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ABSTRACT

In the framework of density functional theory (DFT), we investigate the structural deformation,
and mechanical behavior of the Janus CrSSe, which has out-of-plane structural asymmetry, with
conventional transition metal dichalcogenides (TMDs) CrS, and CrSe,. The Janus CrSSe could be a
potential candidate for machinable optoelectronic and piezoelectric applications. We predict that these
compounds are chemically, mechanically, and dynamically stable with the covalent bond between
the TM(Cr) and chalcogen(X=S, Se) atoms. Due to the influence of tensile strain, the Cr-X bond
length of each monolayers increases and the thickness decreases. Interestingly, the in-plane stiffness,
shear and layer moduli, Poisson’s ratio, ultimate bi/uni-axial stress of Janus CrSSe are in between the
values of CrS, and CrSe, monolayers. Similar to TMDs, the orientation-dependent in-plane stiffness
and Poisson’s ratio demonstrates the isotropic behavior in Janus CrSSe. Furthermore, it can sustain
a larger value of uni/bi-axial tensile strain with the critical strain equivalent to CrX, monolayers. By
applying higher-order strain, we have also found average elastic-plastic behavior as expected. These
findings demonstrate that the Janus CrSSe monolayer is a mechanically stable and ductile compound

that maintains the hybrid behavior.

1. Introduction

The discovery of graphene[1] opens up the field of two-
dimensional (2D) materials such as h-BN[2, 3, 4], SiC[5, 6],

phosphorene[7], transitional metal dichalcogenides (TMDs)[8],

and MXenes[9] for both theoretical and experimental re-
search. These materials have drawn considerable inter-
est due to their novel physical and chemical properties
compared to their three-dimensional (3D) bulk counter-
parts. Depending upon the crystal structure, most of the
TMDs exhibit substantial mechanical strength[10] with
direct bandgap[11], higher carrier mobility[12, 13], and
strong spin-orbit coupling (SOC)[14]. Unlike graphene and
many other 2D materials, the in-plane asymmetry in TMDs
provides them with extraordinary thermoelectric and opto-
electronic properties[15, 16]. Particularly, chromium-based
TMDs like CrS, and CrSe, show unique properties such as
valley polarization in band structure[17], piezoelectric cou-

pling, and phase-dependent intrinsic magnetic properties[18].

For example, a previous report shows that CrS, nanosheet
has the potential to use as negative electrodes in lithium-
ion batteries that could be promising for high-power en-
ergy storage[19]. Similarly, strain engineering has been
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implemented in the CrS, to modify the electronic, me-
chanical anisotropy, and piezoelectric behavior [20]. More-
over, reducing the dimension from 2D to 1D nanorib-
bon the electronic and magnetic behavior of CrS, changes
significantly[21]. In addition, the thermal and mechanical
properties of Cr-based TMDs are promising materials when
they are engineered in heterostructure form [10]. Plus, the
CrS, and CrSe, are two exceptional 2D valleytronic crystals
with large valley spin splitting in the valence band[17].
Recently, a new derivative of TMDs, the so-called Janus
TMD (JTMD) has drawn considerable interest due to their
unique physical and chemical properties from the conven-
tional TMDs because of an out-of-plane structural asymme-
try. A single layer JTMD, MoSSe, was successfully fabri-
cated in the laboratory by fully replacing the top Se layer of
MoSe, TMD and inserting the S layer by using the chemical
vaporization deposition (CVD) technique[22]. Further, sev-
eral JTMDs have been studied theoretically[23, 24, 25, 26],
which are mostly semiconductors with an energy bandgap
between 1.36 to 1.97 eV exhibiting strong optical absorption
at the visible region[27]. Particularly, the Janus chromium
dichalcogenide monolayer (CrSSe) has broad optical absorp-
tion and low carrier recombination suitable for the photocat-
alytic system[28]. In addition, it shows better performance
in photocatalytic reactions, water molecule absorptions, uti-
lization of sunlight, charge separation and transport, and sur-
face chemical reactions[29]. Similarly, 1T-phase of CrSSe
JTMD possesses intrinsic 2D ferromagnetic behavior with
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large spin- polarization and Curie temperature higher than
the room temperature[30].

Although previous reports have verified that all 2H-
phase group-VIB (in periodic table) TMDs are stable com-
pounds, most of the studies are only focused on Mo-based
and W-based dichalcogenides[20]. Recently, CrS, is suc-
cessfully fabricated [ 18] but the experimental and theoretical
understanding of many Cr-based TMD and JTMD:s is still
lacking. Many of their mechanical properties have not been
investigated, in particular elastic-plastic behavior and criti-
cal tensile strength. Hence, the understanding of structural
deformation and mechanical strength of JTMD CrSSe with
its conventional TMD CrS, and CrSe, is critically impor-
tant. The success will allow experimentalists to synthesize,
characterize, and device these materials.

2. Computational details and structural
information

We have used density functional theory (DFT) im-
plemented in the Spanish initiative for electronic simu-
lations with thousands of atoms (SIESTA) [31, 32]. The
norm-conserving pseudopotentials in the semilocal form are
used[33]. The generalized gradient approximation (GGA)

functional with Perdew-Burke-Ernzerhof(PBE) [34] is adopted

to treat underlying exchange and correlation within the dou-
ble zeta plus polarization (DZP) basis sets. Brillouin zone
integration has been performed using 15X15x1 Monkhrost
pack [35] scheme. An energy cutoff of 350 Rydberg is used
for the expansion of the reciprocal space. The atomic relax-
ation was achieved when the force reached the value of 0.02
eV/A using the standard conjugate-gradient (CG) technique.
The convergence criteria for the energy of the self-consistent
field is set to be 1.0 X 10 ~® eV. The vacuum gap of 25 Ais
set along the z-direction to prevent unwanted interactions
between the adjacent unit cells. The chemical stability is
ensured by calculating and analyzing the formation (E )
[36] and cohesive (E,,;)[37] energies.

_ 1
3N

Econ = (E - Z "1E1> /N
i=Cr,S,Se

where, E,, is the total energy of monolayer structures,
and Ec, and E|/E, are energies of Cr and S/Se atoms
in their corresponding stable bulk phases with N number
of atoms. In cohesive energy expression, E represents the
total energy of a monolayer and E; represents the total
energy of isolated atoms with #; as the number of a specific
atom per monolayer. Further, we adopt the frozen phonon
method implemented in the Vibra package of SIESTA for
the calculation of phonon dispersion. We obtain an accurate
force matrix with 5 X 5 X 1 supercell for each monolayer.
The unit cell of monolayer TMDs CrS, and CrSe,
consist of three atoms: one is transition metal (M = Cr) and
another chalcogen (X = S or Se) atoms with MX, stoichiom-
etry. These TMDs mainly exhibit three poly-type according

E, <E,0, — N(E¢, + E, + Ey) >

to their atomic arrangement, namely, H - phase (hexagonal),
T - phase (tetragonal), and T’ - phase (distorted). Following
the literature [17, 20, 38], we have chosen H-phase, which is
energetically favorable among all these three phases. The
hexagonal honeycomb CrX, structure consists of one Cr
(bonded with 6 nearest X atoms) layer sandwiched between
two S or Se atoms such that hexagonal symmetry can be
seen from the top view. The X-M-X arrangement along
the z-direction is considered a single layer, so-called TMD
monolayer. Similarly, the hexagonal Janus CrSSe is formed
by replacing one of X (S or Se) atoms layer from the 2H-
CrX,. In the Janus monolayer CrXY, the transition metal
atom is bonded to three X atoms and three Y atoms. They
possess reflection asymmetry on Cr-plane which leads to
exhibit novel physical and chemical properties.

3. Results and Discussions

3.1. Structural properties

Following above mentioned structural information, we
started our calculations by structural optimization after per-
forming a careful convergence test. The same convergence
criteria are met for all the monolayers. The optimized struc-
ture of the monolayer is shown in Fig. 1. The calculated
values of lattice constants (a = b) for CrS,, CrSe, and
Janus CrSSe is 3.05, 3.23, and 3.14A , respectively. The
corresponding bond length between Cr-S and Cr-Se are 2.30
and 2.45 A for CrS, and CrSe,, respectively. Meanwhile, the
bond length between Cr-S and Cr-Se in Janus CrSSe is 2.31
and 2.44 A respectively. Similarly, the interlayer distance
between two X atoms at the top layer and bottom layer gives
the thickness (k) of the monolayer which are 2.97, 3.17,
and 3.07 A for CrS,, CrSe, and Janus CrSSe monolayers,
respectively. In addition, the bond angle between S-Cr-
S, Se-Cr-Se, and S-Cr-Se in these respective monolayers
are 80.31°, 80.71°, and 80.45°. The computed structural
properties of all three monolayers are shown in Table 1,
which are in good agreement with the available literature[20,
28, 38]. Our results demonstrate that the optimized lattice
parameter, bond length, bond angle, and thickness are in the
order of CrS,< CrSSe< CrSe,. The optimized values of the
structural parameters of the Janus CrSSe monolayer are in
between CrS, and CrSe, monlayers.

Further, to investigate the stability of the monolayers, the
cohesive energy is calculated by using the above-mentioned
relation in section 2. The calculated cohesive energies for
CrS, , CrSe, and Janus CrSSe monolayers are -4.10, -3.59,
and -3.83 eV, respectively. The lower value of cohesive
energy indicates stronger interactions between the atoms in
these monolayers. Hence, the structural stability is in the
order of CrS,>CrSSe>CrSe,. The cohesive energy and the
nature of the chemical bonding are closely related. There-
fore, to analyze the nature of the bonding, we perform the
Mulliken charge density calculations. The charge density
contour plot (Fig. 2) shows that the charges are accumulated
around the Cr atom in all the monolayers. Most of the
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Figure 1: (Color online) Optimized monolayers: top and side views of CrS, (a, d), CrSe, (b, €) and Janus CrSSe (c, f). The blue,
yellow, and green balls represent chromium, sulfur, and selenium atoms, respectively.

0.0

Figure 2: (Color online) Charge density countour plots of
CrS, (a), CrSe,y(b), and the Janus CrSSe (c) monolayers,
respectively.

valence charges are accumulated between Cr and S/Se atoms
suggesting the covalent bonding between Cr-X/Y atoms.

To test the chemical stability of each monolayer, for-
mation energy is calculated using the above mentioned re-
lation in Section 2. The calculated formation energy of
CrS,, CrSe, and CrSSe monolayers are -1.7, -1.4 and -1.5
eV/atom, respectively. These computed values fairly agree
with the available theoretical and experimental data. To test
the dynamical stability of all monolayers, we have calculated
phonon dispersion (Fig. 3) along with the I'-K-M-I" high-
symmetry directions. The phonon dispersion bands depict
the three acoustic and six optical bands due to the presence
of bands from one Cr atom and two X (S or Se) atoms in the
unit cell. The highest acoustic modes for the monolayers are
in the order of CrS, > CrSSe > CrSe,. In addition, the low-
frequency gap between acoustic and optical modes in all the
monolayers suggests the possibility of frequent scattering
events[25]. The frequency and phonon dispersion bands of
all three monolayers are not quite different from each other.
The presence of real frequencies in all three monolayers
demonstrates good dynamical stability.

After confirming the structural, chemical, and dynamical
stabilities of the relaxed structures, it’s crucial to test their
response under the external strain. So, in the next section,
we present the structural properties when external strain is
loaded on all three monolayers.

3.2. Influence of strain in structural properties

To understand the deformation mechanism of each mono-
layer, we compute the variation of bond length as a function
of strain. The 2D monolayers suffer geometrical changes
due to tensile and compressive strain due to elongation and
shrinking of bond lengths. There are two modes of strain
loading that are physically meaningful for two-dimensional
hexagonal symmetry, namely, uniaxial strain (¢, or ) and
biaxial strain (¢)). The strain is loaded by varying the lattice
constants within the elastic range. The uniaxial and biaxial
strains are applied from -5% to +12% at the step of 2% to
investigate the influences on the bond length and thickness
of the monolayer.

First, we have investigated the strain energy response of
each monolayer as a function of uniaxial and biaxial strain
(Fig. 4 (d)). The response follows the parabolic path within
the elastic range. The narrower and wider strain energy pro-
files are identified for CrS, and CrSe, , respectively. Mean-
while, the Janus CrSSe is in between these two monolayers
for both modes of strain. This analysis suggests that CrS, is
the structurally most stable compound under the influence
of strain as compared to other monolayers. The figure also
proves that the minimum energy state of each monolayer
is the strain-free equilibrium state. Additionally, the narrow
strain energy curve in the biaxial strain as compared to the
uniaxial strain indicates that the biaxial strain has a greater
influence on the geometrical configuration. Furthermore,
the variation of the bond length and thickness of the MLs
are studied under the external strain is shown in Fig. 4(a-
c). It is found that the bond length between the Cr and X
(S or Se) atoms monotonically (small fluctuation in CrSe,
at 2%) with an increase in tensile strain. Conversely, the
bond length decreases with the increase of the compressive
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Figure 3: (Color online) Phonon dispersion bands of CrS, (a), CrSe, (b) and the Janus CrSSe (c) monolayers, respectively.

Table 1

Lattice parameters (a), bond length (d,_x,y), thickness (h), bond angle () and, cohesive (E,) and formation (E,) energies of

CrS,, CrSe,, and CrSSe monolayers.

Monolayers a(A) de,_xy(R)) h (A) E,(eV) £X-M-X]Y E (eV)
CrS, 3.05 2.30 2.97 -4.10 80.31° -1.59
3.04[39] 2.29[39] 2.95[38] -4.08[40] 79.8°[39] -0.89[38]
CrSe, 3.23 2.45 3.17 -3.59 80.71° -0.96
3.21[38] 2.38[41] 3.15[38] - - -0.65[38]
CrSSe 3.14 2.31,2.44 3.07 -3.83 80.46° -1.26
3.13[36] - - - - -1.79[36]

strain. Similarly, in the strain energy versus strain, the rate of
variation of bond length is higher for biaxial strain. The bond
length is found to be slightly sensitive towards the uniaxial
strain for Janus CrSSe monolayer. This can be ascribed
due to the difference in the S and Se atoms on the top
and bottom layers. Plus, the difference in bond length and
electronegativity may also play a role. The rate of variation
of bond length is important to predict the structural strength
of a system in external strain. To determine the rate of
variation, we test the change of bond length at 12 %, which is
within the elastic range. It is found that the rate of variation
of Cr-X bond length is in the order of CrSe, >CrSSe > CrS,.
The smaller change in the bond length in CrS, indicates
that it can withstand the larger tensile strain. On the other
hand, the thickness of each monolayer decreases linearly
with an increase in strain (small fluctuation in CrSe , at 2%).
Conversely, the change in the thickness shows an opposite
tendency, it becomes larger with respect to an increase in
compressive strain.

Hence, it is clear that the bond length between Cr and
S/Se increases with the decrease in thickness with the ap-
plied tensile strain. In this situation, the material tends
to extend horizontally and compresses vertically. This is
analogous to stretching a dough. This analysis shows that a
significant geometrical transformation is created due to the
applied strain as prescribed in ReXY (X=Y or X#Y) where
X=(S, Se) [42].

3.3. Mechanical properties

After realizing the effect of strain on structural prop-
erties, it is desirable to test the monolayer’s mechanical
strength and stability for their applications in nanomechan-
ics. Considering this fact, we have made a comparative
investigation of mechanical properties for all three mono-
layers. For 2D hexagonal symmetry, it is sufficient to find
two main parameters such as Young’s modulus and Poisson’s
ratio. The in-plane stiffness (C) is used as an alternative
to Young’s modulus because of reduced dimensionality. It
measures the rigidity or flexibility of the material and it is
defined as

1 0’E,
B AO 028 ’

where A, E , and € are the area of strain-free monolayer,
strain energy, and applied strain, respectively. On the other
hand, the Poisson’s ratio (9) is defined as the ratio of the
transverse strain to the axial strain and is expressed as d =
—Erans / Eaxial - It is the mechanical response of a material to
an applied uniaxial strain.

To calculate the mechanical parameters, the strain is
applied in the x - axis (g,), y - axis (ey), and in both
directions (e,€,) of the monolayer. The strain is applied
from -2% to 2% for each direction with an increment of
1%. For each iteration of strain, the atomic positions of
the system is fully relaxed. Further, the result is fitted to
the strain energy, E; = aj€; + aye] + aze e, [43]. Here,
a,, a, and ay are three constants that are obtained during the
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Figure 4: (Color online) The bond length with different thickness (a-c) and strain energy profile (d) as a function of uniaxial and
biaxial strain for CrS,, CrSe,, and the Janus CrSSe monolayers, respectively.

fitting process. Further, due to the isotropy in the honeycomb
symmetry, a, is equal to a,. The three-dimensisonal surface
fit (Fig. 5) shows the distribution of strain energy with
respect to the different mode of applied strain. The strain
energy profile of monolayers is in the order of CrSe, >CrSSe
> CrS,, which predicts the relative mechanical strength.
The preceding expression is also obtained from elasticity
matrix in terms of elastic stiffness constants C;; and C/, by
employing C|; = 2a, /A, and C|, = a3/ A,. For hexagonal
symmetry, C;; and C}, are only two significant independent
elastic stiffness coefficients [44]. Another calculated elastic
constant, Cgg is (C;1-C(,)/2. The in-plane stiffness (C) and
Poisson’s ratio(d) are represented by C;; X [1 — (C|»/ Cy;
)’] and C,,/Cy, respectively. In 2D materials, the bulk
modulus which gives a measure of the material’s resilience
to an external biaxial strain is calculated in terms of layer
modulus ( y) with the expression, y= (Cy;4+C5,4+2C1,)/4.

In addition, using these second-order elastic constants C; jo

the shear modulus, K=C/2(1-9), is calculated. The shear
modulus estimates the resistance of a material to the shear
strain. Further, the in-plane stiffness and Poisson’s ratio are
used to test the mechanical anisotropy. They are functions of
the direction angles 8, which can be represented as [20]:

CiCy - C}
C(0) = . 212
C,, cos*(0) + A cos2(0) sin“ () + Cy; cos*(0) 0
C, cos*(8) — B cos?(0) sin*(0) + C;, cos*(0)

C,, cos*(0) + A cos?(0) sin*(0) + C;; cos*(9)

9(0) =

where A = (C};Cy — C},) /Cgs — 2Cy5 and B = Cy; +
Cyy — (C11Cy — C},) /Cgs- The calculated values of Cy;
and C,, for all monolayers are shown in Fig. 6. Compara-
tively, the elastic constants are the highest for CrS, and the
lowest for CrSe, with average value of the Janus CrSSe. The
mechanical stability criteria [45] such as |Cj;| > |C}5] is
fulfilled. The in-plane stiffness and Poisson’s ratio follow
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Table 2

The calculated elastic constants C,

ij

in-plane stiffness C, and Poissons ratio 9, shear modulus K, and layer modulus y for each

monolayer
Monolayers C,; (N/m) C(N/m) 9 K(N/m) y(N/m)

Ciy Cp
CrS, 118.73 31.41 110.42 0.26 43.66 75.06
Ref.[49] 120.44 31.66 112.12 0.26 - -
CrSe, 94.65 29.20 85.64 0.31 32.72 61.92
Ref.[49] 96.6 28.9 88.00 0.30 - -
CrSSe 100.86 30.06 91.90 0.29 35.39 65.45
MoS,* 145 37 136 0.25 - -
MoSe,“ 116 33 106 0.29 - -
MoSSe ¢ 112 27 106 0.24 - -

¢ Ref[46]

the same trend (Table 2). Interestingly, the stiffest mono-
layer CrS, (110.42 N/m) has the in-plane stiffness value
closer to it’s prototype MoS, (120.6 N/m [46]) but it is
very much lower than that of graphene (370.1 N/m[47]).
The physics behind the larger value of in-plane stiffness of
CrS, is attributed to the highest value of cohesive energy
per atom. In addition, the bond length between Cr and S
is the lowest which holds creating the highest electrostatic
pull that makes it much stiffer. Similarly, the larger values
of Poisson’s ratio of CrSe, and CrSSe indicate that these
monolayers are more effective towards the uniaxial strain.
For the same applied uniaxial strain, a longer contraction
is found in the perpendicular direction. Further, the value
of Poisson’s ratio is the lowest for CrS, suggesting it as
an effective material to resist the external shear force as
compared to other monolayers. To confirm this fact, we
evaluated the shear modulus for each monolayers (Table 2).
The highest value of shear modulus for CrS, validates the
result of Possion’s ratio. In addition, the highest value of
y for CrS, suggests it as the most resilient monolayer for
stretching.

The difference in in-plane stiffness and Poisson’s ratio
between the monolayers is attributed to the strength of the
covalent bonding between chalcogen and transition metal
atoms or due to the difference in electronegativity between
the individual chalcogen atoms. In addition, the mechanical
anisotropy is identified by fitting the polar plot of stiffness
and Poisson’s ratio relations. From the polar plot, (Fig. 7)
the Poisson’s ratio and in-plane stiffness for all monolayers
are perfectly circular indicating elastically isotropic nature
in agreement with the available literature [20, 48, 46]. With
this analysis, we arrive in a conclusion that the in-plane
stiffness and shear moduli rank in the same order as that of
layer moduli revealing a relative hardness as also indicated
in other TMDs and Janus monolayers.

3.4. Ultimate stress and strain

After confirming the mechanical stability and strength,
we applied uniaxial and biaxial tensile strain with the incre-
ment of 2% until the monolayer is deformed. The stress as a

Table 3
The calculated ultimate stress (U) for uniaxial and biaxial
tensile strain.

Monolayers U, (N/m) U, (N/m)
CI‘52 12.94 12.20

. 8.3[50]
CrSe, 10.67 9.76

: 6.5[50]
CrSSe 11.51 10.17
MoS, - 15.00[51]

function of uniaxial and biaxial tensile strain is shown in Fig.
8. The stress increases linearly with an increase in tensile
strain within the harmonic range. Finally, the stress curve
reaches the maximum value called ultimate tensile strength
(U). The value of stress to achieve the ultimate strength is
called ultimate stress. This is the maximum stress that a
material can withstand without damaging itself. The critical
stress also helps to separate the elastic and plastic regions
of the material, which is discussed in Section 3.5. Below the
ultimate stress higher order elastic constants are determined.
There is a drop in stress indicating the system can not relax
back to its equilibrium state because the maximum force
barrier needs to be overcome. In this region, the material
is in a metastable state ending with a fracture. The stress-
strain curve shows that the ultimate stress in uniaxial strain
(U,,;) 1s higher than that for biaxial strain (Up;) in all
three monolayers (Table 3). This result also supports the
higher influence of the biaxial strain as mentioned above. In
addition, the higher value of ultimate stress of CrS, indicates
that a larger force is needed to break it as compared to other
monolayers.

3.5. Elastic and plastic properties

We investigate the elastic and plastic behavior of the
monolayer when tensile strain is applied to the larger value.
The strain energy increases while increasing the strain within
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Figure 5: (Color online) Three-dimensional surface plots of strain energy versus strain for CrS, (blue), CrSe, (green) and the

Janus CrSSe (red) monolayers.

the harmonic region (Fig. 9). The harmonic region indicates
that even though the applied strain is removed the system
relaxes back to its equilibrium state commonly known as the
elastic region. Further, after reaching the maximum value
(critical strain €,) the strain energy decreases beyond that
the system transits from elastic to the plastic region (Fig.
9). The system in the plastic region will be in a metastable
state. In this region, the removal of applied strain doesn’t
make it possible to relax back to its equilibrium geometry
(irreversible structural change). Here, calculations show that
the biaxial ¢, is significantly lower than that of the uniaxial
€, (Table 4).

The higher ¢, of these materials suggest that they are
ductile materials similar to MoS, [53].

The higher value of ¢, is attributed to the ability of the
system to form the stable chemical arrangement between Cr
atoms and S/Se atoms as also found in MoS, [51].

We note that our DFT computed values of U and ¢,
are slightly higher than the previously estimated reference
model [50] values. This discrepancy might be due to the
methodology implemented in the calculations.

4. Conclusions

Here, we have investigated structural deformation and
mechanical properties of CrSSe with traditional Cr-metal-
based chalcogenides. Similar to the TMDs Janus CrSSe is a
stable compound with covalent bond between the TM and
chalcogen atoms. The reliably negative values of cohesive
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Figure 7: (Color online) The polar plots of orientation depen-
dent in-plane stiffness and Poisson's ratio for CrS,, CrSe, and
the Janus CrSSe monolayers.

and formation energies confirm the chemical stability of
these compounds. The influence of biaxial and uniaxial

14t -
-0 CrS,
@@ CrSe,
121 | @-@ Crsse
10
g
P
=
7
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Figure 8: (Color online) The stress versus strain profile for
CrS,, CrSe,, and the Janus CrSSe monolayers at uniaxial and
biaxial strain.

Table 4

The critical elastic points (g,) for uniaxial and biaxial strains.
Monolayers € (uniaxial) € (biaxial)
CrS, 0.24 0.18
CrSe, 0.26 0.16
CrSSe 0.25 0.17
MoS, 0.29 [52] 0.20[53]

strain increases the bond length between TM and Chalco-
gen atom whereas the thickness of monolayers decreases.
Similarly, the bond angle between X-TM-X decreases due
to the strain. The in-plane stiffness, shear and layer moduli,
Poisson’s ratio, ultimate bi/uni-axial stress of Janus CrSSe
are in between the values of CrS, and CrSe, monolayers.
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This is due to the shorter bond length between Cr-S atoms [8]
resulting in the lowest cohesive energy in CrS,.

Similar to TMDs, the orientation-dependent in-plane
stiffness and Poisson’s ratio indicates the isotropic behavior
in Janus CrSSe. Furthermore, it can sustain a larger value of
uni/bi-axial tensile strain with the critical strain equivalent [10]
to CrX, monolayers. In addition, it has the average elastic-
plastic behavior. These findings demonstrate that the Janus
CrSSe monolayer is a mechanically stable and ductile com-
pound that maintains the hybrid character. These interesting
results if validated from the experiment could bring the Janus [12]
CrSSe in optoelectronic and piezoelectric applications.

[91

[11]
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