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2R H B e RS E T BAE PdFe/Ir (111)
JiE L SEIL T AN AR BT BN R R 2L T
Wik B 700 B R T A, BA ARt B
25 B AR R IR B SR

TR R 22 11— 2B R FH SR AE 9T 7= A A B
T H, 8% (graphene) BT FURR 19 12 )i,
ARG RETZEEE. TRRE&EaB BT
R R KR B ey IS T F R B
WEPERI DGR, A SRR A & H R SUE R A T
55, — MR VA 2 51 2 9% 1Y) DMI K52 i T iF fi
P, {ERAE 2017 4E, Yang 25 VS i@t [ et fb B
T OB B SE IR B AR S — M R R, X
PO 8897515 5 10 DMI ] LLEAT 5 55 4 J St i AH [
P& 1Ef )M Co (Co/Gra) F 5t 1H - HEAS
JR 71 DMI 7] LIk 3 1.14 meV. 3X I TAE A BLIA
NTE Co/Gra FHH 1175 5 1 45 /R BUITAR W 7 e fa e
iy =1 SRy 34 B 7 B BIF 78 0 1 8 B4R, S
AT (h-BN) #ERE, & —Fh A0 58 47 e 5L A 45
e, PR AS B B A U T AL R R SE R
() h-BN 5, DAL R4 0 Fa 4 et (BEAT T BRI A
6.0 V). (KR HE R AL, = # AR e R R4 2 B e
A DG X P9 A B 1 38 e P R R A Y DX A IR
WM LR L5 BRI AN S e 1) A A (1R 221X
L7%) 5] T ) 2 5 1922 5 )% B2, 3
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G =201 ARl i 5 — M R 15 Co/h-BN
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ab-initio simulation package), [E PJ4k A 0L it
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AR R 7 RS2 s R BRSO
WS A R 1071 eV /mm. V- TH % 4% I g i BN
500 eV, YIURAIBTRE L E 2 400 eV FH SR AL Ji& ~F- THi %
B, BT EIE TSR N 1.0 x 107° eV,
A% S A b s A BCE N 25 x 25 x 1. SRHPIR
JA BT (slab model) KA, Co/h-BN # fli: Co
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di; = dij(z % wiy), Forbug, HEEBP B T
P55 LR, 2 LT L, J7 M BN 2441 Co
B, iy 9% 4018 DMI /. i i B R
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3.1 RTFEHMSHETFERMNR

h-BN [ fg 4% & 200 546 5 0.251 nm, 555
45 5.0.251 nm 4 B0 {H BT R 95 B 0
(LDA) #3545 5 0.250 nm ') 0.249 nm [ i
57 BRIl (GCA) 545 B — R P2 MM
Hi, B—N 8K 50.145 nm. CoJ& T-7£ h-BN £ [
A AR TR, WK1 (a) B, %R Co A
T AAEW-BN S AL i [ £ E (hollow),
FRhAr; 28 =& Co Ji 7 AR 7E BN A7 4 1) o ]
(bridge), fEi#RbAL; 2 =Fhj2 Co i ¥ AL 7E N i+
(FIT0 (top) 7, &I FR tN; FH N[ 2 DYl 2 B Az, A
B2 rha] BLAREE, Co Wi B A7 B M tN, tB, b Fh,
Co/h-BN 14 2 ¥ & f 37 B, B A7 (1 25 1) Bt
S, 52 AT A P22 ARSI h A g i it
TS, TE2 x 2 M, R Co TR I
152 x 4 858 WP TP Co R F— AN 224
Bk ST, BREBESE N, AT g

D 60
b

27

e e "

BB R4S R Co 5 h-BN 2 1 1 B BE
B 51°90.192 nm 5 0.191 nm, HEJLF—FE.
2 x 2@t HT ColkfEm, Co i+ aILIREHAH
FHEAER (£ 2 x 4 858 B TP T A Co JiF,
Fr CLAR BE 578 2 x 2 B IR Bt — > Co JRF—FF), 1X
SR EEE IR R T 4 x 4@ Co 5T %) h-BN
2T B R 85 0.185 nm (22, FERRRE. I Bk HESE #
tH, CoN 5 CoB #4374 0.241, 0.239 nm, B[
BEF IR T 4 x 4 8B 0.237, 0.235 nm.
Co JE¥%f BN 8K A K, 240G FITE 0.001 nm
ZW.

Co JF 1 I W B 25 B A A R Gl N T Wi,
1(a) B L () B, AR RGBS F 2L+
1E Co i+ L. 722 x 2/, 5 Co JE W ik &
L) T R A 25%, Co Ji 8] A % 5 1 AR FLAE H,
BEAR R N 2.7Tup, FI/NT 4 x 4P
3.00up P2 Hor up NBEREERE. 1 (d) 7T LA
B, EFER Coil T F A h-BNAAKFHNKINJE T,
B N_ o %28 7. N_o FIFERESEDH Co ES

1 (a) Co/h-BN JHfi 2 x 2 R 7 S5t AL 18, B (0 R Bk, B AR 2 Bk 43 3R Co, NI B JR T o Fon gl Co Y
N BT, pERZHE Co BN B JET; h, b Al t 4057~ Co WHHE h-BN B2 ML RITHAL; Co J5-7 F 1Bl Ay 24 €4 it T 2 1
Jie FE A (b) 2B 2 x 2 R R AL 5 x 5 45 A ML, FIR#EE Co I T RIZIEABR R, Ho LUrP A Co T4
DJRT, ARIE N 0, Hofl Co Ji 15 ol JR T RIL AR ARICAE Co JR T L5 @y Tl ag NEER, by Tl by Jy B I3 5 A f814% 5%
I M K R BRI X SR E 5 (o) “TATT h-BN 351 Co JR 7405 B IE % 1, (d) 5% h-BN [ [
F9% 1A R (¢) 13 (d) BTN pn = 0.001xn e/ad, 3oibn NI MFFRA, ao WHURERE, e Nl T,
(e) RERBLSSHIHSE H e AT B LRI, BT AR RIS Co JR T HIREAEHES AR I, B dmid 5 (d) MR, B (g S sk

Fig. 1. (a) Top view of Co/h-BN interface with 2 X 2 unit cell. Different atoms is labeled: Big blue, middle silvery and

Middle green ball is for Co, N and B atoms respectively. a and p presents the sites of B or N atom close to or apart from

Co atom respectively. The labeled h, b and t are for hollow, bridge, and top sites for Co atom adsorbed on h-BN sheet

respectively. The yellow curved surface around Co atom is spin density; (b) extended 5 x 5 supercell of 2 X 2 unit cell

is used to describe different neighbors in Co/h-BN, as shown the yellow numbers on the atom. The labeled a1 and a2

is basis vector and b; and bs is reciprocal lattice vector; I, M and K are high symmetry k-points in first Brillouin zone;

(c) and (d) is the spin charge density contours plotted across Co atom and h-BN layer respectively, contour values are

pn = 0.001 x ne/ag, where n is the mark value of the contour, ag is the Bohr radius, e is the charge of the electron; (e) is

the spin charge density for antiferromagnetic structures, where magnetic moments are arranged anti-parallel to each other.

Contour values are the same to (d), pink lines are for minus contour values.
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%) 1 JE P 2 P2 T G A 55 A 1Y) T ey 4
B /N, e HL A B AE % R R R A AT A
A% JE ] (density of states, DOS) H1 5 i i it
Bk W3R, Coli 11 HIES A DOS £
ZAEAE 320 eV, 1l B NI DOS I Z 3 Aii

~-72.651 @
s
= 72701
20
5 ®
=}
sa)
—T72.75}
e
o
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Model

2 Co/h-BN ' Co JET1EA RN Kz B A RE &
Fig. 2. Energy of Co/h-BN interface as a function of

different adsorption sites of Co.
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Energy/eV

B3 [ 1(a)  Co/h-BN & BT 44 DOS [, 05
#x AR DOS, M54 % R T AIEDOS, ki
R0 Ak 56 i AR B oK T

Fig. 3. Partial DOS of the Co atom and selected N

or B atom in Fig.1(a), zero energy indicates the po-

fEn

sition of the Fermi level shown as purple dashed line,
positive and negative values of partial DOS are for the

spin-up and spin-down channels, respectively.

fE—3.5 eVELF, HAofE o Kaedk, Xehm T
FKILEMAEHA R —FE HTE Co il 7 DOSFI{E
IRE RV P, B AN 5P 215 S H— e M
DOS. Co I HigiliE 5 T | ieidiE#A DOS 431,
Hrh B e DOS#E W, T H 1€ DOS # - H i,
FOKAE R BTt DOS i, BME R E 4B M.
FAE, NEISHISETTIENTTLER, N o (N _«
72 Co Ji F i IE A M N 5 F) 11437 DOS %2 Co J5
TRME K, MB_a (B_aiCo il THILAEH B
JEF) 72 VI P DOS 3 AR /s, Bl Co JR TR
TF) P MR LA 32 2 S R Co PRI 1 N R T 1% 3
7. B_B (B_pB /& Co J& 7L 4BH) B J5 ) ) DOS
BHEKTB o, KR -, N o« 5B ptHE
2 DOS. FTLA Co Jif ¥ 8] ) AH BAE F & 3 2
it Co-N_a-B B KAL), 15 [ BRHEZS 1)
w7 T A S A TR A 2 ok A [ o 285 e A
FEAERE, i 1 (e) Biax. N_B (N_B A Coli+
YRR N &) AR ) S5 — 7 11 )= 3 ek

3.2 HIEZENHES SR

M 3.1 55 AT AAS Y Co Ji 5 18] R FH 101 2%,
{H AL AT 8] i) HBT LA S 1 2 7 1) DM 4 /5 2458
i B BRI AT I AT R, W&l 4 (a) PR, AT

ADMI(q)/meV

B4 (a) B BUSUZ Co/h-BN R R THEAS B (1 H e IR e At =
LK R E(q); (b) E(q) 5 E(—q) ZAMfEEZE ADMI(q),
FNER T2 S5 17 TSR e = P, B 4 3 Sk s B AR 7 1),
JIT G B T R o A SR 1] B 90° £

Fig. 4. (a) Scattered symbols are calculated energy dis-
persion E(q) of spin spirals in Co/Gra as a function of the
spiral wave vector g; (b) ADMI(q), gotten from the energy
differences between E(q) and E(—q). In (a) and (b), lines
are fitted ones. Insert part is the spin spiral with opposite
direction, where the pink arrows presents the direction of
magnetic moments of Co atom and they perpendicular to

each other between neighbors.
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B VASPIHE T HIRIEIE M Re = 5 K q &
MK R E(q). HRBIERI K qER T E1(b)
Fraamifaigam BN X WA A KD, I'M, -K — T,
—I'—M. ffHBIH, KI'TM 5 -K—-I', -I'— M
FEFENT . {H DMI B4R F S Ao Frite kA 7 il
g, GiPE 4 (a) TN B, A I AT I
PIAN 7K P 7 [ i 56 4 9] AT BRG 36 48 17) BN JZ Y
Co JET; A EHHEAG N, PRASIKSEJ7 a1 6
fR 1A A ERPRAFE 45 0 LS ) Co JR 1. BRI, E(q)
5 E(—q) MRt EATE—FE. REM2 x 28 HM
Co/h-BN 1, IXFAS [A] JE 5 ks, (H I R & 2200 2
A DA R R 7E L 4 (b) Bk .

E(q) 5 Co J5 + Ia] {1 i 48 2% VI AH 2. o
1 (b) A, B R 0 JE T Co BN O, S50
JR T T AR B R PR~ 1, 7] LR B 6 AN il AT
JRF. B IR E s N 2, 3,
FHeMNET. REHEVEA MR 454, H
124, XEFEAERE. 5 —AColf T1EHK

A 6 AT, 6 UL, 65 =R 12 458
VU340 Co J5i 7. AR (1) 205 h-BN /S A& 71
FRPRGEM, A SO B4 Tt E BRI E 1) (LG &R
A=

FE=ME T, B DR NE S (A4
N S(0)), hrdE j AHIEHEALE R R = may + nay
Ton, Hay May BER. H FEIRIER 7 1) Hif
BRNq = q1by + qobo, HH by Fl by NEIME K. 1E
VASP i85, Brfy R A #R BB AE vz~ 1H L, 1T
S(0) W 2 BT ). AE] ATIEIHKA T, RN
q B TERE T, 5§ MHAS Co i THIFE S(R;) N

S(R;) =5(0)sin(q - R;)i+ S(0) cos(q - R;)j
= S(0) sin[21t(mgq; + ng2)]i
+ 5(0) cos[2m(mag1 + ng2)]7.
MR (1) X, REERZEIUEAR, S0) 55 51k
RHIHEFE S(R;) Z 18] HBL Z F53 7 4n -

1
E; (q) = §J1 [6 — 2cos2mq; — 2cos2m(q; + q2) — 2 cos 2Tmgs),

1
E;(q) = §J2[6 —2cos2m(q1 + 2q2) — 2 cos 21(2q1 + q2) — 2 cos21(q1 — q2)],

1
E;(q) = §J3[6 — 2cosdng; — 2cosdn(qr + q2) — 2 cos 4mgs],

1
E;(q) = §J4[12 —2c0s2m(2q1 + 3q2) — 2cos21(q1 + 3q2) — 2 cos 21(3q; + 2¢q9)

—2cos2m(q1 — 2q2) — 2c082m(3q1 + q2) — 2 cos 2T(2q; — q2)],

MK HBI N

Eupi(q) = E5,(q) + Ez,(q) + E1,(q) + E1,(q),
(2)
X J—Js NHBI S, 65 S(0)2
DMI H 25 fE 3 25 46, S(0) F1 S(R;) Z [H]
) DMI 2 K143 51 A
1
Eq,(q) = idl [2sin2mq; + sin2m(q1 + q2)
— sin 2mQs),
V3
Ea,(q) = - do[sin 2n(2q1 + g2)
+ sin2m(q1 — q2)].
S DMI A

Epwmi(q) = Ea(q) + Ea2(q), (3)

X dy Fl dy y DMI 41, S S(0)2.
H IetB e F(q) M2 A 2645 HBL A DMI:

E(q) = Eugi(q) + Epwmi(q). (4)

E’zﬁﬁ, Eugsi(q) ?\Jq Eﬁ{l%lzlﬁ, ﬁﬁEDMI(Q) ﬂ\jq
T R AL Bk

ADMI(q) = E(q) — E(—q) = 2Epwi(q).  (5)

Kl 4 (a) Hr, VASP it 5 () Co/h-BN H JiE I3 Jie
B R E(q) 5 E(—q) N2 (4) . SZhr -
Kl 4 (a) I8 S/ ZaRENE SR L S5 EAEE
Bos A BAEwE . B4 (b) il E(q) 5 E(—q)
2 7 ADMI (q) F 7~ S(0) 5 H At w5 2 18] i) DMI
Z A2 4%, B AL (5) 2. LA H RISk 515
BB KRBT &

L& 4 (a) FT LA H, BRBEAS T P S BL )
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REm . a2 2 x 2B Co/h-BN FLH
Wi AR AR TS, E(q) W% TK, I M #BH#E
TR, BRRE M E B ASTE K 55, g = by /3 + by/3.
XA e A S bR bR = A A S Bk BT R
FHAB I 34 Co Ji - IR % I B 1200 £, 2 —Ff
W J AT B R 5. Mryasov 25 B4 i@ it i e il
i, HEA UM RAGE R B, AR RIS Re &, 19
FIA R, XF VR EEFE R YR, JF H N AE
BT TURD A BR (1) R A B, A A% I AS BE A o 3
TEREERS. ARSCRI ) Ui ik 251, i s i
REAF R R H ISR HC R E(q), Al BE R K
KM B RIBFEIRES. TEARTMR AT, e
BEBEASIE K i, (B2 M SRS K SHZEAK,
15 2.8 meV . BIIXFp H e &S A T8, 755 ik
FET, E IR IE AR A 7T R R AR B8, (R
e AN T e B R R A

ADMI(q) /&% B A IRZ FAE, AN 50 1
ESZ R AL/ (3) AT &, & it AN 1 5% oR 4L
PRIERIAR AT EL AL 2448, ADMI(q) A & 5tk /N,
HE KM N0.1 meV, 1 K £ E(q) i 48 XHE i F
71.0 meV. it PAZE Co/h-BN £ . DMI RN AR
TS, R ST TR A B 32 222 HBLL

I N ZORE LA M HBLR #J,—
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RBE R A ARARIE R, 7EVY gk, i gy 2 58
G B [ kb, BT R A AT R 77 TR HEA B0 A s H
TE/S SR, BT B A8 R 1506 6 1, MXTRR
PEFSRYE, ASAT REHEA AT 2 AN B R AR AR e [
AR, Bl R BEHEA i = A R B s M
(S Bkt AE R gy B EEAER LT, 1B
BB AT RUR, = AR Bk R AR NS T A,
HE M S ) e Bk e B R AR B0 — ) IR .

DMI ) dy F do XA ZE /N T 0.1 meV, FHLL
T Ji, di 5 dy ER] PLABE AT, B LA Co/h-BN &
JE DMI ) 541, BRI Co/Gra FETH B9 DMI RS 18]
HARIEATA 4N IR FE T EAS 2 A7 AE,
75 CLJE B 50 rp 75 Bl o AN 26— — B ). 4
SR, HAEIT T 0 DML, A v DL H 37, L
WA h-BN 7525 S e e P, fil—Le 55 DMI f&

RI7E T E, BERT LAORA JE R 6 S, SR AASKT
Ji Sk ST FY) DMI 72 A 5.

B & At 4 Co/h-BN 15 #| ) DMIME 5
Co/Gra i) DMIfEAH Z 1R KWe? ASCKRIMAE2 x 2
A, Co £ h-BN [ 58 0.192 nm, i K+
Co/Gra H'[#]0.156 nm. Yang %% PO 45 Hi f 53T Pt
i) Co Ji T 2 B A K DMIME, YEARH) Co J& T
JZDMIUE t &4 KE T R, 2 75 nl Dod i 4h 5t
25 P Co 2 h-BN FEE B, MM 145 DMI{E Ve ?
AR SN AR M i (A g, R Co
JZ¥8 1M BN JZ 5 M H ), 1] LAESS Co FH & 718
B3 I 7E F R 5832 BN 2, M 4 75 Co/h-BN &
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DMI G DMI 2[R R [ Y] 46, SEELEARE A7, X
W 2R AR UR AR 4 N R AT i A

. ,!>l, - ‘,, - @

d/meV

J1 J2 J3 Ja dy d2

K5 &30 HBIK J M DML dfd, Hdh J
ISR VUIAL, d 8% R R U4

Fig. 5. Fitted HBI J and DMI d, J is considered to

the fourth neighbor and d is considered to the second

neighbor.

4 2 @

MR 2 Bz bR BEAR 10 58 — 1 SR B 7 R
7 Co/h-BN W J& 7 &5 8 5 W 7 454, Co & 1 W
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Jr IR ) H R R R R SRR O SR EQ S
E(—q). E(q) 5 E(—q) Re& 2 % kM | Co/h-BN
FRI bR 2 22 1) 7S T %o ) 1 A R 51 F) DML 1)
K/, HBI A8 5 DMI AR ] DUR 47 gDl & 1 55
B, BEBERAEEE T Co &1 M % r 41 1) HBI 241
Ji—J, 5DMIZ$d,, dy. 7ECo/h-BNH, J, N
FE R e 4 E S, Jstb g h—AEg, HAb
SR T 0. I, Co/h-BN )3 42 = 1 [ ik
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W, A %A DML ARHEX FHPE 5T, h-BN 7] L
RN AL DMI A TH & 55 2. Co/h-BN [ DMI &
5 Co/Gra ) DMI {H AH Z R K R R 2, 7E2 x 2
A, Co | h-BN [ 58 0.192 nm, i K+
Co/Gra 111 0.156 nm.
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Abstract

Based on density functional theory calculations, we elucidate the atomic and electronic structures of Co atom of
hexgonal BN (Co/h-BN). The interaction between magnetic moments of Co atoms is realized through Co-N_a-B_f
grid, which is indicated by the analysis of spin charge contour plot and partial density of states of each atom, where
a and B denote the site of B or N atom close to and away from Co atom, respectively. Then the dispersion relations
E(q) and E(—q) (g denotes the direction vector of spin spiral) between energy and wave vector of spin spiral in the
opposite directions are calculated with generalized Bloch equations. In the incommensurate spin spiral calculations,
all the magnetic moments of Co atom are arranged in the same plane that is perpendicular to the Co/h-BN film. The
difference between E(q) and E(—gq) is caused by the interface of Co/h-BN, where the symmetry of space perpendicular to
the film is broken. Moreover, the 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 magnon dispersion
E(q) to HBI with DMI model and E(q) — E(—q) to DMI model, respectively. The J; has a negative value and plays
a major role, J3 is one order of magnitude smaller than Ji, and other parameters are close to zero. Hence, Co/h-BN is
triangular antiferromagnetic material with the g at k£ point in the first Brillouin zone. However, the spin spiral with the
q at M point is only 2 meV larger than the basic state with the only negative Ji and smaller positive J2. The DMI is
not shown in this interface with d; and d2 close to zero. Based on the non DMI character and its stability in air, h-BN
can be capped on other DMI interfaces. The reason that the DMI in Co/h-BN is much smaller than in Co/Gra is much
larger height between Co and h-BN. It is 0.192 nm for h-BN but it is 0.156 nm for Co/Gra. We may reduce the height

to enhance the DMI by other ways, such as adding electrical and magnetic fields in the future.

Keywords: first principles, Co/h-BN, Dzyaloshinsky-Moriya interaction, Skyrmion
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