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Fig. 1. (a) Schematic diagram of the selection of TM element in the two-dimensional equivalent alloy compound CrTMIg; (b) ferro-
magnetic configuration and two antiferromagnetic configurations of monolayer CrTMI; considered in high-throughput calculations;
(c) exchange energy of CrTMI; monolayer before and after GGA+ U method applied, where E,; = Expyy —
Epvgs

Eryi, B = Earve —
E(U)y and E(U) o are the corresponding values using GGA+ U.
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Table 1. Exchange energy of 2x2 supercells of
CrTMIg monolayer.

L eV
ps
Eext FEexo EQ)ea  E(U)ex
CrMolg 219.40 315.84 108.58 196.34
CrZnlg 62.14 62.06 33.52 34.48
CrScl; 19.53 19.49 23.13 23.00
CrRhlg 17.97 17.94 25.99 25.91
CrYI, 10.65 10.66 13.90 13.88
CrTilg 72.12 146.71 150.49 -82.80
CrRul; -101.15 66.06 14.58 -8.83
CrColg 25.84 25.88 80.72 -235.76
CrMnlg  -150.41  -150.73 150.10 157.28
CrAglg -29.97 4.74 21.69 -32.62
CrCdl, -20.45 -52.78 -39.27 9.51
CrCulg -52.43 -132.37 -7.68 —65.38
CrNilg -194.93  -231.25 -51.18 —45.46
CrPdl, -313.25  -359.92 -24.18 —67.84
CrZrl -290.64  -385.45 2.73 =77.70
CrFelg -292.42  -399.20 —62.40 -121.16

CrTclg -98.88 -146.83  -301.14 -1104.20
CrNblg 65.53 337.29 -698.92 —681.61
CrVI, 219.46 211.92 ~776.31 ~718.52

o CrRulg, CrMnlg. i, A48 GGA + U
G50ORE, 1931 T 6 FhERREAELRN 13 Fh SOk
BE (B 1(c) B3k 1). (ERFEREMZ, AR TR,
CrMolg FJZ WRETHERR & 16 LA A B84k, T HL,
TERRREAT R, CrMolg MY EACHRE R R, RIERRLHE
AR, K, TER TN, ¥ EZE CrMolg #
SRR BT HCORIR AR SY. R T 45 3 nEaf
IR ANFZEATIN U 5 1 R A0 6 W R PR
HARAE T EH AT,
F 2 AWSBITE TM FHEERIR U

Table 2.  Value of U used for the transition metal

element TM.

R UfeV
\% 3.1
Cr 3.522
Mn 3.9
Fe 4.0122
Co 3.4
Ni 6.022
Cu 4.0122
7n 5.0023]
Nb 2.0124
Mo 3.5022]
Tc 2.3k
Ru 2.4024]
Rh 2.824
Pd 3.324
Ag 5.1(2%
cd 6.017

3.2 HBJE CrMol; & RIZE

EFXTELZE CrMoly, 76 iR FFEAM I 4 it
— BT 6 FTRER A &R THEIZEH (8] 2(a)).
Xt T Cr JE&FH Mo J5F, {13 2 H T8 iyt 1
{EDRIE 1 2% R R L T, T2 SRR, C2 4
I RE AR, X —Z5 M A2 AE Mo(Cr) JEFi—
R, XA BERIZES AR E AL WniEl 2(b)
R, C2 AAIHE) Mo JRFRIPAIE 2R 6.5 A,
Mo il Cr J5i B[R] b sl T SR AEAR 218 B g ik
MR Tt

SR RS E T AR AR S50 ] £ R
P LA B, XFHLUZ CrMolg B8l 14458
PEFNIERE AT T SE0EAS . Bk, T T 2
CrMol, W7 Fik a4, anfEl 2(c) BiR, 7R
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Fig. 2. (a) Six possible configurations of CrMolg monolayer that may exist; (b) energy difference of C1-C6 configuration relative to

C per chemical formula and the average bond distance between Mo-Mo; (¢) phonon spectrum of CrMolz monolayer; (d) molecular

dynamics simulation with duration of 10 ps, 300 K and the variation curves of system temperature and total energy, as well as the

structure at the end of simulation.
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Fig. 3. (a) Schematic diagram of six antiferromagnetic configurations of CrMolg monolayerand (b) energy difference per formula of
different antiferromagnetic configurations. (¢) Band structure of CrMolz monolayer. The solid red and blue lines represent the spin-
up and spin-down channels, respectively. (d) schematic diagram of orbital evolution and energy level difference of Cr and Mo alloy
systems. (e) Band structure of CrMolg monolayer in the spin-up state. The ey, and ty; orbitals of Cr and Mo atoms are shown in
light blue, dark blue, light red and dark red, respectively. The s and p orbitals of Cr, Mo, and I atoms are shown in gray. (f) Band

structure of CrMolg monolayer calculated with HSE06 functional.
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Abstract

Two-dimensional magnetic semiconductors have received extensive attention due to their combination of
magnetism, semi-conductivity and special two-dimensional structures, which also provide a new idea and
platform for developing the nanometer spintronic and optoelectronic devices and also for conducting the related
basic theoretical research. However, in addition to the common problems of two-dimensional magnetic
semiconductor materials, such as volume manufacturing and environmental stability, the two-dimensional
magnetic semiconductor materials have the unique difficulty, i.e. low Curie temperature, which makes it
difficult to maintain ferromagnetic coupling at higher temperature. For example, the Curie temperature of the
existing Crl; monolayer is lower than 45 K, while that of the CryGe,Tesz double-layer is only 20 K, which is far
lower than the room temperature. Therefore, how to improve the Curie temperature of two-dimensional
magnetic semiconductor materials through various approaches is one of the important issues that need to be
resolved in this field of research. Based on the first-principles calculations, the exchange energies of a series of
two-dimensional bimetallic iodides CrTMIg (TM denotes transition metal elements in fourth and fifth rows)
constructed from the lattice of Crl; monolayer are preliminarily calculated and screened. Structures are fully
relaxed until the force and the energy are converged to 0.01 eV/A and 106 eV, respectively, and the
ferromagnetic CrMoly monolayer is selected. Further calculations show that the band structure of the CrMolg
monolayer exhibits ideal semiconductor characteristics with a band gap of about 1.7 eV. At the same time,
theoretical calculations with considering the spin-orbit coupling show that the CrMolgy monolayer has a
considerable magnetic anisotropy (741.3 peV/TM), and its easy axis is perpendicular to the two-dimensional
plane. Monte Carlo simulation based on the Heisenberg model predicts that the Curie temperature of CrMolg
monolayer reaches 92 K, which is about twice that of the Crl; monolayer. The molecular dynamics and phonon
spectrum calculations also prove that it has both thermal and kinetic stability. In addition, under the condition
of applying compressive and tensile strain, its ferromagnetic coupling shows strong stability. This kind of
magnetic transition metal halide which can be synthesized by alloying will further expand the family of two-
dimensional magnetic materials and their applications in the field of spintronic devices.
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