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Fig. 1. Spin configuration of Néel skyrmions.
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Fig. 2. The view of the lattice structure for VSe,: (a) Top

view; (b) side view.
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Fig. 3. (a) The labeled a; and ay are basis vectors and b;
and b, are reciprocal lattice vectors. (b) distribution of
neighboring atoms; (c) blue axis and black axis represent
the coordinate system of magnetic moment and two dimen-

sional lattice , respectively.
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Fig. 4. Scatter symbols are energy dispersion E(g) as a
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Table 1.  Calculated parameters of Heisenberg ex-
change J of VSe,, J is considered to the eighth neigh-
bor. (The unit of Jis meV).
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Fig. 5. Structure of MnB: (a) Vertical view; (b) side view.
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i 3 d -FRIMPECHERRAIER, UZER 3 F15 eV.

RS R 6 s, BESFRETITE
1) R 52 4 S BB FEAS [R5 2% T 9 (EL, Wt/ HBL T
VU T 25 K6 1) [ T S € O R Fli/ N ik LA
FREN T 4L R3S SHUNI KN (3 2), NEERAT AL,
X} R G 1) RS A BB B K I 1) 3 4R S ECH
Joy Ty Ty BN ST AR WA B A I BE B 5T
ik R4y, e T ORARRY TR K B R
LBFIERS I 4R F R B 1Y, (H R T A — s —
ULAR/INT —ABOE S, A LA 7 18 (843 A A
KA. & 6 AT #E g4 0 iy, B I,
MnB 2544 i i P 5S4V E FHBE B AIR, R I BT A R+
(R 7 1] —3, MnB 2544 2 IR 1.

U=3eV
200 r ]

150 1

100

E,(q)/meV

50 |

K r M

K6 B /2 MnB /K ROl i B2 Fr iS4 2 Y B IR i
REH HUC R E(q), Hirh g2 AR BRE 19 O 5 X424
(i

Fig. 6. Scatter symbols are energy dispersion E(q) of MnB
as a function of the spiral wave vector ¢ calculated by pro-

gram, lines are fitted ones.

MU E] 5 eV B, MnB 8% 58 3 4E 1 fig
AR /I, T R S A R IR S AR Sl SRR IR A

\
X EEE A — I AR A (E A A 5L (-10.01 meV)
S, WE 7 B, MoB (REAS i BBETE K A5
IR I, K A5 g fE2R (0.5, 0.5, 0). AR4E) X
AR AR, B RENE T I RERE 5 R A8 A
FEAHIZ. PRIt MnB {4 2 52 80U Bk

# 2 MnB4iM (U= 3eV) i 7448
AR SR B HOR N (B7: meV)

Table 2.
change J of MnB, J is considered to the eighth

Calculated parameters of Heisenberg ex-

neighbor. (The unit of Jis meV).

S h Iy I
21.22 445 -2.52 453 0952 108 0.569 1.27

100 U=5eV
80 | —
60
40 +
20

—20 F
—40 F
—60 F
—80 F

Ej(q)/meV

K r M

7 BRLE R MoB R R R A B A i R E
REREOCR B(q), b g & ATEIRBE M I % ; SEE 2
EgliiE=

Fig. 7. Scatter symbols are energy dispersion E(q) of MnB
as a function of the spiral wave vector g calculated by pro-

gram, lines are fitted ones.

4 NAAEXAEM MnSTe

TE _AEREVERSRLD, A7 7E DM AR BAE TR G
LSRR AT A ] BT O BRI 548 2017 48,
Zhang 55 201 8 33 #21 MoS, # B A+, FIF Se
JRFIBURTZE R S Ji5, il e 1 BA 4 6] S i
Xf BRAN R ) — 4 Janus B2 A48 MoSSe. 32 A
K, MRZEAE & A R T1Y Janus #18F MnSTe
WA E] T HE RS BT 451K B, MnSTe gt
FEAFAE, HEA R FER AL AN s i J FLIRL
X FEIA e AR MnSTe HAT VLAY FHA A
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4.1 [RFEH

MnSTe B JEFZ5 M AP 8 Airzs, s & %L
AT EE R 3.56 A. f &l 8 i1, MnSTe J& T75
AR, BN A 32T, JiE )2 bR T
Mn, Bii1453 38 S A1 Te JEF, 3 )2 FH S
FoMmaE, Rt MnSTe 4544 HA 25 1] 5 8 X FR
sk, J& TS AAERTAREE 1.

4.2 HEEBREHXER

FHEE TSRS FREEH, 7S AR PRES A A 2
B —350 DM AR EAE . 575 1 X5 R 25 4 4
JTIEEDL, ML DM *HE(’E?HTEZ‘{TCEWE‘

(a) 009020209 o
030505900 3

</ /) W/
©0%0%0%0°

)

"eScT0t0”
00909090,

% 8  MnSTe JE T4t K (a) IR (b) MIALIE
Fig. 8. Atomic structure of MnSTe: (a) Vertical view; (b) side

view.

FIRER H BEIRHE U ROC AR (P 35 DU 28)

Epmn = %d1S2 (0) {2sin(2ngy) — sin(2nq2) + sin[2xw (¢1 + ¢2) ]}, (25)
Fow = %@52 (0) {ég X 2sin[2 (21 + g)] + ? « 2sin[2n (g1 — qQ)]}, (26)
Fowis — %d352 (0) {2sin(dnqy) — sin(4rqs) + sin4n (g1 + g2) ]}, (27)
Epvis = %d452 (0) {if x 2sin[2n (3¢1 + q2)] + 27 X 2sin[2m (3¢1 + 2¢2)] + g X 2sin[21 (2q1 + 3¢2)]
- g X 2sin[27m (q1 + 3¢2)] + 2—\7ﬁ x 2sin[27 (q1 — 2q2)] + 51—\f x 2sin[2x (21 — Q2)]}. (28)

DM HEAEFTT iR S A fE
Epwi = Epvn + Epmiz + Epmis + Epvia. - (29)
XA DM A IR S, BP0
REACHAEHLERE =20k B THEAMAAH B AEHIFI DM

FEAEH B TTER, B
Eprr (g) = Eupi (q) + Epwmi (@) - (30)
H T DM AHEAEH T RBE S REZR KT q iYaF
PR, TTERMAVERT P RESRERRCT q MOl eRigl. 1)
Eprr (—q) = Eupi (—q) + Epwi (—q)

= Eupi (q) — Epmi (q) (31)
(R DM B T L e
Fowi (4) = 5 (Forr (a) - Borr (-@), (32)
AR A A OB T L e
B (a) = 3 (Forr (a) + Borr (-@)). (33)

M e/ ARk, Rl VASP B U513
AR DM SRS RN

\

ARV ) T A BT RE A 380 eV, W1 4A
BIBTBE N 280 eV. HLT25 H VA T W IS Slobm o S
1 x 109 eV. mHTRIEA RN 0.02 eV. X T4
PR, T SR 1 5t A SIUPR EA 102 eV /AL
TR SRS A LM X O SRAE AN 25 <25 x 1.

MnSTe FUTHAZRFRY (K1 9), I AR i
%, RIILR R B ROIRES . 7R AR ASC S 5
W (3% 3), X RESSHAE T RE R 5K I S U U,
Joy Sy, Jy, Js, FePEE =R ARAYME R 7.29 meV, &
P 2B S BT e KB J— Js IS BUEAR/D,
PR b LT v BR AT R 12 1) BT R T LA 2B T, R T 1Y
{H RS ETUE, (URBEIZ /N T J— Js, BEILG]E
(AR R R D Rl U ARV, I B8R R T
BRREGIRTS.

fE45 DM A E S E0 (% 4), SR
BB, DM SEUSA 285 d, BYE (5.64 meV)
XA RE R A STk ok, HHEAES J, 482,
I MnSTe H DM AHE A HIEAG X 8209 £ {4
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N B D
S o O
T

Epmi(g)/meV  E(q)/meV

K r M

lkl 9 (a) BSHLS & MnSTe /& Rl i3 #2 PR AS 209 A g

IRt QHOCR E(q) M E(—q), T g2 A BERR BE 1Y i
&, FTLRRIE L (b) B HUR J& MnSTe i 7ol it 72 5
THHN E(q) 5 E(—q) ZIRIMAEI 2 Epyi(q), SR IVE L
Fig. 9. (a) Scatter symbols are energy dispersion E(q) and
E(—q) of MnSTe as a function of the spiral wave vector g
calculated by program, lines are fitted ones; (b) scatter
symbols are Epy;(g) which means the difference between
E(q) and E(—q), lines are fitted ones.

# 3 MnSTe Z5H PG R T3 WA AR A2
BBHFIN (B meV)

Table 3.
change J of MnSTe, J is considered to the eighth
neighbor. (The unit of J is meV).

Calculated parameters of Heisenberg ex-

Ji S Sy Js Js Jr Js

549 464 6 -1.09 -1.32 0.765 -0.046 0.76

# 4 MnSTe 45K hREIEIR T4 T4 DM 84
AN (L meV)
Table 4.
of MnSTe, d is considered to the forth neighbor.
(The unit of d is meV).
d & d3 dy
5.46 1.77 2.78 -0.248

Calculated parameters of DM exchange d

N TR 7 i ) e el | G
;F}Fﬁﬁ %7%7 CI‘QIgCl3

WNRTSCATIE, HETSHE Janus HLZ MoSSe
|

1
Eypn = §J1 x 25%(0)
1 2
EHBIZ = §J2 x 25 (0
1 2
Eypis = §J3 x 257 (0

1
Eupy = §J4 x 252 (0)

F 7 15 S 3 ) MoS, MZE K, A Se TR LTZ
B S AT X — R T 585 AR Crol;Cly
FIFTRENE. CrylsCly AUA BRI DMI, HoA 4 7]
SN, XS PE A B TR R AR e B IR e
H AR B A% B 7 28 PRI o1, CLy A R 2L —
FE AN

5.1 [REF&H

CroI3Cly WY IR F 25 F R Al 10 PR, J&
TARMMAR, MG H BN 6.66A. JFHIHN CrylsCly
JER NI 3 JREF, i 2R B #E R Cr R
T, CLREFEMIETERTEBRSH 3 RT
7S FAEERE . FE—A SR SR M, LR % O B
fr, WA HEE IR Cr A9 ARST A8 b5 50 308 (0, 0),
(1/3, 2/3). Cryol3Cly [FFEAFAE DM AHE AR, itk
LR DT ) B 52 e L RE TR 2275 & HBT A DMI
AL .

()Ooooe Qo o000
ooooocooooo o Cl
00 ©0 ©00o ©00 oI
0o c0O0oo0@oo0o@oo OCr

Q0 OoO9OOHOOHO
00 ©0 ©0o 0o
Q000000000 O
000 CcQ000CQ0DCOO
o ©o 00 oo
000000000000
000 0Q0 000 0O
00 oo ©0¢ 00
o
°

® o°0’0 0600006000
0o 0 0 00 000 O

Kl 10 Crol;Cly JEF 45 R I (a) IRERLIEL; (b) M40 &
Fig. 10. Atomic structure of CryI3Cly: (a) Vertical view;

(b) side view.

5.2 BiEBEEHXER

Crol,Cly JR T 45 H7E HBI T 4534811 A Jie 12,
TELHIOE R (%fﬁ?u%/\ﬁ?m H

{2 — cos(2nqz) — cos[2n (q1 + ¢2)]}, (34)
) {6 — 2(cos 2nq1) — 2cos(2nqz) — 2 cos[2m (q1 + q2)] }, (35)
) {3 — 2cos(2nq1) — cos[2m (g1 + 2¢5)] }, (36)

{6 — cos(2nqy ) — cos(4mga) — cos[2m (q1 + g2)] — cos[2m (1 — g2)]

— cos[dm (q1 + g2)] — cos[2m (2q1 + g2)]}, (37)
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Fupis = %Js x 252 (0) {6 —2cos[2n (q1 + 2g2)] — 2cos[2n (g1 — g2)] — 2 cos[2m (2¢; + qg)]}, (38)

1
Fugis = 5JG x 252 (0) {6 — 2 cos(4mg;) — 2 cos(4nga) — 2 cos[dn (g1 + g2)] }- (39)

ZLERITE HBI T A8 SRE 2 (19) =X

7 DMI P 4R Y A IR BE CLHOC R (FFIBEER MUIT4E)

Fovn = %dl x 25%(0) {—\f sin(2ngs) + ? sin[2m (¢1 + QQ)]} ; (40)
Epyi = %dg x 252 (0) {2sin(2nq;) — sin(2mg2) + sin[27m (g1 + q2) ]}, (41)
FEomiz = %dg, x 252 (0) [\f x 2sin (2mqy) | , (42)
Epmvua = %d4 x 252 (0) {\fjl sin[2m (g1 + g2)] — % sin(2ngs) + 3 1 1 sin[2x (¢1 — g2)]
- g sin(4mgs) + szl sin[27 (2q; + ¢2)] + g sinf4n (q1 + qz)]}. (43)

1t DMI T 2c# Eme &2 (29) =X

AU SR BT T AT RE A 380 eV, FI kR
IHTBE R 280 V. HLF25 H YA TR 1 W SAobrm o S
1 x 109 eV. mHTRTEM LR R 0.02 eV. X T4
M, A R st BRI SRR 102/ AL 4
PN AR A LI XA SRAE AT R 99 1.

Cr,L,Cly BT A ZE RN K 11 fiR, 78 T Ak
RIS B BE R I, L CrolyCly AR WG S
A AR REARAS . VR FR W 28 e SR rh g AR AP AR AR

E(q)/meV

Afb)

AN

Epwmi(q)/meV
|
=)
[CR=ECE'S
-3

K r M

Bl 11 (a) B CroLCly M 58 i R 7 T3 A3 2
FIESRBERE i U HISC R E(q) M1 B(—q), Mo g & A TR IR 2
B, S LA 2 (b) B S A2 Crol,Cly 1 &Rl 1)
BIPIHAN E(q) 5 E(—q) Z MW AE & 2% Epyn(q), &2
SR E2Y

Fig. 11. (a) Scatter symbols are energy dispersion E(q) and
E(—q) of CryI;Cly as a function of the spiral wave vector g
calculated by program, lines are fitted omes; (b) scatter
symbols are FEpy;(g) which means the difference between
E(q) and E(—q), lines are fitted ones.

|
A& T EZRHS, DM AHE AR s .
DM HIEAEHTE K 2SR REE AR, Ik DMI B4
5o W WU ARG RS, A X 8 R 38 1 2
ok v, DM SSHSHGII, WRBHCEIR R 1) SREE
Ganit

£ CrylsCly IS4 (3 5 FIEk 6) , 26
— T BT ARAA SN E F 5ok B2, A T AR
(22250, DMI S5EEH /I, Hrp s =i 2858
WS HEK. |d, /T [FER 0.068, T B B+
T EATEREITE 0.1—0.2 Z 8] 29, I Crol5Cls 3R
LAY s B 10 2 F.

5 CrolyCly G5t h VIR & I AR Y AR (A 5C
PBERIN (B meV)

Table 5. Calculated parameters of Heisenberg ex-
change J of CryI3Cly, J is considered to the eighth
neighbor. (The unit of Jis meV).

Ji VA A A A A I s

1292 035 211 3.55 -1.46 -0.67 -0.11 0.841

# 6 CrolyCly #5485 it 745 4B 1Y) DM 58
BSHOUN (Hhi7: meV)
Table 6. Calculated parameters of DM exchange d
of CroI3Cl;, d is considered to the forth neighbor.
(The unit of d is meV).
d d dy dy
-0.88 0.378 1.04 -0.0493
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AR SUA I R A5 A, I 55— D 3 2 1
VASP VR T #EA ELAE . AR DU 2544 | S Fah
3 LA K S B 8 A A S 1R 7S AR S5 R 1 T B
JEAEOCERR, %FVSes, MnB, MnSTe PAJ CralsCl;
VUFR S5 F R B S0 T TR,

VSe, Fll MnB [W#4AZ 4 E FHREAR A G & DMIL
W TR AR A AR B AR A RG2S e A R v o 9 T
BLVE. Hoh VSeo B T/ M 454, MnB J& T4
FALER. TSR, 76 U= 3 eV BIEIL T, VSes
1 MnB J& Pk, (024 UFHEZE 5 eV B, MnB
(G A E R RE T R, I H 2R AR .

MnSTe Fl Cryl;Cly #J& T Janus HLJ2, Hlif]
(LS R AR, R R I T 2 A0 T AN TR A FE R 1 I
T2 rhE. it MnSTe I Crol,Cly #5525 18] )2
BOWFRSEE, R TP & DM A EAER. Hi MnSTe
FENFALER, CrylsCly MR MR AL R IS 4544,
{RHLE R S ARG R, A ARAR 2R (0,
0) 1 (1/3, 2/3). THALEHEW], MnSTe 1 Crol;Cly
#BJE TERE A, MnSTe B DMAERIS UK, 5
1 RAA A I S HOH . T Crol3Cly 1Y DM 28
B SEE N, AN e LG Sk B 4.
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Abstract

Two-dimensional magnetic material which has been rapidly developed in recent years, has potential
applications in developing spintronic devices. In order to understand the magnetic properties of two-dimensional
magnetic materials, it is necessary to comprehend the magnetic interaction which is estimated by the exchange
parameters between the magnetic atoms. The calculation of the magnetic exchange parameters is based on the
first-principle. The commonly used method of determining the values of exchange parameters is energy-
mapping. However, this method has some disadvantages. In this paper, the spin-spiral dispersion relationship is
derived under the Heisenberg interaction and the Dzyaloshinskii-Moriya (DM) interaction through the
generalized Bloch condition of three common two-dimensional magnetic structures: a tetragonal structure, a
hexagonal structure in which the cell contains one magnetic atom, a hexagonal structure in which the cell
contains two magnetic atoms. The magnetic exchange parameters of some materials are calculated through the
first principle. These materials are MnB, VSe; MnSTe and CryI;Cl;. Among them, the MnSTe and Cr,I;Cly are
two-dimensional Janus materials, which means that they have space-reversal symmetry broken, that is why

there is DM interaction in the system.

Keywords: two-dimensional magnetic structure, magnetic interaction, generalized Bloch condition, first
principles
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