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AR 25 P iz bR B8 0 58 — PR IR PR H 55 1 B AR vl SO X BRI 7 545 6-(Zn, Cr)S(111) # R 89 7 7

iR A a4, Cr i1 2 RNE 58— J2 S 4% 3 W VAR B AR .
T ROI7 B R RE R S R B IOR R E(q) 5 E(—q).

AT ARSI AR AR, P
E(q) 5 E(—q) R ZE XML T 6-(Zn,

Cr)S(111) 1 S 2 5 Cr J2 2 [8) 7% ] s FR P A 5k 51 A2 1) DMI R /). dl i iR A0 A0 B A (HBI) 3L S
Dzyaloshinsky-Moriya {E ] (DMI) #2434 55 — M R BE 548, B8] T Cr R FE&a48 HBI S8 Ji-Ju 5
DMIZ#(d1, da. £ 6-(Zn, Cr)S(111) H, Cr JR-F A KRS S A M B s Bkt DMI 2% di 9 —0.53 meV, A
41 DMI, £E 6-(Zn, Cr)S(111) Ftif_EA AT RE 2™ AWk B 7. A SCUH R B, RAVEFN SRR I~ 344 7 T
A ] BEAFAE DML, Ny ERRHIF FEANREAE it B AR B2 TH 40 — AN 0 77 1.
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Pt/Co/MgO, Pt/CoFeB/MgO %) #i 5& F| H i I
R 5 5 < A L 1A) R S T R S B A TA) 6 BR A
SR 25 H e BE RS & 0 OR AR T R P A B e s
*@Hfj%ﬁz [6712,26730].

SRR I B BRI S AE B i LT AT
H g S TAROR IR DG, H AN I 4 SR TR 1 i) S 1T

* EFRARREEES (HIHES: 11204131, 11374159) VLIRE = 5 58 H AR AP UE KT E (k'S 17KJA140001) FIVLHR4E “N

KAA me” J2RAATE (HH4ES: XCL-078) % B 5.
T iB{E/F% . E-mail: yzhu@nuaa.edu.cn
© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

137101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180342
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 13 (2018) 137101

T2 8] S N RV AR B ER 8 b A m] DL A 4
PRAP 0 i B 7. i B e AL 1 S U S
A — PR R B R AR B, A 5804 /8l (Co/Gra) FHiHI
FIDMIF] LA 5 E &8 M E M EHR. 5
P BT H 515 2] Co/Gra Ft 1 b 1548 Co Jii (1]
FAEREIE T 1.14 meV [ DMI P, 3X 350 TAE A I
MBI B RSEE SR G| TR IZ W R T
). 32 BN K 2 25 B LR 79 AR ) Stefano Sanvito
HAZAE GaAs B 7% Mn KM 344K (diluted mag-
netic semiconductor, DMS) F1 & i T — 4k § A%
@, Bl MnAs{EH GaAs )R )Z{§4#531% DMS A —
Y KRR P R MnAs J24E K 7E GaAs F
2, A2 5 RT UL BT 1 R0 = B ) 5 T S
4.

% 2k ik U 42 8 1Y) B T B ZnS 2 — Rl R
4F () DMS, X3 DMS AR EAT 0 7 (R R 6 A RS
PERE, B2 SR RGBS AL EEFREYE A R 1S S A%
DiRe P AR MR R ARG A R R 5 e v 2
A TE— S, AT AZ BT Tz 50 B3l Ja4g
K, 16K TR LIOHE 7 A b, AR IR AL B 3 AT
IG5 4 AT DLk FL R 2 A0, AT A B AL B A
LI O HL M Bl R 25 1) 1t e A9 B 2l s, A8 FL A A
kB BN A B Cr & — R A N AT
S R, X ZnS(111) T 1) 2R 1 4 E A & Cr
&7, TR Z Or J& 719 6-(Zn,Cr)S(111) 5 i 45,
MTIT E5 35 A 22 RO 2 AP E MR RE. VR DR R ot 25 1)
5-(Zn,Cr)S(111), ZnS 5 Cr [ FH T B s i85 FR 14
Tk, JIT DAAE 7 J51 45 1) 5 1 & 75 25 DMI A7 (E
We? X e — AR AR B URAL. iR 5o 4 S
W BA DML, A4 5w AT R AR R 1 7 o %
&8 R T2 s BT B FT . X R E
i 5 — SR R 25 A R R B 5T 6-(Zn,Cr)S(111)
FHIH ) DML, s K 1A% W 1 BiF 9T B2 5 12 SIE )
FERil.

2 WEREHEERER

AR HE T % B2 72 oK B8 (density func-
tional theory) F 55 — 1k J& B J& #4F T i J7 12k [0
1] VASP AR AT 1152, VASP & R H & 345 07 1640
PR AT BT R E R AL
VASP it 5rh, JATRM T VASP H 47 ) Perdew-
Burke-Ernzerhof # 561, VASP 5% i ~F- T i 3k 2% i
i B ¥ EA T Ak K i Kohn-Sham 75 18, @i it

B wmEatmEh 5k E. irERRP R T
TR 2 S8, B Eh R BRSBTSk
1072 &V /A, P TH P BT A % BUN 380 eV, #
U5 48 T BE 5T T 280 eV P K E JE V- T ik R %, R
5 BTSN 1.0 x 1076 eV. ZnS [ 5
BE BTG5 5.45 A, RIS E K SR E
N25 % 25 x 1. HAEZRELS A, KF—it5Hh
10 A fEUY, 2o .

DA B P J 1 T ) i A8 950 i 1Y) VASP BE 52
THE T RO AR IR F R AR Jy, JREE 15 3 H A
AR E HBI 2 & J; P70 sZBR B 7E 2002 4,
Marsman 1 Hafner 1 5t 1 vGE I 7 XA I %
75 VASP HiH 5 7 +-Fe H @2 E (spin spiral) t&
BORR, 338 7 HA AR J;, I RAERE y-Fe G
PR, ASCERIE T R 2 5 12 5 e
RS, R AT AR 154 5 el e
(g B R (O &R, JFIE IS B e e g R I 2RI
I R BIFANEAR I J; A1 DMI (240 d,;.

FLA DMI (135 ARAA R 8 2R 43 1) W 2% 1 T DA

E=Y" %[Jz‘j(l —8i-85) +dij - (si x s5)], (1)

(i.9)

b, B RARK AR R, 55— T2 HBI, ¥ 8 2k0
SAHEHBEE N0, B e S8 OB At &4
R 5 EREAS A XHE; 58 0% DM, s; &0 —
T BIREAE; dij = dij(z x wi;) & DMI{E R R &,
Ho g EEEHAER T i 5 RR, 2 BH
T GUTH, dyj A5 AR I DMK/, 5 1 B
T 2 LT 4 ST P TH P AR AR R T B
Hdi WAERNE, I DMIGFTHE T A Hed e 1
2% [ sy T 1, 5 B0 A MR e (K R 1 2 R AS
SPRRPE. BATET VASP T R 5 [ 1 B e ig e i
L R E(q) 5 BE(—q), 39 q N B el e i 7
g, WADMI(q) = E(q) — E(—q) Nt &
e B8 1A 2 % % DM RE &= Bl q A8k, — Bk
W, F—¥ K q F, DMI xR, W d;; oK,
L IR NS K L i 4 T YA B

3 AR5

3.1 LR

5-(Zn, Cr)S(111) H &5k 1 (a) Fiw, A
K& 0-(Zn, Cr)S(111) AL, BEAKTHH 6 )2
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El1  (a) & th B 5-(Zn, Cr)S(111) M JEFLA MM E, LMY G015 x 5 KA E, Fk#HR Cr 711K HBI Al
DMI AAEAEH, Hhd i) Cr J 7 dric 8 0, HAh Cr {15418 Cr S5 HIE M H B AR LA )R T b EOKRERFER Cr 7, 3
CGRINRE R ST, ORI PIREIR Zn Ji; Hd ar M az IR, by by £E 5 miFERE. S1—S6 R AFZ S T #ric;
(b), (c), (d) 4352 tt, hh, ht B §-(Zn, Cr)S(111) M #JE 725 ML E S 0EE (e) N 6-(Zn, Cr)S(111) fy PUAME I [ R 14544
VAR RER; TG, B BRI Cr TR 55 1, BEE Cr 7 Bk ¥ S I 745 875 2, BEE Cr 7RIk i) Zn R 745 55
3; i AL T HER R VU R S5 44 )
Fig. 1. (a) Left part is the side view of atomic structure of th-type d-(Zn, Cr) S (111) surface. Different atoms are labeled:

[ N=N

HE B

big blue, middle grey and little yellow balls are for Cr, Zn and S atoms, respectively. Right part is the top view of extended
5 x 5 supercell which is used to describe the HBI and DMI between different neighbors of Cr in §-(Zn, Cr)S(111), as
shown the yellow numbers on the atom. (b), (c) and (d) are side view and top view of atomic structures tt-type, hh-type
and ht-type 6-(Zn, Cr)S(111) surfaces, respectively. The labeled a1 and a2 is basis vector and b1 and by is reciprocal
lattice vector; I', M and K are the high symmetry k-points in first Brillouin zone. S atom at different layer is labeled,
shown as S1-S6. (e) The energy of §-(Zn, Cr)S(111) system is shown as a function of different adsorption sites of Cr, as
labeled in the insert part in the figure.

ZnS il — JZ R ) Cr i, ZnS 5 Cr Z A1 i 5t
. A B S-(Zn, Cr)S(111) MAMALE, Y &
B 5 x 5. AL, Cr JEF7E 34 S JE Tk
= kPR (A 3ASIETFAE T —Z).
O Cr Ji T ARid N 0, HAb 7R on 5 R 7 1)
VAR E, SRR B S DY I AR, B — B =i AR
MR AN B 6, B YT AR R AN 02 124
AR SCFRRE T 0-(Zn, Cr)S(111) 4 MY Fh 4544, 73 5
W 1 (a)—(d) Fiow, B Cr B UL R 5 Z 848 1

R TR s 1 (o) PHE R . E 4
FOAS AR BLAE 5 /5 ZnS(111) F T A B (1 A5 X B
PE(EDEEIE Zn R 7 2 S R 7 )2 B R AR,
Bl 1 (a)—(d) 2 AR B BT o, AT DA B il S %
[fi) 5 Cr J&F1E S JZ I AL B AN A, £ ZnS(111)
R, B EMSETF LSS =2 i 72
[ 25 A7 (hollow, h) FMTRAL (top, t) B AL E. 4R
HEE (e) BN M & B, 223w Ak 2 ¢ 4o
PRz Rt R, AWAFERh A, Bz v h R .
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PR P R TH % B AR AR R 28 — N FEREROR. ZnS B
Wi FRJE, — 21 CrfE S 2 RIA B A i fl
t AL AT h AL, FHRALBR 28 A2 RER R, WifE
th &5/ B, 2S 4 7F 3Zn 1t 7, 1Cr 4 7E 2S B h AL
MBI 1 (a)—(d) 55l & 6-(Zn, Cr)S(111) T th, tt,
hh, ht 1. &AL E S 0 B A E#AS
—FE. E BRI T S U — R A A e AT
AT DA T AR R R e PR R, 3 B AR e 1) —
gER. W 1 (e) Bor, PUFPEEFEL, hh 5 ht e )L
S, BRI h R Cr JR 7 W AL B A I %
MATE R, tt 451 Ae Eim i KT H A =Fh 4544,
I B AN T BEATAE B 2R TH 45 4405 th 45 14 B & )z izt
INFHAB LR, thh Al ht BNZ)1 eV, L th %
A A E. JATT KT F Mk LR g5,
B 1 (a) Pt th R IH e 45 R L

3.2 BREEEESTEESMHT

BT T th 85 HI 1K) B e i B A, A
] 2 4 ] [ ke LA R A P s, TR A
fECr R FIIA . K3, CrfiEn 8% LR &

As T 5 p T EEELTEIET0, Cri ¥
A A E 2Ok A Cr i d W7, Bl Cr (RAHE

K2 i Cr SR E RS B K 4k 5 e b o B
Al HFEEN S EEZ pn = 0.001 x ne/ad, K
not B AR R R AR IEAE, a0 & BUREAR; AN
5-(Zn, Cr)S(111) 19 =4k 4 e f i 8 FESS T 4 A B, 55
M € I T 4359 A @I b A 1) T 46 I e P A R R T

Fig. 2. This figure is the spin charge density contours
plotted across Cr and S1 atom. Contour values are
pn = 0.001 x ne/ag7 where n is the number labeled
on the contour lines and ag is the Bohr radius. The
insert part is spin charge density around Cr and S1
atom and the cyan and pink curved surfaces are for

spin up and spin down channels respectively.
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DOS/states-eV~! atom spin
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I
I
|
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I
I
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I
I
I
I
|
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I
I

I

—d tot

I
|
I
I
I
I
I
1 1
—6 —4 -2 0 2

Energy/eV

3 EIA6-(Zn, Cr)S(111) It Cr M S B F M B EHE LK Cr FHUEM A BEEE  HPHESEFWE 1 (a) Fix;
PAAFIEE RS LA RIS E, FUERRT BRESEE; ROMRERRIEERE 0 4b; G880 LI (R L2 Pk
Fig. 3. The partial density of states (DOS) of the Cr atom and selected S atom in Fig.1(a). The partial DOS of

orbital of Cr atom are also shown. The purple dashed line at zero energy is the position of the Fermi level. Positive

and negative values of partial DOS are for the spin-up and spin-down channels, respectively.
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FEJEH dFUE AR . SR Cr R TS
JER - (R R AR A DR 32 3 K s ). a4k H e e
T S R AT AT LR B, fEEREHEAR T, Cr R/
EUENAES R PR L E SR FRIRES S —
ANEFE ) 1) Cr JE I o BAE . X B R
K 3HIAZERT: £ -6 eV——2 eV HIfLEIX 1]
M, S1 R F B B A 5 Or Ji 7 A% B o Ah
JUT5e4—2, B Cr 7 145 40 S1 1488 % =
ATERMSEm. ATLLE ST I LA s A
HTE —4.5 eV ItilE, N HEESFEETIE 4 eV, R
S TEHEAER) S RIS HER Cr R FiEFH TE
KIREH. FIFE, SIREN Cr T A% E N
SRR, S3 A% B RUMAR AR, FE4E
HTE —5 eV——1.5 eV X ], b B BE %L
FSEARTRR. T S2 AR ERA B S3HAL, H
FAR FEANHR, BI Cr J5 1R o m 258 — )2
SEF, FEEE@ENE — 2 S Cr JR 77 1 AH H
PER. T 55— AR S i1, S6 A%
L ARERE R, H5S3ARFKZ, S6 M
SRR T KBRS UL L, PR TS, s
RAGER T S6 JRTHIRIEA. 46 6-(Zn, Cr)S(111)
(1) T V% A G, TR U8 B ST RERE 2 Cr 115

FHRM. SARIRTIA LR N, HA%EM
S3 KMl BRI S6 [ At S3 LT 54T FAmi, Bt LA
AN Be R Or J5 1. i AFRATT AT 3 B i) 2X A i
il 28 SR B 6-(Zn, Cr)S(111) I TH, N F1H
(T SR R I 254

3.3 BEEiRiE E(q) 5 DMIKIK /)

B e HE HBI 5 DMI LAY, #E T H = M 4514
M R R R q I B e R B S ORI B IO R
=MEE T, WATEE — MR N E A (8N
S(0)), fr & j AWHGERI B R; = may + nas &
N, HHay Mlag BFER. H IR TER T Rk N
q = q1b1 + qobo, Ho1 by Ml by 2181 5 fiFER . 12
VASP iHE i, BT A B WG R B EAE vz P b, T
S(0) fE 2l b AR UATIE IR FAT T, RN q )
H e, 5 5 ANHIAR Cr P IIBEAE S(R;) N

S(R;) = S(0)sin(q - R;)i + 5(0) cos(q - R;)j
= 5(0) sin 21(mgq1 + ng2)s
+ 5(0) cos 2m(mgy + ngs)j-

SRIGARE (1) 2, RB BRI IYIEAR, S(0) 55 ik
ARHIMERE S(R;) Z M HBL Z A E ;5 (q) 434 R

1
E;(q) = §J1 [6 —2cos2mqy — 2cos2m(q1 + q2) — 2 cos 2Tge],

1
Ej(q) = §J2[6 —2c082m(q1 + 2¢2) — 20821 (2¢1 + g2) — 2cos 2T (q1 — q2)],

1
Ej(q) = =J3[6 — 2cosdmgy — 2 cosdn(q1 + g2) — 2 cos 4mgs],

2

1
E;(q) = §J4[12 — 2c¢0s2m(2¢91 + 3¢2) — 2 cos 21(q1 + 3¢2) — 2 cos 2 (3q1 + 2¢2)

—2c082m(q1 — 2q2) — 2cos21(3q1 + q2) — 2 cos 21(2q1 — q2)]-

M4, S HBLA
Eugi(q) = E;,(q) + E5,(q) + E5,(q)
+ E;j,(q), (2)

Hrp g —Jy R HBI S, A5 S(0)2;
S(0) M S(R;) ZIaf DMIZ M Eq;(q) N

1
Eq,(q) = §d1 [2sin2mq; + sin 2m(q1 + g2)

— sin 2mqy],

3 .
Eq4(q) = \2[52(12 [sin 210 (2¢1 + g2)

+sin21(q1 — ¢2)};
EHDMI N
Epmi(q) = Eq,(q) + Ea,(q), (3)
Hdy fldy & DMI S, A5 S(0)2.
H EMRiE F(q) i e &% HBI A DMI
E(q) = Eupi(q) + Epmi(q), (4)

AR, Fupi(q) & q WABRREL, 1 Epwvi(q) /& q M#F
PRI, K1

ADMI(q) = E(q) — E(—q) = 2Epmi(q).  (5)
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W 4 (a) BT, B HECH) AU VASP TE B 6-
(Zn, Cr)S(111) Ft1f b [ 77 7] () 5 e B2 g 1) R &=
WROHE R E(Q 5 E(—q). H g iE %
qIERT B 1 (a) iR 204 R IX L R KT,
I'M,-K—-T,-I'-M. ffHBI¥, KI', TM 5
—K—1I', —I'— M &5y ml 254 1. {5 DMI 1
FAAE I MO FRME A T RS, an P 4 (a) B, E(q)
5 E(—q) A —F. KE4(a)H, E(q) 5 E(—q)
FIA (4) 3, B ZRZEHM A HLL S B
BadEEFE. B40)iRnME(Q S5 E(—q) M
R Z R ADMI(q) For S(0) 5 HARRLH 2 81 1)
MBI DMIMIM 5. A G) A HBLEBE S
SR AEAER . E(q) M&REm SaEr S, i
6-(Zn, Cr)S(111) MEILES R ATRERIRE. =
A RKBEAS D g /£ K SRS A L TSk 7 A E
5 meV, W —MAEHATEME. RICA AL
MKk, q = by/2. ZAAREEREEWE4(a)
WA B BT R OV RS b oK, o B R R
ZHHE P A). R BB LR H, 1 az 7717
(%) [ — 270 4 AR P AT, 17 AH AT 1R 271 2 TR Ut e
AT, %A PR A M B RS, 1%
S BT B — AW AE [F) 9 AR P A B il 4B 1Y
77 1) A 5] RO RE A6, A2 PR 55 A7 DY AN B 30 40 1Y) S 7 Tm)
(IREHE, 1K RBR T = fR 45 HE — PRE IR 00 B HE AT
6-(Zn,Cr)S(111) FH 1 &2 2 M B ) Bkt = 84
Y58 4 @ 2 [a) ) 5 i 0] LLS 5 DM, 4l 4 (b)
fiton, ADMI(q) A6, %18 Emori 25 19 {15 X,
SR NI T DML 76 B AT B hediE A &1
SRR R BRI R DMI AR A gl 3] (46,47,
R, 8-(Zn, Cr)S(111) J2& RAE 30t 70 0 — Fh 55 i
S5253 1 DML

Bl 4 (a) F1 B4 (b) o B 1F B AE E(q) 8 1T &
N FRVERLE A R (4) M (5), 18 3 B 5 R oR
f(JHBI 2 ¥t J,—J, FIDMI Z $t d1—dy.
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Fig. 4. (a) The scattered symbols are calculated en-
ergy dispersion FE(q) and E(—gq) of spin spirals in 4-
(Zn, Cr)S(111) as a function of the spiral wave vector
q; the insert part is the spin spiral with wave vec-
tor M; (b) the scatted symbols are ADMI(q), gotten
from the energy differences between E(q) and E(—q).
In (a) and (b), lines are fitted ones. K, I' and M are

special K-points in first Brillouin zone show in Fig. 1.
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Abstract

According to density functional theory calculations, we elucidate the atomic and electronic structure of ¢-(Zn,
Cr)S(111) surface. The magnetic interaction between Cr atoms is via S atoms close to the Cr layer. This interaction
is shown by the analysis of spin charge contour plot and partial density of states (DOS) of each atom. The DOSs of
other S atoms are non magnetic and have no magnetic exchange with the Cr layer. E(q) and E(—gq) are the dispersions
between energy E and wave vector g of spin spiral in the opposite directions. They are calculated with generalized Bloch
equations and all the magnetic moments of Cr atoms are arranged in the plane perpendicular to the é-(Zn, Cr)S(111)
film. The differences between E(q) and E(—q) are caused by the interface of -(Zn, Cr)S(111), where the symmetry of
space perpendicular to the film is broken. Effective Heisenberg exchange interaction (HBI) and Dzyaloshinsky-Moriya
interaction (DMI) parameters between different neighbors (J; and d;) are derived by well fitting the ab initio spin spiral
dispersion E(q) to HBI with DMI model and E(q)-E(—q) to DMI model, respectively. The J2 plays a major role with a
large negative value of —9.04 meV. The Ji is about 2/5 of Ja, and J3 is about 1/4 of J» with positive value. The DMI d;
is —0.53 meV, and dz is 0.07 meV. With these HBI parameters, E(0) is the largest one at which §-(Zn, Cr)S(111) has no
ferromagnetic interface. The E(q) has its lowest energy with the g at M = b1 /2 in the first Brillouin zone. Hence, §-(Zn,
Cr)S(111) is an M-type antiferromagnetic (AFM) material. In this type of AFM configuration, magnetic moments of
Cr atom in a line along b2 are parallel to each other, and antiparallel to the magnetic moments in adjacent lines. The
E(q) at K = b1/2 + by/2 is almost as large as that at I" point. The value of DMI parameter d; is about 1/5 of that
on Co/Pt3 interface and 1/2 of Co/graphene. However, it is a negative number, which shows the clockwise chirality.
The 6-(Zn, Cr)S(111) interface has obvious DMI, and skyrmion may be formed at this transition-metal/semiconductor
(TM/S) interface. It is a good option to search for DMI in different kinds of TM/S heterojunctions. The material
that combines the advantage of heterojunction, and DMI may have new magnetic phenomenon, which is usefulfor the

magnetic storage. This paper enriches the research on DMI.

Keywords: first principles, Dzyaloshinsky-Moriya interaction, heterojunction, skyrmion
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