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Fig. 1. (a) Top and (b) side views of the MoTeX (X = F, Cl, Br, I) monolayers. J;, J, and J; are the intralayer magnetic exchange
parameters between the first, second and third nearest neighboring Mo atoms, respectively; (¢) top views of ferromagnetic (FM);
(d)—(f) three antiferromagnetic (AFM) configurations of MoTeX monolayers. The orange, blue and green balls represent Mn, O and
X atoms, respectively.
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Table 1.  Lattice constant, reversible strain and the relative energies of FM and possible AFM configurations of MoTeX
monolayers. The energy of FM configuration is a reference.

ML a/A b/A  (|8/|al-1)x100%  Epy/(meV-Mo!)  Expyy/(meV-Mo!)  Eypyp/(meV-Mo!)  Eypys/(meV-Mo )

MoTeF 3.704 5.726 54.58 0 283 270 552
MoTeCl 3.906 5.715 46.31 0 306 301 509
MoTeBr 3.992 5.710 43.04 0 361 334 453
MoTel 4.124  5.696 38.11 0 390 378 397
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Fig. 2. Phonon spectra of MoTeX (X = F, Cl, Br, I) monolayers: (a) MoTeF; (b) MoTeCl; (¢) MoTeBr; (d) MoTel. (e) Top and
side views of atomic structures at the start and end of molecular dynamics (MD) simulation. (f) Evolution of total energies of
MoTeF, MoTeCl, MoTeBr and MoTel monolayers during AIMD simulation at 300 K for 5 ps.
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# 2 MoTeX (X =F, Cl, Br, I) B2 A PERR N 1241k A

Table 2. Elastic modulus and mechanical properties of MoTeX (X = F, Cl, Br, I) monolayers.

ML Cu/(Nm™)  Cip/(Nm™)  Cp/(Nm™)  Coo/(Nm™)  Viyo/(Nm™)  Vig/(Nm™) iy Fonin
MoTeF 63.412 8.814 89.320 13.750 88.095 41.059 0.504 0.099
MoTeCl 54.424 5.000 86.926 13.809 86.467 39.404 0.448 0.058
MoTeBr 50.724 5.294 84.128 13.564 83.576 38.237 0.436 0.063
MoTel 49.090 5.157 81.298 13.273 80.756 37.283 0.432 0.063
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Fig. 3. Variations of Young’s modulus of (a) MoTeF, (b) MoTeCl, (c) MoTeBr, and (d) MoTel monolayers with respect to the in-
plane angle. Variations of Poisson’s ratio of (¢) MoTeF, (f) MoTeCl, (g) MoTeBr and (h) MoTel monolayers with respect to the in-

plane angle.

R & Goodenough -Kanamori-Anderson #1
T (041 ) R R 52 4 A B VR SR 43 BT L4y T2
MoTeX WIREACH AL, fif B FLRE e R . fcdfr @
Mo JEF BBy 3.70—4.12 A, P B 350 44
A REHE Z 0. K 3t Al LIE i, MoTeX
Mo—Te—Mo HFMAIGHEIRT 90°, HH|T MoTeX
H A R R S . LRSS A B A
VT IR S TAT, sS4 U & A A6t 1) +°F
FTHES. bt G IR T 2 (R A S f B4 0, B sc e

Y 0 S ol B SR T s T, R o >
55 IR 4R Mo 5 Te J5F[A]FA7E 180°HJ £, 28
BAEEE FALAF P Mo JF IR P4 THES.
KT Heisenberg F7 ) MC B AR
HorF )2 MoTeX [ Te. A BEM U0 & 7] LAFRIR Ny

f’,\[ = — lei,j Si . Sj — J2Zi,j Sz . Sj

_ ngm Si-S; =Dy B (3)

197501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024) 197501

(a) 2 (b) 2 AVAY (e) 2 (8) 2
BL \V/ i
1k 1t 1t Total
g g T
L T
B 0 oo o e
5 5 5 —F
= = <3
SE S 2 1
- N7
-2 _92 D —
r xs vyr s r xs vyr s -6 —4 -2 0 2 4 6 -6 —4 -2 0 2 4 6
—— Spin up —— Spin down Density of state
(c) 2 M AVAY (d) 2 WV, (f) 2 T (h)
L L L Total
z 7 0 2 Mo 3
~ P~ ~ F ~ — z ~
> > > e >
& 0 & 0 8  Of--mp &6
5 5 5 Br 5
—1F —1t —1t -1
., AR 4
_ PR ‘ , R _
r xXs yr s r' xs yvyr s —-10 -6 —-20 2 6 10 —-8-6-4-20 2 4 6 8
Density of state Density of state

Bl 4 B2 MoTeX (X =F,CL Br, ) MAEW S M 5SS HEE  (a) MoTeF; (b) MoTeCl; (¢) MoTeBr; (d) MoTel. %%k fig 4% H
0 eV By LR F R 20 @A @ i 470 78 A g A0 A B FiiiE . $% MoTeX (X = F, CL, Br, I) B 25 % & (TDOS) Flfk
WAEE  (e) MoTeF; (f) MoTeCl; (g) MoTeBr; (h) MoTel

Fig. 4. Electronic band structures of MoTeX (X = F, Cl, Br, I) monolayers: (a) MoTeF; (b) MoTeCl; (c) MoTeBr; (d) MoTel.
Fermi level is denoted by the dashed line at 0 eV. Red and blue curves represent the spin up and spin down channels, respectively.

Total density of states (TDOS) and project density of states of MoTeX (X = F, Cl, Br, I) monolayers: (e¢) MoTeF; (f) MoTeCl;
(2) MoTeBr; (h) MoTel monolayers.
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Fig. 5. Projected electronic band structures of MoTeX (X = F, Cl, Br, I) monolayers: (a) MoTeF; (b) MoTeCl; (¢) MoTeBr;
(d) MoTel.

Hor gy, Jo W T AP RE — VB RV EAS R W S A R b o I R A A 1 L fE
Mo JEFIREACHCE R, SRS, a3 i f e Fmh

B Mo B0 (1 WERESR ; D R Mo 8 FHY Y
R 1] S PE R S RS B B [ BE S R T = Bo = A+ 4+ 20) 5 ()

197501-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024) 197501

#3 MoTeX (X =F, Cl, Br, I) 2 BacifE IR SHL dy, dy T dy 25—, 55 058 =348 Mo J5iF 2 [l BE B,
01, 0y A1 05 JEH—, 55 ZURNEE =30 48 Mo JT5 Te JETFZ |1

Table 3. Parameters along the exchange interaction path of MoTeX (X = F, Cl, Br, I) monolayers. d;, d, and dy are the
distances between the first, second and third nearest neighboring Mo atoms, and 6, 6, and 05 are the angles formed between

the first, second and third nearest neighboring Mo atoms and Te atoms.

ML dy(Mo-Mo)/ A dyro-Mo)/ A d3(Mo-Mo)/ A 61 (Mo-Te-Mo) Oa(Mo-Te-Mo) 63(Mo-Te-Mo)
MoTeF 3.70 4.24 5.72 81.94 95.85 164.47
MoTeCl 3.90 4.29 5.71 87.06 96.79 161.32
MoTeBr 3.99 4.29 5.71 89.18 96.83 160.74
MoTel 4.12 4.28 5.69 92.40 97.05 159.54

# 4 MoTeX (X =F, Cl, Br, I) B2 R H 4051 50 45 n) 5S4 AR
Table 4. Magnetic exchange constant and magnetocrystalline anisotropy energy of MoTeX (X = F, Cl, Br, I) monolayer.

ML Ji/eV Ja /eV Js/eV  E[100]/(peV-atom!)  E[010]/(peV-atom™')  E[001]/(peV-atom ) T./K
MoTeF 0.14 7.72 -0.22 0 487 782 114
MoTeCl 1.85 6.65 1.70 0 613 518 195
MoTeBr 3.79 6.25 -5.31 0 91 430 111

MoTel 4.76 6.08 -3.93 0 282 165 92

—@- Capacity

| @ Capacity

—8— Magnetic 3.0 | -8 Magnetic | 3.0

- 2.0 .
£ 25 g 25 2.5
= =
g 20 15 5 £ 20 20
9 B 9 ks
S| < & <
o 15 & o 15 1.5 &
+§ 1.0 O 4(; ®)
& 1.0 @ 1.0 1.0
= 0.5 : 0.5 - ) !

2 T, =144.75 K | 0-5 Th = 194.55 K| 0-5

1 1 1 1 1 () 1 1 1 ‘I 1 ()
50 100 150 200 250 300 50 100 150 200 250
Temperature/K Temperature/K
2.0 : 2.0
(c) ! —@- Capacity —@- Capacity
; —8— Magnetic 2.0 —8- Magnetic
m M —42.0
I 1.5 1.5 3
= =
g =15
g z g {15 2
£ 10 10 8 g E
o % < 1o &
2 O S 11.0 ©
g =
& 5
< 05 0.5 =
2 : = 0.5 o5
T =111.45 K | T =

() 1 1 : 1 1

92.02 K

50 100 150 200 250
Temperature/K

50 100 150 200 250
Temperature/K

& 6 MoTeX (X =F, Cl, Br, I) B2 (M REHE N LA BEHRE 975 L  (a) MoTeF; (b) MoTeCl; (c) MoTeBr; (d) MoTel
Fig. 6. Magnetic moment and specific heat as a function of temperature for MoTeX (X = F, Cl, Br, I) monolayers: (a) MoTeF;

(b) MoTeCl; (¢) MoTeBr; (d) MoTel.
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Fig. 7. Angular dependence of the magnetic anisotropy energy for the MoTeX (X = F, Cl, Br, I) monolayers along the zoy, yoz, and

zoz planes: (a) MoTeF; (b) MoTeCl; (¢) MoTeBr; (d) MoTel.
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TeX (X = F, Cl, Br, I) monolayers, the ferroelastic switching will rotate the easy magnetization axis by 90°, as illustrated by the

red arrows; (b) relative energy of the MoTeX monolayers along the ferroelastic transition path.
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Intrinsic multiferroic semiconductors with magnetoelastic
coupling: two-dimensional MoTeX (X = F,
Cl, Br, I) monolayers”
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(Center of Advanced Lubrication and Seal Materials, School of Material Science and Engineering,
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Abstract

Two-dimensional materials with both ferromagnetism and ferroelasticity present new possibilities for
developing spintronics and multifunctional devices. These materials provide a novel method for controlling the
direction of the magnetization axis by switching the ferroelastic state, achieving efficient and low-power
operation of magnetic devices. Such properties make them a promising candidate for the next generation of non-
volatile memory, sensors, and logic devices. By performing the first-principles calculations, the ferromagnetism,
ferroelasticity, and magnetoelastic coupling in MoTeX (X = F, Cl, Br, I) monolayers are systematically
investigated. The results indicate that the MoTeX monolayers are intrinsic semiconductors holding both
ferromagnetism and ferroelasticity. The pronounced in-plane magnetic anisotropy suggests that the MoTeX
monolayers can resist thermal disturbances and maintain long-range magnetic order. The Curie temperatures of
MoTeX monolayers are 144.75 K, 194.55 K, 111.45 K, and 92.02 K, respectively. Our calculations show that the
four MoTeX monolayers possess two stable ferroelastic states, with their easy magnetization axes perpendicular
to each other. The ferroelastic transition barriers between the two ferroelastic states of MoTeF, MoTeCl,
MoTeBr, MoTel monolayers are 0.180 eV/atom, 0.200 eV/atom, 0.209 eV/atom, and 0.226 eV/atom,
respectively, with their corresponding reversible strains of 54.58%, 46.32%, 43.06%, and 38.12%. These values
indicate the potential for reversible magnetic control through reversible ferroelastic transition at room
temperature. Owing to their unique magnetoelastic coupling properties, MoTeX monolayers exhibit the ability
to control reversible magnetization axis at room temperature, laying the foundation for the development of

highly controllable and stable spintronic devices.

Keywords: two-dimensional materials, density functional theory, ferromagnetism, ferroelasticity, magneto-

elastic coupling
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