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The two-dimensional (2D) Janus monolayers are promising in spintronic device application due to their enhanced
magnetic couplings and Curie temperatures. Van der Waals CrCls monolayer has been experimentally proved to have an
in-plane magnetic easy axis and a low Curie temperature of 17 K, which will limit its application in spintronic devices. In
this work, we propose a new Janus monolayer Cr,Cl3S3 based on the first principles calculations. The phonon dispersion
and elastic constants confirm that Janus monolayer Cr,Cl3S3 is dynamically and mechanically stable. Our Monte Carlo
simulation results based on magnetic exchange constants reveal that Janus monolayer Cr,Cl3S3 is an intrinsic ferromagnetic
semiconductor with T¢ of 180 K, which is much higher than that of CrCl3 due to the enhanced ferromagnetic coupling
caused by S substitution. Moreover, the magnetic easy axis of Janus Cr,Cl3S3 can be tuned to the perpendicular direction
with a large magnetic anisotropy energy (MAE) of 142 neV/Cr. Furthermore, the effect of biaxial strain on the magnetic
property of Janus monolayer Cr,Cl3S3 is evaluated. It is found that the Curie temperature is more robust under tensile strain.
This work indicates that the Janus monolayer Cr,Cl3S3 presents increased Curie temperature and out-of-plane magnetic
easy axis, suggesting greater application potential in 2D spintronic devices.

Keywords: first-principles calculations, 2D materials, magnetic properties, ferromagentic semiconductor

PACS: 63.20.dk, 75.70.Ak, 75.50.Pp, 61.82.Fk

1. Introduction

In recent years, two-dimensional (2D) magnetic material
based spintronic devices have attracted much attention due
to their fast response and low energy drive.l!'=3] At present,
many 2D magnetic materials have been reported, such as
2D Cr;Ge,Teg, [ CrCl3,B! Crls, [0 and Fe;GeTe, (FGT).!!
Unfortunately, their application is limited due to their low
Curie temperatures (7c). For example, the recently realized
Cr,Ge,Teg bilayer®! and Crl; monolayer!® have low Curie
temperatures of 30 K and 45 K, respectively.

In order to overcome the limitation and further increase
the T¢ of the 2D ferromagnetic monolayer, various physical
and chemical methods have been developed, such as apply-
ing strain,®! van der Waals engineering,™!%! built-in elec-
tric field,!'' and atomic substitution doping,!'?! etc. Among
them, 2D Janus monolayers, which can be formed by sub-
stituting different elements on one side of 2D ferromagnetic
(FM) monolayers, have attracted wide attention due to their
outstanding electronic and magnetic properties.!'3~!>1 Hu et al.
found that compared with Fels monolayer, the ferromagnetic
coupling of Janus Fe;I3Cl; is stronger, and the Curie temper-
ature increases from 77 K to 260 K.['%1 Li e al. reported that
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the T¢ of Janus monolayer GdIBr is 260 K,!'7! which is higher
than that of monolayer GdI, of 241 K.[81 Moerover, Wu et
al. revealed that the Curie temperature of Janus Cr;Br3S3 is
increased to 353 K compared with the 34 K of CrBr3.['] Tt
was reported that, by replacing 50% Cr atoms with W atoms,
the Curie temperature of CrWClg can be increased to 76 K. 2]
These reports above show that high T¢ can be obtained by con-
structing corresponding Janus monolayers.

In this work, a new 2D Janus monolayer, Cr,Cl3S;3 is
proposed by substituting the Cl atoms on one side of CrCls
monolayer with S atoms. The electronic structure and mag-
netic property of 2D Janus Cr,Cl3S3 are systematically studied
based on the first-principles calculation and Monte Carlo sim-
ulation. The magnetic exchange constants (J1, J2, J3, and Jy)
are calculated using the first-principles linear response (FPLR)
method. We find that the 2D Janus monolayer Cr,Cl3S3 struc-
ture is a stable ferromagnetic semiconductor with a Curie tem-
perature of 180 K, which is significantly larger than that of
CrClz monolayer (17 K). In addition, the effect of biaxial
strain on the magnetic property of monolayer Cr,Cl3S3 is also
studied. By applying appropriate in-plane biaxial strain, its T¢

can be further increased to 192 K.
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2. Methods

The first-principle calculations are performed using the
Vienna ab initio simulation package (VASP)?1?2l based on
density functional theory (DFT), and the interaction between
electrons and ions is treated by projector augmented wave
(PAW) potential method.?>?* The exchange potential is de-
scribed by generalized gradient approximation (GGA), and
Perdu—Burke—Emzerhof (PBE) functional!®! is used as the
correlation potential for structural optimization and electronic
structure calculation. To correctly describe the correlation ef-
fects of Cr-d orbital electrons, the GGA plus Hubbard correc-
tion (GGA +U) method!*®! is adopted with the U = 3.0 eV
for Cr element, which has been used in previous studies of
CrX3 (X =1, Br, Cl).m’zg] The Brillouin zone is sampled by
using a 10x10x1 I'-centered Monkhorst—Park k-point grid.
The cutoff energy of the plane-wave is set to be 500 eV to en-
sure accuracy, while the convergence criteria of the force and
the energy are set to be 0.01 eV-A~! and 1077 eV, respec-
tively. To avoid the interaction between adjacent layers, a vac-
uum layer of 20 A is inserted along the Z direction. The weak
van der Waals in monolayer Janus Cr,CI3S3 is described by
the empirical correction method of DFT-D3.[>"! The phonon
dispersion is calculated using the density functional perturba-
tion theory (DFPT)[*"! approach embedded in the PHONOPY
code with 3x3x1 supercells. A 4x4x1 supercell is used for
AIMD simulation in the canonical (NVT) ensemble to evalu-
ate its thermal stability, and the AIMD simulation is performed
for 5 ps with a time step of 1 fs at its magnetic transition tem-
perature. The magnetic anisotropy energy (MAE) of Janus
Cr,Cl3S3 monolayer is calculated by considering the spin—
orbit coupling.

The magnetic exchange constants are calculated using the
first-principles linear response (FPLR) method implemented
in WIEN2K, 3!l which is based on a combination of the mag-
netic force theorem!®?! and the linear response method.?334]
Based on the FPLR method, the exchange constants can be
obtained by calculating the second variation of total energy of
the target magnetic material with a small deviation of mag-
netic moment. Using this technique, the lattice Fourier trans-
form J(g) of the exchange interaction J(R;) can be computed
directly, therefore the exact long-range exchange interactions
can be obtained. Recently, this method has been successfully
applied to study the magnetic interaction in many magnetic
materials such as transition metal dihalide monolayers,®!
Cu3TeOg, KoCuSO4Cl,, and K;CuSO4Br,.13%-381 The Curie
temperature of CroCl3S3 monolayer is estimated by Metropo-
lis Monte Carlo (MMC) methods, as implemented in the SEU-

mtc program. 3!

3. Results and discussion
3.1. Structure and stability

The top and side views of the optimized 2D Janus
Cr,CI3S3 monolayer are shown in Figs. 1(a) and 1(b). The
Janus CrpCl3S; monolayer is obtained by substituting Cl
atoms with S atoms on one side of the CrCl; monolayer. As
shown in Fig. 1(b), each Cr atom has six closest neighboring
atoms, with Cl atoms on one side and S atoms on the other
side. The crystal structure of Janus CryCl3S3 monolayer be-
longs to space group P31M (No. 157), and the optimized in-
plane lattice constants is 6.24 A, which is close to that of CrCls
(6.11 A) and Crl;z (7.00 A).101 The total magnetic moment of
Janus Cr,Cl3S3 monolayer is 3.82 ug, which is mainly contri-
bution by Cr** (3.02 ug). The detailed structural information
is summarized in Table S1 of supporting information.

The phonon dispersion of Janus Cr,Cl3S3 monolayer is
calculated by the DFPT method to verify its dynamic stabil-
ity. As shown in Fig. 1(c), the phonon dispersion in the whole
Brillouin zone exhibits no obvious imaginary frequency, in-
dicating the crystal lattice is dynamic stability. In addition,
the elastic constants of Janus Cr,Cl3S3 monolayer are calcu-
lated to estimate the mechanical stability. The calculated elas-
tic constants of Janus CryCl3S3 are Cy; = Cyp = 58.777 N/m,
C12» = 36.489 N/m, Cgg = 11.144 N/m, which satisfy the Born
stability*!! conditions: Cy; > 0, C1; > |C12
Cr,CI3S3 monolayer mechanical is mechanical stable.

, indicating Janus

We further verify the thermal stability of Janus CryCl3S3
monolayer through AIMD simulation for 5 ps with a time step
of 1 fs at 180 K (our prectied Tc) using NVT ensemble. As
shown in Fig. S1, Janus Cr,Cl3S3 monolayer could maintain
its crystal structure without obvious structural restructuring,
which indicates the stability under the magnetic transition tem-

perature.

(c) 8

[}

Frequency (THz)
N IS

b r M K r

Fig. 1. (a) Top and (b) side views of the optimized 2D Janus Cr,Cl3S3. The
magnetic exchange constants are defined by the arrow J;, Jo, J3, Ji. Cr,
CI, S atoms are represented by blue, green, and yellow spheres, respectively.
(c) Phonon dispersion of the Janus Cr,Cl3S3 monolayer.
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3.2. Electronic structure and magnetic properties

To determine the magnetic ground state of Janus
Cr,Cl3S3 monolayer, we consider various possible magnetic
configurations through the 2x2x1 CryCl3S3 monolayer, in-
cluding one ferromagnetic and three types of antiferromag-
netic states (ZZ-AFM, Neel-AFM, stripy-AFM), as displayed
in Fig. 2. The relative energy is defined by E\. = Eapm — ErM,
where Eapm and Epy represent the total energy of AFM and
FM orders. The calculation results are listed in Table 1. The
positive E;. indicates that the Cr,CI3S3 monolayer favors FM
coupling.

Table 1. Relative energy of different magnetic configurations of Cr,Cl3S3
monolayer. The energy of ferromagnetic (FM) state is set to zero.

Magnetic configurations CrpCl3S3 (eV)
FM 0
77-AFM 1.347
Neel-AFM 1.802
Stripy-AFM 3.732

(b) ZZ-AFM

o

Fig. 2. Four considered magnetic orders of Cr,Cl3S; monolayers:
(a) FM, (b) ZZ-AFM, (c) stripy-AFM, (d) Neel-AFM. The red and blue
arrows represent the spin up and spin down orientations, respectively.

To further analyze the electronic property and spin behav-
iors of magnetic ground state of Janus Cr,Cl3S3 monolayer,
its band structure and density of states (DOS) are calculated

by PBE +U and given in Fig. 3(a). It is seen that Cr,Cl3S3
monolayer is a ferromagnetic semiconductor with a bandgap
of 0.44 eV. In addition, the HSEQ6 functional is also used to
give a more precious electronic band structure information. As
shown in Fig. S3, Janus Cr,CI3S3 monolayer is a semicon-
ductor with a bandgap of 1.47 eV. From the DOS and pro-
jected density of states (PDOS) shown in Figs. S2(a)-S2(c),
we can see that the valence band maximum (VBM) located
at the I" point is dominated by p orbitals of halogen cations.
The conduction band minimum (CBM) located at the I" point
comes from the hybridization of S-p, Cr-d orbitals. In addi-
tion, figures 3(b) and 3(c) show the atom-resolved band struc-
ture of Janus Cr,Cl3S; monolayer. As shown in Fig. 3(b),
there are four Cr atom energy bands above the Fermi level,
indicating that each Cr atom has two unoccupied and three oc-
cupied states, which is consistent with the calculated magnetic
moment of Cr (3.02 ug). In addition, it is found that there
are three S atom energy bands above the Fermi level, which
indicates that each S atom has an unoccupied state and the va-
lence state of S is —1. In summary, the ferromagnetism of
Janus Cr,Cl3S3 monolayer results from the coupling between
the partially filled d orbital of the Cr cations and the p orbital
of the S anions.

The magnetic exchange constants are the basis for un-
derstanding the magnetic properties. Here, we use the
FPLR method to calculate the magnetic exchange constants
of Cr,CI3S3 monolayer. All magnetic exchange constants of
Cr,CI3S3 monolayer can be obtained in one time without con-
sidering various magnetic configurations, the exchange inter-
action constants J1, J», J3, J4, J5, Jg, J7 are given in in Table S3
of supporting information. The negative J represents the fer-
romagnetic coupling, and the positive value represents the an-
tiferromagnetic coupling. It is seen that with the increase of
distance, the strength of magnetic coupling becomes weaker,
therefore only the major constants with bond lengths less than
11 A are listed in Table 2 and used for the Curie temperature
calculation below.

(a)4 — (b) 4 (c) 4
— %%
—_— ——— |
3r 3 3t
=, I =71 ¢ s
o 2 _—— o 2r 2L 2y
. <3 Cr
& — Spin up 5 al - al
5 —— Spin down ro1t Lot g
g 1r &) L R
£
[ — T—— ~ - 0
0
~N~~~——————— ?
12;; _/,_a/ _1;4 —
r M K T r M K r r M K r

Fig. 3. (a) Electronic band structure of Cr,Cl3S3 monolayer. Red represents the spin-up energy bands and black represents the spin-down
energy bands. Atom-resolved band structures in (b) the spin-up channel and (c) the spin-down channel.
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Table 2. Calculated magnetic exchange constants (in unit meV) of Cr,Cl3S3 3.5 o
monolayer. The second and third columns indicate the corresponding Cr—Cr ’é_”: 2.5 130 =
distances and the number of neighbors. ~ T v, T B
2 2.0F v, 125 §
Distance (A) NN J (meV) g S 8
5 15¢ A 12.0 3
Ji 3.463 3 -24.050 = ] 115 7
N \ : Q
b 5.999 6 1.431 = 1.0r A 1.0 e
¥ 110 %®
5 6.927 3 1.195 = =
& 0.5 s
J4 9.163 6 0.101 = 10.5 g

& 1 1 0

100 200 300

It is seen from Table 2 that the Cr,Cl3S3 monolayer ex-
hibits ferromagnetic order. The nearest neighbor magnetic
coupling J; is decided by the competition between the direct
exchange between Cr—Cr direct exchange and the Cr—S(Cl)-
Cr superexchanges. The absolute value of J; is significantly
larger than that of CrCls (5.21 meV)!?%! and Crl3 (6.62 meV),
suggesting the ferromagnetic coupling in Cr,Cl3S3 monolayer
is significantly enhanced through the superexchange of S ele-
ment.

Magnetic anisotropy energy is another critical parameter
affecting the long-range ferromagnetic order of 2D systems,
which is defined as the energy required for the magnetization
direction of the ferromagnet rotates from the easy axis to the
difficult axis, and can be used to evaluate the ability of the
ferromagnetic system to resist environmental thermal fluctua-
tions. Here, MAE is defined as MAE = E[jog] — E[OOI],DSAZJ
where E[jo and Ejogq) are the total energies when magneti-
zation is in in-plane and out-of-plane directions, respectively.
The negative (positive) MAE denotes easy axis is along the in-
plane (out-of-plane) direction. The MAE of Cr,Cl3S3 mono-
layer is 142 pueV/Cr, which is larger than that of CrClz mono-
layer (40 neV/Cr ) and comparable to that of Janus Crp13S;3
monolayer (158 peV/Cr).!']

Based on the calculated magnetic exchange constants
(/) and MAE, we use the following Heisenberg model and
Monte Carlo simulation to estimate the 7¢ of Cr,Cl3S3 mono-
layer, which shows high reliability in terms of predicting the
Tc of the Crl3 monolayer./**! Here, a 50x50x 1 supercell of
Cr,CI3S3 monolayer is used. The Hamiltonian quantity is de-
fined as

H=Y JijSi-S;— LA, )

i<j i

where J;; is exchange coupling parameters and A is the mag-
netic anisotropy energy. The full spin (S = 3/2) is included
in this model. §; and §; are the spin vectors at sites i and j.
From the peak position in the magnetic susceptibility curve
marked by the dotted line in Fig. 4, we can estimate that the
Tc of the Janus CrCl3S3 monolayer is 180 K, which is signif-
icantly higher than the magnetic transition temperature of the
parent CrCl3 monolayer (17 K).[?] The results show that the
enhanced ferromagnetic coupling of Janus Cr,Cl3S3 mono-
layer, has a significant effect on the enhancement of 7¢. There-
fore, it is feasible to enhance the 7¢ of CrCl; monolayer can
be enhanced by constructing Janus monolayer CryCl3Ss.

Temperature (K)

Fig. 4. Monte Carlo simulations of the magnetization and magnetic
susceptibility for the Cr,Cl3S3 monolayer.

3.3. Strain effect

Strain is an effective approach to modulate the electronic
structure and magnetic properties of the low-dimensional ma-
terials. Here we find that the biaxial strain has a significant reg-
ulating effect on the magnetic property and Curie temperature
of Janus CrpCl3S3 monolayer. The magnetic exchange con-
stants as a function of biaxial strain are exhibited in Fig. 5(a).
It is seen that the magnetic order of Janus Cr,Cl3S3 mono-
layer is FM and determined by J; from —4% to 6%. While
under the compressive strain of —6%, the J; becomes positive
AFM coupling, however, the J; is still smaller than ||, indi-
cating the magnetic order of the Cr,Cl3S; monolayer now is
dominated by the ferromagnetic coupling constant J», and the
ground state still favors FM coupling. The relative energies of
CryCl3S3 monolayer under —4% and —6% are also given in
Table S2 to verify the ferromagnetic ground states. The elec-
tronic band structures of the Janus Cr,ClI3S3 monolayer un-
der different biaxial strains from —6% to 6% are also given in
Fig. S4. Tt is seen that the semiconductor behavior of Cr,Cl3S3
monolayer maintains from —2% to 6%, while it transforms to
metal under the strain of 4% and 6%. It is noteworthy that it
becomes a bipolar magnetic semiconductor (BMS) when biax-
ial strain is applied at 2% tensile strain and —2% compression
strain, respectively.

The Curie temperature as a function of the biaxial strain
is shown in Fig. 5(b). We find that the Curie temperature of
Janus Cr,CI3S3 monolayer is robust under tensile strain, and
the increased Tc may be related to the weaker FM coupling
J1 and weaker AFM coupling J;. On the contrary, the Curie
temperature of Cr,Cl3S3 monolayer is more complicated un-
der compressive strain. It first drops sharply from 180 K to
50 K, and then increases from 50 K to 80 K, which can be
understood by analyzing the variation of magnetic exchange

U191 The sharp drop can be ascribed to the sharp de-

constants.
cline in J; strength. While under compressive strain from
—4% to —6%, J, becomes negative FM coupling, which plays
significant roles in the magnetic order, and the increase of |J2|

may be responsible for the increase of Curie temperature.
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Fig. 5. Strain-dependent (a) magnetic exchange constants and (b) mag-
netic transition temperature (7¢) of Janus monolayer Cr,Cl3S3 under
biaxial strains.

4. Conclusion

In conclusion, the electronic structure and magnetic prop-
erty of Janus monolayer Cr,Cl3S3 are systematically stud-
ied by using the first-principles calculations. The calcu-
lated phonon dispersion and elastic constant verify that the
Cr,Cl3S3 monolayer is mechanically and dynamically stable.
The Cr,CI3S3 monolayer is found to be an FM semiconductor
with a Curie temperature of 180 K, which much higher than
that of the intrinsic CrCls. The increased T¢ can be attributed
to the enhanced ferromagnetic coupling in Cr,Cl3S; mono-
layer due to the additional Cr—S—Cr superexchange. More-
over, the magnetic easy axis of Janus Cr,Cl3S3 can be tuned
to the perpendicular direction with a large magnetic anisotropy
energy (MAE) of 142 pueV/Cr. In addition, the Curie tempera-
ture of Cr,Cl3S3 monolayer can be further increased to 192 K
under tensile strain. This work demonstrates that the high T¢
ferromagnetic semiconductors can be achieved in Janus mono-
layers, and a detailed understanding of the magnetic exchange
interactions of Janus materials will contribute to the develop-
ment of new ferromagnetic materials with superior properties.
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