T B BEIE AN SR IR 5050381 AR SORE i
AR A Rl E - 9% —9%.
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3.1 FMEMEEE
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SERI B RERE AR, R 2 TR . Coy, R FR T, Co
JEFJE AT 64 NS 516 AN <B A Mo Ji
(nearest neighbor Mo atoms, N Mo), Co Jii ¥ %
RE 1(a) o' 15 Mo JEFH], 6 4~ N Mo N 1(a)
Hi 4, 5,6, 7,8, 95 Mo JiF, 6 1~ N SH 34
TE MoS, 1 | S+ 2 (S, Sa, S3), 3L T F
S LTS (S, S, Sg), WL 3(a).

MIEL 2 ATLLE Y, -9%—6% MR LR, —4

3.5
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Fig. 2. Magnetic moment distribution of Coy;, system un-
der different strains.

Congo B 7 Az B BE R B9 /INA 1,00 pg , 494 Fa
Co, N 'S il N Mo j=4:, W ASJEEIN 6 4~ N S /=
HEREAE B R/, 6 4N Mo 7= A= 548 1 R/
AHAE, BRI o340 B bk, DL 3(b). LA-7% i
ZF R Congo PRE NG, IR Co JEF 7= A= i HE 1Y
KK 0.25 ', — AN S(N Mo) 7= A B Y /N
57 0.02 ug (0.11 g ), N S P=A RGN, RERE 3=
FLMATE Co F1 6 > N Mo | —5%—9% W 7% 7t
FElg, —14> Cono BRI = BREFE R /INA 3,00 pg
Wi H Co, N S 1 N Mo froimik. Hi, -5%—0%
7% —9% WA FE RN, Con, 1R 2R 72 A I G 4
il A X AR, WK 3(c), (), (f); 1%—6% Ji
RN, Coyg, 1A R 77 A B RERE 53 A7 AN - HAT X
Rk, IWE 3(e) AT LA Y, Moy Fil Mog P24 T H
Wi e I REFE, T Mog, Moy, Mog Fll Mog F=4: T
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3 (a) Cono RRIIMIREEHT; AT Coyg, PR F W BER B2 W73 AT ] (b) ~9%—6% IiAE; () ~5%—4% Wis; (d) -3%—
0% Ni7E; (e) 1%—6% WiZZ; (f) 7%—9% W2, i @R A e b, 36 RR A g T

Fig. 3. (a) Schematic diagram structure of Coyy, system; the spatial distribution of spin demnsity in Coyy, system under different
strains: (b) ~9%—6% strain; (c) -5%—4% strain; (d) -3%-0% strain; (e) 1%-6% strain; (f) 7%-9% strain, the blue and yellow parts

denote the spin-up and spin-down spatial net spin electron density, respectively.

H R T IR, LL 3% BiAE T Y Coyy, 7R FR R,
IRt Co T 7= A REAE R/ R 214 g, B N
S PR BIRE AR N 0.13 g, Moy Hll Mos 72 £E B4 46
Y374 0.30 g , 1M Mog, Moy, Mog F Mog 7= A= 1)
FEYN-0.13 pp , BRI FR/NA 3.00 pp ; 75 7% —
9% IV 72 35 Bl N, Coyg, B B 7 A= 1Y 8GR 3 25 h
Co 1 6 1~ N Mo 7=/, 6 4~ N S i ff JH (1) 5Tk -k
E, WL 2. DL 8% NiAE Y Coy, R F MBI, HEAT
Co JR 7= A BIREAE N 1.06 pg , T N Mo P24 Y
BEFE N 0.32 up, B N S A RERE 2, B
FERINA 3.00 pp , BEFELRAE T 28 (] 5340 XA
P, WA 3(f).

R Co J5 77 A WG B K/ DN, B 0 A8 43 Ry
54N X 8] : 7E-9%—6% N A% Y N A Zy X (]
(Zone 1, Zy), Zy IX[A] N Co 7=A: BREFE /N, HH -
9% I AE T A 0.22 up 36 2 6% N AE R Y 0.27 up ;
TE-5%—A4% WA FE TR A Zy X T8, Z,y X[l
Co F= A= W REFE A T B, —5% (—4%) W2 T Co

PR BTG N 0.88 pg (0.84 g ); 1E-3%—0% 1728
TEREINFRA Zg IXT], Zy X8I N Co 7= Az () R 4 14
KN 2.00 pp 224, 3% WS FAY 1.86 pup B E 0%
NAE R 2.04 g 5 76 1%—6% WiASTE I NFR N Z,
X [], Zy X[ PN Co 7= A= B9 f 1% A8 T (1)
2.04 up M8 2 6% W AE T 228 up; 7 T%—9%
N AR TS B N FRA Zs IX 8], Zs IX[R] N Co 7= A2 [ Rl
B FAREN1.00 ps 2247, 7%, 8% F1 9% RiZE R Co
7R B RE RS R 1.05 g, 1.06 pg F11 1.08 pg . M
Ji SR A3 BT AT L, 33X 5 A IXTE] Coyg, 1 2R B S AR S,
Fa RN HL TS5 R AN R], XPRERE R RN L o3 A PG 2
(] AR 7 R A 5.

PSP B AR RIERE T R R RE e | 7T
T I LA SRR A E I G 3. A58 0y
AALE N 550 R AAE R, T8 235 ARk i 4
PR FOR B BEREERE ). Co B TREMEIR T, i Em
W B 25 )1 MoS, Bl A R 51 AE AR E
PR, [RBTG5 7 O & A Hhoe DT
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SN HOG 2 PR RE. AF9T R W] B0 fIRvk 2B 2 Te = 2AF 3)
3]€B£L'7

SR AR RS R T e v B4 2 WU PR Bk 1) 1
ZHK T 85 s 0 EEAE -, A T E
R BB 4 I X MoS, [ . JtrEfEE ¢
WL S BRI SRR AR JRa 55 D7 k]
DA b W R 4 SR 4 5148 24 ) MoS, -k, [FIET
BRI MoS, MY MRS A AN 23 & A= B 35 1 il IR B
WS, 3ok U R 42 JER 7E Mo 37 i B 2R ¥R B 1T LA 3k
B 9% Gy Hh BHFE Coyy, BREF A2 SR BRERE 2
(] AR G R, I > 3l A 55— B B AR AR
B3 2 TB)AS G 3L A AR B AR O 5 235 2R 0 52 i
I, B Coyy, BRBA 22 18] B FE B AN N 12 1 48 22 1R
FRimtg RO —2F.

BT LB, AR S 75 T MoS,
ARG IAPIA Coy, BFG, FFTT T IFPE5H):
A Co JEF AR 1(a) Y 151 25 Mo
JRF, 108 SLEEH; - Co JEFERE 1(a)
[ 2 %5F1 345 Mo Jii+, id R SIL 4544, FN AR T,
SI 1 SIT Z5 44 H P A~ Co JiL 2 [8] B9 E 25 43 531 Ry
0.55 nm Al 1.10 nm, M Co JEF7E Mo i £
FeHe Bl 8%. FM A R R A~ Co JE+ 1 #]
IR B e AR, SRR (antiferromagnetic, AFM)
AR R P Co W) 4R F IETr 17 A I .
Coy, BRE RN AR T DIARYE FM A RAET
KRR RBER (Epy) A1 AFM A RE TR R
SRET (Eapy) IWRERZEEHIWT, & X

AFE = Expm — Epwm, (2)

¥ AE >0, M Coyy, BREE 7S A 1Y JR 80 RE HE 22 T8]
HEM G, ez AFM #4 . RIS 237 85
F1 Heisenberg #5781 (43 AT LUK FM MG IER T
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300 - 250.8 e

200 ~—

100 5L o e 00y s
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ok
—100

—200 0—0-209.7 o318 ko 239-6
8.3 TS 0~o—0
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K, kg PR S HEL, x4 Co FE Mo i 55 1y
B, ST N SIT Z5#4rh 2 = 8.

B 4 25T SLA SIT Z544 1) AE BER AR (1) 48
BB, A B SR IAREHE 2 [0 (RR A 5RO, A
I YRR A RS AR . T LUE Hh, AP S5 14
TE Zq, Zg A1 Zy IX T8, Coyg, SR Joy s 22 ]
B AR T FM R4, ST (STI) Z5 M9 78 3% K A8
TR AERE] T 352.8 meV(344.4 meV), FIH (3)
AT AFE] SI(SII) 25 /Y T o 343 K (332 K),
VERH IR AR N X SEBL R T 1 MoS, JERGPE T4k
B HAT R Y. ST A SIT 45 A 7E Zo Fil Z X 1] 4
AE <0, UL AT Coyy, Sl I 7= Az J5 UG AE =[]
HAR G i) AFM #6, ASHT MoS, JERETEF
ARSI, BEARPIRSSHIAE Z, KIEIE) AE >0,
B AE MEAE RN, BEXE 2 (B () FM AR A 08 8 5%
AN, PR MoS, JEREYE SRR LB, Z,, Zy FN
7 J@ TR AR 2R F X JE]. 0% NEAE R —A4 Coygo BREFF
FEAE RBERE R A/IN R 3.00 s, HLREFEZ R EA FM
AR A X —25 185 Mishra &5 W9] g1 55 25
TAHTFE.

3.2 HFEHMBEENE

AR PR 57 AR 25 R 52, TIAE
B H 5 K SRR R L I 0 2 D D i
LERA BV R, ARTTHE Coy, M5 Y SRS,
P FEE R RG22 e R 2 I C &L [ 5 45 i
T 0% R A8 R AHE MoS, AR 28 F Coy, 1A
RIBEH L5 M B 8] 5(a) T, ARTE MoS, Y HF
B 1.78 eV, A TOURIS HF IR A0 T (RIS 2 [A) f 7

400

b 4102344 3366
(b) 319.4 o

L Sy 338. 308.4
300 250.1262:3 L@

200 A

86.7
100 .7&:1.,. 90.1

AE/meV
o

—100 | -

—200 F ~197.6 —235.5
~® 2064 —2207 0 g o

—236.8
-8 -6 -4 -2 0 2 4 6 8
Strain/%

—300

Kl 4 (a) SIHI (b) SHEEARFRNAE NI AE
Fig. 4. AE of (a) SI and (b) SII under different strains, respectively.
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Bl 5 REINAE T RAEH 45K (a) RMEMNAEAAE MoSy; (b) —7% W8 T I Coy, R (¢) —4% W7E; (d) 0% Wi 7E; (e) 3% W 7F;

() 8% RiAZ; L1 (A AR 2k 735 2 7R A BE ] _E A A e T AEY

Fig. 5. Band structures under different strains: (a) Pristine MoS, without strain, and Coy, systems under (b) —7% strain; (c) —4%

strain; (d) 0% strain; (e) 3% strain; (f) 8% strain; the red and black lines represent the spin-up and spin-down energy levels, re-

spectively.

SEFR K, 202 MoS, 8 T E B ek S b
] 5(b)—(f) T3, Con, TR HYHAF TR S5
47 RS B, LR TR AES, FH Coog, BT
A A Coy, WM, Co AT T 64 N S 5k
B =Bkl Pl BAT Gy, SOBERHRRIE, Coy, BB
15 Gy, IV T B2 (BB 20) 1 3 41
La (de)BEY BB FIA e (dyyae,e ) L
Tl ey (dowy. ) BEZE 15400, d_ ol F-HSE 0 B R AH 6]
SRR RPN, dyy 0o, B THLIEHG
WG 1 = BekE 3 BRI, .. BT
S R 1) = B R | AR I = AT 1
L B, RIS T = B REAE R A LT a, e,
e, HELR AT 1oL AT S

K 5(b) 45 T-7% A8~ Coy, R BB
Bl ATLAE ), 22 BRER LA T A ESF A, & REH
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Fig. 6. DOS of Coyy, system under —7% strain: (a) TDOS of Coyy,; (b) PDOS of Co; (¢) PDOS of N S; (d) PDOS of N Mo.
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Fig. 7. DOS of Coyy, system under —4% strain: (a) TDOS of Coyy,; (b) PDOS of Co; (¢) PDOS of N S; (d) PDOS of N Mo.
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Fig. 8. DOS of Coyy, system under 0% strain: (a) TDOS of Coy,; (b) PDOS of Co; (¢) PDOS of N S; (d) PDOS of N Mo.
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Fig. 9. DOS of Coyy, system under 3% strain: (a) TDOS of Coy,; (b) PDOS of Co; (¢) PDOS of N S; (d) PDOS of N Mo.
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Fig. 10. DOS of Coy, system under 8% strain: (a) TDOS of Coyy,; (b) PDOS of Co and N Mo.
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Fig. 13. Absorption spectra: (a) MoS, and Coyj, under 0% strain; (b) Coyy, system under different strains.
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Fig. 14. Complex dielectric function of Coyy, system under different strains: (a) Real part; (b) imaginary part.
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Fig. 15. Phonon dispersion relations of Coy, system under different strains: (a) —4%; (b) —3%; (c) 6%; (d) 9%.
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Effect of biaxial strain on magnetic and optical properties in
Co doped monolayer MoS, studied by
the first-principles calculation®
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Abstract

It is scientifically significant to realize monolayer MoS,-based magnetic semiconductors and to regulate the
spin states of MoS, for the development and application of two-dimensional (2D) spintronic devices. In this
work, we systematically studied the effects of biaxial strain on the electronic structure, magnetic and optical
properties of Co doped monolayer MoS, (Coy,) systems using the first-principles calculations based on density
functional theory (DFT). Our results indicate that the electronic structure, magnetic and optical properties of
Coyp, systems are closely related to biaxial strain. First, strain regulates the energy level sequences of Co-d
orbitals. The electronic configurations vary with strains as follows: a a e; e, e, e, for strains between 9% and
—6%, a,ejja ey e ey for 5% to —4%, e ey a a e ey for —3% to 0%, a e e, a e ey for 1% to 6%, and
eja,a e eyey for 7% to 9%, respectively. Second, strain influences the occupancy of Co-d orbitals, thereby
affecting the magnetic properties. In the strain range of -9%—6%, the Coy, systems exhibit a local magnetic
moment of 1.00 ug, and the coupling between such two moments is ferromagnetic (FM). Within the strain
range of —5%-9%, the Coy, systems produce a magnetic moment of 3.00 us, and the coupling between the
magnetic moments is antiferromagnetic (AFM) in the range of ~5%—4%, translates to FM states in the range
of -3%-6%, and then changes to AFM states within range of 7%-9%. Among them, the FM coupling strength
of the Coy, system is strongest at 3% strain, which is favorable for achieving a high Curie temperature (7¢) in
MoS,-based magnetic semiconductors. These oscillatory magnetic interactions are attributed to the d-p-d

superexchange and d-d direct-exchange mechanisms. Third, tensile strain enhances the optical properties of
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Coyp, systems. Compared to undoped MoS,, the increased complex dielectric function in the low-energy light
region enhances the valence electron transition probability and the separation efficiency of photogenerated
electron-hole pairs, leading to a significant improvement in photocatalytic performance for the Coy, doped
systems. Moreover, the impurity energy levels introduced by Co are located in the band-gap, which reduces the
energy for valence electrons to transition to empty bands, thereby increasing photon absorption in the visible
and infrared regions in Coy, doped systems. Meanwhile, the absorption edge undergoes a red shift, and tensile
strain further improves the optical performance of the Co doped monolayer MoS, systems in the visible and
infrared regions. Finally, dynamic stability analysis under strain reveals that Coy, systems are unstable as
strain in the range of ~9%—4%. Combined with the magnetic, optical properties, and structural stability of
Coy, systems, the strain should be in the range of 1%-6%. The results presented here provide a novel approach

for fabricating MoS,-based magnetic semiconductors with superior optical properties.
Keywords: MoS,, biaxial strain, magnetic properties, optical properties
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