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ABSTRACT: In the field of low-energy-consumption applications,
electrical control of magnetism has attracted considerable research
attention. Here, we report that the Janus Cr,S,Se monolayer, where
Se atoms substitute the upper S layer in the Cr,S; monolayer, is
structural stable. We find that the Janus Cr,S,Se monolayer favors
the ferromagnetic configuration with a high Curie temperature of
279 K, and shows semiconducting characteristics with an indirect
band gap of 0.44 eV and a valley splitting of 33 meV. By
constructing a van der Waals multiferroic heterostructure combined
with a-In,Se; monolayer, its interlayer magnetism can be switched
between two types of magnetic coupling via nonvolatile m 2
manipulation of the ferroelectric polarization. Our study reveals = © SeinCrS:Selayer O Sein In:Ses layer Charge density (¢/A)
the switchable magnetism of the Janus Cr,S,Se monolayer, making

it promising candidates for use in next-generation low-dimensional spintronics applications.
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1. INTRODUCTION 2D materials, particularly those with electrically controllable
magnetism.

In this work, we systematically investigate the structural,
electronic, and magnetic properties of the Janus Cr,S,Se

Magnetoelectric multiferroic materials have garnered signifi-
cant research attention, owing to their coupled ferromagnetic
(FM) and ferroelectric (FE) properties, which enable electric

field control of magnetism.l’2 Among them, two-dimensional monolayer. This Janus structure is derived from the Cr,S;
(2D) multiferroics are particularly promising for achieving monolayer by substituting the upper S layer with Se and
further miniaturization and enhanced integration in spintronic exhibits high structural stability for potential experimental
devices.>* As material dimensions are reduced to the atomic realization. It is found to be an indirect-band gap semi-
scale, however, many physica] Properties present in their bulk conductor exhibiting pronounced valley polarization with
counterparts can change dramatically or even vanish.””’ enhanced valley splitting. It also possesses intrinsic electric
Realizing multiferroicity in 2D materials is particularly polarization and ferromagnetism with a high Curie temper-
challenging as a result of the complex interactions among ature (T). Moreover, for the vdW multiferroic heterostructure
charge, spin, and lattice structures.”” Consequently, the search composed of the Janus Cr,S,Se and a-In,Se; monolayers, the
for and understanding of 2D multiferroic materials has become interlayer magnetic coupling in the Cr,S,Se layer can be
a forefront research area in condensed matter physics and reversibly switched between the FM and antiferromagnetic
materials science. (AFM) states by means of reversing the ferroelectric

Both theoretical and experimental studies have made polarization direction of the a-In,Se; layer. Overall, our
substantial progress in addressing this challenge through findings identify the Janus Cr,S,Se monolayer as a promising

: . . . . 10,11 :
innovative material design strategies. A particularly candidate for realizing magnetoelectric multiferroicity in 2D

effective strategy inyolves constructir}g van der Waals (vdW) heterojunctions, and the insights gained here can be extended
heterostructure, which offers an exciting platform to explore to guide the discovery of other novel switchable 2D functional

. . . . .34
multitudinous properties such as 2D multiferroics.” However, materials.

a critical challenge remains in the design of materials that can
serve as highly responsive components within these hetero-
structures. Janus structures inherently break mirror symmetry
and thereby induce many interesting properties.'”~'® Over the
past decades, extensive efforts have been devoted to exploring
Janus materials with exotic electronic and magnetic properties,
such as chromium-based halides'”'® and dichalcogenide
halides.'” It creates opportunities for exploring multifunctional
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Figure 1. Crystal structure of the Janus Cr,S,Se monolayer shown as (a) top and (b) side views. In the schematic, Cr, S, and Se atoms are
represented by blue, yellow, and orange spheres, respectively. The nearest-neighbor Cr—S/Se—Cr, Cr—S/S—Cr, and second-nearest-neighbor Cr—
S/S—Cr exchange paths are represented by red, blue, and green arrows, respectively. Black dashed lines show the unit cell. (c) Spin density of the

Janus Cr,S,Se monolayer with an isovalue of 0.07 e/Bohr’.

2. METHODS

The first-principles calculations based on density functional theory
(DFT) are performed using the Vienna ab initio simulation
package.”””' The Perdew-Burke-Enzerhof functional within the
generalized gradient approximation and the projector-augmented-
wave method are used to describe the exchange-correlation
potential. > >* The plane wave energy cutoff is set to 600 eV. To
consider the strong correlation effect among Cr-3d electrons, we test
different effective U values and adopt U = 3.0 eV, consistent with
previous studies,” >* as shown in Figure S1 in the Supporting
Information (SI). All structural relaxations are performed until the
convergence criteria were met, with that for energy and atomic force
setat 1 X 107 eV and 1 X 107> eV-A™", respectively. The electronic
configurations 3d%4s', 3s?3p*, 4s’4p*, and 5s*Sp' are considered as the
valence states of Cr, S, Se, and In, respectively. A vacuum spacing
larger than 15 A is added along the out-of-plane direction to eliminate
interactions between periodic images. A 2 X 2 X 1 supercell with 7 X
7 X 1 k-point grid are adopted for the calculations of exchange
coupling parameters and phonon spectrum, with the former evaluated
using the single-point energy mapping method” ' and the latter
obtained using the PHONOPY code and the finite displacement
method.**** A 11 X 11 X 1 k-point mesh is used to calculate the band
structures and magnetocrystalline anisotropy energies (MAEs). For
the ab initio molecular dynamics (AIMD) simulations, a 3 X 3 X 1
supercell is constructed, and only the I'-point is used for Brillouin
zone (BZ) sampling. The simulations were performed at 300 K for a
total duration of 8 ps. Monte Carlo (MC) simulations based on the
Heisenberg model are performed on a 30 X 30 X 1 supercell to
determine the magnetic transition temperature.

3. RESULTS AND DISCUSSIONS

3.1. Structural Properties

The crystal structure of the Janus Cr,S,Se monolayer, which
belongs to the P3ml space group (No. 156), is obtained by
substituting the upper S atoms in the Cr,S; monolayer with Se
atoms. As illustrated in Figure 1a,b, each primitive cell contains
two nonequivalent magnetic Cr atoms, forming a honeycomb
lattice in-plane and stacked perpendicularly along the z
direction with a S layer in the middle. The upper Se and
bottom S atoms are located at (2/3, 1/3, hg,s,) and the middle
S atoms are coordinated at (1/3, 2/3, hg;), respectively. To
obtain lattice parameters a and b and height parameters h, both
the lattice and atom coordinates are fully relaxed. The
calculated lattice parameters are a = b = 3.54 A, while
parameters hg,, hg;, and hg, are 0.598, 0.499, and 0.406,
respectively. Notably, the lattice constant of the Janus Cr,S,Se
monolayer is about 1.7% larger than that of the Cr,S;
monolayer, attributed to the larger atomic radius of Se
compared to S, consistent with previous studies.”* >

A key question is whether this hypothetical structure is
stable and is experimentally realizable. To address this, we
examine the Janus Cr,S,Se monolayer from three comple-
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mentary aspects. First, we evaluate its energetic stability by
calculating the formation energy, defined as

E; = (B,,, — 2E., — 2E; — E)/S (1)
Here, E_ ., Ec, Es, and Eg, are the energies of the Cr,S,Se
monolayer and chromium, sulfur, and selenium in their stable
phases in ambient conditions, respectively. Encouragingly, the
calculated E; is negative, about —0.34 eV/atom, indicating that
the synthesis of the Janus Cr,S,Se monolayer is energetically
favorable and thermodynamically feasible. Experimentally,
some Janus monolayers have already been successfully
fabricated, such as MoSSe obtained via a controlled colloidal
chemical synthesis method.”” The techniques developed for
such Janus monolayers can, in principle, be readily adapted for
the preparation of Janus Cr,S,Se monolayer.

Second, we calculated the phonon spectrum of the Janus
Cr,S,Se monolayer. As shown in Figure S2 in the SI, all
phonon modes exhibit positive frequencies throughout the BZ,
confirming the thermal dynamical stability of the structure.
Finally, we perform AIMD simulations at 300 K up to 8 ps.
The Janus Cr,S,Se monolayer retains its structural integrity
without noticeable distortion during the simulation (see Figure
S3 in the SI). Overall, these results demonstrate that the Janus
Cr,S,Se monolayer possesses strong energetic, dynamic, and
thermal stabilities, suggesting that its experimental realization
is feasible. This stability foundation allows us to further explore
its magnetic and electronic properties in the following sections.

mon

3.2. Magnetic Properties

To identify the magnetic ground state and determine the
exchange coupling between different Cr—Cr pairs in the Janus
Cr,S,Se monolayer, we use a 2 X 2 X 1 supercell and examined
four distinct magnetic configurations as shown in Figure S4 of
the SI. These include the FM, the interlayer AFM (iAFM)
state with all-spin-up in the upper Cr layer and all-spin-down in
the lower Cr layer, and two ferrimagnetic configurations: iFM1
featuring a striped AFM in the upper Cr layer and all-spin-
down in the lower layer, and iFM2, in which the upper layer
has all-spin-down while the lower layer has a striped AFM
pattern. We fit the exchange parameters based on the
Heisenberg model as follows

H=H,-] ) §:§(n=1,2, 3)

<ij> )
Here, S; and S; are the spin vectors, J; and ], represent the
exchange paths in the upper and lower Cr layers, and J;
represents the interlayer exchange paths between the two Cr
layers, respectively, as illustrated in Figure 1. Obviously, the
positive and negative | values are the FM and AFM couplings,
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Figure 2. MC simulations of the (a) magnetic moment and (b) specific heat of the Janus Cr,S,Se monolayer as functions of temperature. The
magnetic moment and specific heat are represented by red and blue symbols, respectively. The calculated T, defined as the temperature at the

maximum of the specific heat, is shown in the inset.
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Figure 3. Projected band structures of the Janus Cr,S,Se monolayer considering SOC for the magnetization along the (a) —z and (b) +z directions.
The blue, black, and orange lines represent the Cr, S, and Se states. The enlarged conduction bands around the high-symmetric k points K and K’

are in the inset.

respectively. According to the model, the energies correspond-
ing to the four magnetic configurations are expressed as

Epy = Eo + (—12], — 12], — 4],) S,
Epviy = B + (+4], — 12],) $°,
Epyp = Eo + (—12] + 4],) $,

Eppm = Eo + (12, — 12], + 4],) §* 3)
From the calculated total energies of the four configurations,
we find that the Janus Cr,S,Se monolayer has the FM ground
state and the exchange parameters are ], = 7.02, ], = 8.90, and
J3 = 0.29 meV, respectively. For the magnetic ground state, the
absolute magnetic moment per magnetic atom is about 3.3 yj,
which indicates a S = 3/2 state. The strong interaction between
magnetic and nonmetallic atoms induces obvious spin
polarizations on S1, S2, and Se with magnetic moments of
0.2, 0.1, and 0.3 pg, respectively, as shown in Figure 1c. The
antiparallel ordered moments give rise to a net magnetization
of 3.0 ug per formula unit. According to the well-established
Goodenough-Kanamori-Anderson rules, the nature of super-
exchange interactions between two magnetic atoms is primarily
governed by the bond angle formed with the intervening
nonmetallic atom.”*~*° When the bond angle approaches 90°,
the FM coupling is typically favored, whereas an angle close to
180° generally gives rise to the AFM coupling. In the Janus
Cr,S,Se monolayer, the Cr-X-Cr (X = S and Se) bond angles
range from 75° to 96° indicating the predominant FM
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superexchange interactions along these superexchange path-
ways. The competing AFM direct exchange is effectively
suppressed, as reflected in the Bethe-Slater interaction (BSI)
curve,"' ™" leading to the FM ground state and all-positive
exchange parameters.

To sustain FM order in a 2D magnet at a finite temperature,
a sizable magnetic anisotropy is essential. To access this
property, we include spin—orbit coupling (SOC) in our
calculations for different spin orientations and evaluated the
MAE of the Janus Cr,S,Se monolayer. The uniaxial MAE is
calculated from the energy difference E,—E_, where E, and E,
are the total energies for the x and z axes, respectively. A
negative (positive) MAE denotes in-plane (perpendicular)
magnetic anisotropy. Our results show that the Janus Cr,S,Se
monolayer prefers an in-plane magnetic anisotropy with a
MAE of —64 ueV/Cr, which mainly comes from the Se-p,/p,
orbital, as shown in Figure S5 of the SL

Using the DFT-derived exchange parameters ] and magnetic
anisotropy constant A, we perform MC simulations based on
the anisotropic Heisenberg model

H=-] ) §8§ - YA, (n=1, 2, 3)
<ij> i (4)
to estimate the T of the Janus Cr,S,Se monolayer. Figure 2
depicts the temperature dependences of magnetic moment and
specific heat, where the peak position of the specific heat
corresponds to the estimated T¢. As shown in Figure 2, the
Janus Cr,S,Se monolayer exhibits a T¢ of approximately 279
K. This value is much higher than those of many 2D FM

https://doi.org/10.1021/acs.jpcc.5c08067
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Figure 4. Electrostatic potentials and plane-average charge densities of (a) the Janus Cr,S,Se monolayer and (b) the In,Se; monolayer. The
structures of these two monolayers are inset. The schematic models of Cr,S,Se/In,Se; heterostructure with (c) upward and (d) downward
polarizations in side views and those in (e) top view, in which the top views for two directions of polarization are the same. The directions of
polarizations are marked by gradual arrows, and the different directions of magnetic moments are marked by red and blue arrows. (f) In-plane
average charge density of the Cr,S,Se/In,Se; heterostructure with upward and downward polarizations. The enlarged structure of the Cr—S/S—Cr
path is inset, in which the structural deformations are marked by black arrows.

materials, such as the Crl; monolayer (45 K)° and the
Cr,Ge,Te, bilayer (28 K)© indicating its strong magnetic
stability and promising potential for experimental verification
and spintronic applications.

3.3. Electronic Properties

To elucidate the electronic properties of the Janus Cr,S,Se
monolayer, we calculate its projected band structure and
density of states (DOS), including SOC with the magnet-
ization oriented along the —z direction. As shown in Figures 3a
and S6 in the SI, our results show that it is an indirect-band
gap semiconductor with a band gap of 0.44 eV. The
conduction band minimum (CBM) is positioned at the high-
symmetric K/K' points and is predominantly contributed by
the Cr-3d orbitals, whereas the valence band maximum (VBM)
appears at the I" point and mainly originates from Se-p orbitals.
Further orbital projections assign the CBM mainly to the Cr-
d,”> orbital and the VBM to the Se-p, orbital, as shown in
Figure S7 of the SI. As a result of broken degeneracy, two
energetically distinct valleys emerge at the K and K’ points.
The energy of the K valley is lower than that of the K’ valley,
giving rise to a valley polarization characterized by a splitting of
AE = 33 meV. Here, AE is defined as AE = Ex—Ey, where Ey/
and Ey are energy levels at CBMs. For the +z direction, the
valley polarization is reversed and the value of AE becomes
—33 meV, as shown in Figure 3b. It should be noted that the
value of AE in the Janus Cr,S,Se monolayer is much higher
than that of the Cr,S; monolayer (22 meV),”* indicating that
the Janus structure enhances valley splitting and holds promise
for future valleytronic and data storage applications.

For the x-magnetization, the indirect band gaps of the Janus
Cr,S,Se monolayer become 0.50 eV. As shown in Figure S8 in
the SI, the band features and orbital occupations approximately
remain the same. Nevertheless, the valley polarization at K’
and K points disappears. We also calculate the spin-polarized
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band structure without the inclusion of SOC. As shown in
Figure S8 in the SI, the indirect band gaps become 0.54 eV.

3.4. Cr,S,Se/In,Se; Heterostructure

Both theoretical and experimental studies have demonstrated
that the vdW heterostructures integrating 2D materials with
diverse functionalities offer exciting platforms for realizing
emergent physical phenomena.**”* To modulate the exotic
magnetic properties of the Janus Cr,S,Se monolayer, it is of
great interest to construct a heterostructure with the
ferroelectric a-In,Se; monolayer and explore the possibility
of controlling its magnetism through the reversal of the electric
polarization. In particular, we focus on the potential enhance-
ment of transition temperature and valley polarization in such
a heterostructure. The discussion above demonstrated that the
lattice parameters of the Janus Cr,S,Se monolayer is about
3.54 A, which is suitable for the typical ferroelectric materials
a-In,Se; monolayer. We use a 2 X 2 cell of the Janus Cr,S,Se
monolayer and a \/ 3 X \/ 3 cell of the a-In,Se; monolayer to
build the vdW heterostructure, for which the lattice mismatch
is only 0.2%. We first adopted the in-plane lattice constant of
the Cr,S,Se, layer as the reference to construct the initial
heterostructure, and subsequently performed structural
relaxation with the out-of-plane lattice parameter fixed to
obtain an equilibrium structure.””*® Due to the elemental
substitution-induced symmetry breaking, the electrostatic
potential of Janus Cr,S,Se monolayer is different in two
sides, with a potential drop of about 0.52 eV, as shown in
Figure 4a. Likewise, there is a potential difference of about 1.27
eV between two sides of the a-In,Se; monolayer because of its
inherent ferroelectricity, as shown in Figure 4b. The crystal
structure of the Cr,S,Se/In,Se; heterostructure in the side and
top views is shown in Figure 4c—e, in which the Se atoms in
Cr,S,Se and a-In,Se; layers are distinguished by the spheres
with different colors.
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represent the states of Se in the Cr,S,Se and In,Se; layer, respectively.

When the electric polarization in the In,Se; layer is upward,
which is parallel to the electric polarization of the Cr,S,Se
layer, the ferromagnetism retains. As the polarization reverses,
it changes the direction of inherent polarization of the Cr,S,Se
layer. We calculate the energy difference between the FM and
iAFM states in the structure of @-In,Se; attached to Janus
Cr,S,Se monolayer without relaxation to consider the effect of
charge transfer, and that in the heterojunctions after removing
the a@-In,Se; layer to consider the effect of structural
deformation. With the reversal of polarization from upward
to downward, charge transfer enhances the interlayer FM
coupling, while structural deformation enhances the AFM
interaction (Table S1 in the SI). We also calculate the charge
transfer during polarization reversal for both the upward and
downward polarization directions, as shown in Figure 4f. To
quantify the charge transfer, we integrate the charge density
within the Cr,S,Se layer. Our results indicate that when the
polarization is reversed downward, more charge accumulates in
the Cr,S,Se layer, with an increase of 0.014 e compared to the
upward polarization. The Cr—Cr bond corresponding to J; is
shortened by 0.6 A. The increased charge density likely
enhances FM coupling through double-exchange effects,*
while the shortening of bond lengths suggests an enhancement
of AFM coupling, as predicted by the well-known BSI curve.
These findings are consistent with the above restricted
calculations and previous studies.””' After considering
magnetostructural relaxation, the FM magnetic ground state
changed to the iAFM state. It should be noted, however, that
the predicted trend for the electric-field control of the
magnetic coupling remains consistent. Specifically, upward
polarization still enhances the interlayer FM coupling by
approximately 0.16 meV, while downward polarization yields a
significantly stronger enhancement of the interlayer AFM
coupling, at approximately 25.77 meV.

To understand the effects of polarization directions on the
electronic properties of the Cr,S,Se/In,Se; heterostructure, we
calculate the projected band structure and DOS of the
heterostructure with upward and downward polarizations, as
shown in Figures 5 and S9 in the SI. In order to compare the
valley polarizations between the Janus Cr,S,Se monolayer and
the heterostructure, SOC for only the magnetization along the
+z direction is considered. When the polarization is upward,
the heterostructure exhibits metallic behavior, as evidenced by
two bands crossing the Fermi level around the I" and K’ points.
As shown in Figure S10 of the SI, the metallicity remains
robust across different values of U, confirming that it is not an
artifact of a specific parameter choice. The bands near the
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Fermi level mainly come from Cr and Se in the In,Se; layer.
After the polarization direction turns downward, the band gap
reopens up and shows the semiconducting characteristics with
a direct band gap of 0.67 eV. Both the band edges of the
heterostructure position at the I" point, in which the CBM and
VBM mainly come from the states of In and Se in the Cr,S,Se
layer. The upward polarization enhances the valley polarization
to |AEl = 42 meV, while the downward polarization suppresses
that to |AEl = 14 meV.

The exchange parameters and MAEs of the Cr,S,Se/In,Se;
heterostructure for both upward and downward polarizations
are also calculated. The exchange parameters are ], = 5.90 ], =
7.37, and J; = 0.30 meV for upward polarization, and J; = 6.90,
J, = 920, and J; = —2.61 meV for downward polarization,
respectively. The negative J; for downward polarization is
consistent with its iAFM ground state. Moreover, the upward
polarization gives rise to an out-of-plane MAE of 188 ueV/Cr,
while the downward polarization results in an in-plane MAE of
21 ueV/Cr. We also estimate the transition temperatures of the
Cr,S,Se/In,Se; heterostructure with upward and downward
polarizations, as shown in Figure S11 in the SI. The transition
temperatures for upward and downward polarizations are
estimated to be about 251 and 356 K, respectively, indicating
the possibilities of experiments and applications.

4. CONCLUSION

In conclusion, we performed systematic first-principles studies
on the physical properties and electric-field manipulation of
the Janus Cr,S,Se monolayer. The Janus Cr,S,Se monolayer is
synthetically feasible in terms of energy, dynamical, and
thermal stabilities. As a result of the strong ferromagnetic
superexchange interaction, its magnetic ground state favors the
ferromagnetic configuration with high Curie temperature of
279 K. It is a semiconductor with an indirect band gap of 0.44
eV. With considering spin—orbital coupling along the +z
direction, the energies of conduction band minimum at K and
K’ show valley polarization with an energy difference of 33
meV. By constructing a Cr,S,Se/In,Se; heterostructure, the
spin and valley polarizations of the Janus Cr,S,Se monolayer
can be tuned by the polarization direction. When the
polarization is switched from upward to downward direction,
the structural deformation and charge transfer result in the
ferromagnetic-to-antiferromagnetic and metal-to-semiconduc-
tor transitions, and the valley polarization is suppressed. Our
studies unveiled the structural, magnetic, and electronic
properties of the Janus Cr,S,Se monolayer and demonstrated
that, in the heterostructure, these properties can be switched
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by controlling the polarization direction. It makes the Janus
Cr,S,Se monolayer promising candidates for the use in next-
generation low-dimensional spintronics applications.
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