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Vibration analysis of circular Janus MoSSe plates
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Abstract: The vibration behavior of Janus
molybdenum sulfoselenide ( MoSSe) was studied based on
molecular dynamics (MD) simulations and the finite element
method ( FEM). MoSSe plates were simulated by FEM
through the incorporation of intrinsic strain caused by lattice

monolayer

mismatch to the double-layer plate model. The vibrations of
circular MoSSe plates with free boundaries and a clamped edge
were determined by MD simulations and FEM. In addition,
the effects of plate size, strain, and pressure on the natural
frequency of the plates were investigated. The results showed
that the natural frequency of the circular MoSSe plate with free
boundaries gradually decreased with increasing plate size.
Furthermore, a significant discontinuity in frequency was
observed due to bowl and tube warpage when the diameter
reached 8. 6 nm. The MD simulation and FEM calculation
results were consistent in terms of the natural frequencies of
the circular MoSSe plates of different sizes. In addition, the
effects of strain and pressure on the natural frequency
determined by the two methods were consistent for small
deformations. The vibration of the MoSSe plate could be well
predicted by the double-layer plate model.
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ince the discovery of graphene, two-dimensional

(2D) materials have attracted considerable research
attention owing to their remarkable mechanical, electron-
ic, and thermal properties "'™'. In addition to graphene,
2D transition-metal dichalcogenides ( TMDs) “*
garnered considerable attention owing to their unique
physical and chemical properties. The mechanical, elec-
trical, optical, and thermal properties of molybdenum di-

sulfide (MoS,), a typical TMD material, have been ex-
d[13—16]

! have

tensively explore . In recent years, 2D heterostruc-
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tures composed of vertically stacked 2D materials with
distinct properties
tics'”™ . Molybdenum sulfoselenide (MoSSe) possesses
a structure similar to heterostructures, even though it is
composed of a single material. In a recent study, Lu et
al. "™ completely replaced the top-layer S atoms in MoS,
with Se atoms.
firmed through scanning transmission electron microscopy
and energy-dependent X-ray photoelectron spectroscopy.
The presence of vertical dipoles was confirmed through
second harmonic generation and piezoresponse force mi-
croscopy measurements. Zhang et al. ™ controlled the
sulfide action to replace the top Se atoms of monolayer
molybdenum diselenide (MoSe,) with S atoms, while the
bottom layer of Se atoms remained unaffected. Through
this method, a Janus monolayer MoSSe structure was
formed, comprising three layers of atoms from top to bot-

tom, namely sulfur, molybdenum, and selenium. Idrews
1.1

have exhibited novel characteris-

The Janus structure of MoSSe was con-

et a used hybrid density-functional theory calcula-
tions to investigate Janus monolayers and their associated
van der Waals heterojunctions. They discovered that
MoSSe is a direct-bandgap semiconductor.
bandgap semiconductors can be converted into direct-
bandgap counterparts using external electric fields. In di-

rect-bandgap semiconductors, electrons can directly excite

Indirect-

or de-excite by the absorption or emission of photons with
no involvement of phonons in the processes. This proper-
ty renders them more suitable for manufacturing optoelec-
tronic devices. Dong et al. " investigated the planar and
vertical piezoelectric properties of monolayer and multi-
layer MXY structures (where M =Mo or W, and X/Y =
S, Se, or Te) based on ab initio calculations. Under sub-
strate influence, uniaxially strained MXY structures ex-
hibited high in-plane piezoelectric polarization but signifi-
cantly weaker out-of-plane piezoelectric polarization.
Conversely, laterally strained multilayer MXY structures
exhibited substantial out-of-plane piezoelectric polariza-
tion. These studies highlighted the applicability of MXY
structures in smart nanodevice applications. Kandemir et
al. ™! employed first-principle computations to investigate
the structural and phononic properties of MoSSe monolay-
ers. They utilized out-of-plane anisotropy to demonstrate
the unique vertical pressure effect on the vibrational char-
acteristics of Janus materials due to the asymmetric struc-
ture of Janus MoSSe monolayers. Pham et al. " devel-
oped ultrathin graphene/MoSeS and graphene/MoSSe
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heterostructures and studied their structural and electrical
properties and the effect of vertical electric fields on these
heterostructures. These designed heterostructures were in-
tended for applications in nanoelectronic and optoelectron-
ic devices.

Studying the vibration of nanoscale structures is imper-
ative owing to the crucial role of vibration behavior in the
functionality of smart nanodevices. Jiang et al. >
gated the nanomechanics and vibration behavior of gra-
phene sheets, employing a 2D plate model that accounted
for varying sizes and boundary conditions. The simulation
results highlighted the accuracy and efficiency of the 2D
plate model, demonstrating its potential as a promising
alternative for modeling nanomechanics and analyzing the
vibration of graphene sheets when compared with several
well-established experiments and equivalent theoretical
models. Akgoz et al. ®* investigated the free vibration of
a single-layered graphene sheet positioned on an elastic
matrix. They derived the governing equation of motion
using the thin plate theory in conjunction with Hamilton’s
principle. Kitipornchai et al. "' employed a continuum
model to assess the vibration of multilayered graphene

sheets, revealing that varying the number of layers can
!

investi-

lead to various resonance modes. Zhang et al. *
the vibration frequency of rippled single-layered graphene
sheets and identified that introducing functional groups,
defects, carbon nanotubes, and surface wrinkles can in-
duce significant frequency shifts in pristine single-layered
graphene sheets. Zhang et al. ™ investigated the thermal
vibration of rectangular monolayer black phosphorus based
on an orthotropic plate model and molecular dynamics
(MD) simulations. MD simulations and the orthotropic
plate model, combined with the law of energy equiparti-
tion, provided insights into the root-mean-square ampli-

tude of rectangular monolayer black phosphorus. Through
130]

explored

MD simulations and a continuous plate model, Yi et al.
investigated the vibration behavior of single-layered hexa-
gonal boron nitride and explored the effect of an electric
field on the intrinsic frequency. Zhang et al. ®" employed
the circular Mindlin plate model to analyze the vibration of
circular single-layered MoS,. The findings indicated that
for very small plate sizes, particularly at higher-order fre-
quencies, the natural frequencies computed by the Mindlin
plate model aligned more closely with those determined by
the MD method than those computed by the Kirchhoff
plate model. Thus, it is necessary to reveal the dynamic
behavior of the Janus monolayer MoSSe structure.

To the best of our knowledge, the vibration behavior of
Janus MoSSe has not been studied yet. Therefore, MD
simulations and the finite element method (FEM) are em-
ployed to investigate the vibrations of Janus monolayer
MoSSe, considering free-boundary and clamped-edge
conditions. In addition, the effects of size and the initial
stress are studied.

1 Vibration Analysis of the MoSSe Plate with
MD Simulation

The atomic structure of Janus monolayer MoSSe fea-
tures a sandwich-like arrangement with selenium, molyb-
denum, and sulfur atoms spanning from the upper to low-
er layers (see Fig. 1). The Stillinger-Weber (SW) po-
tential, recently formulated for various MX, structures
(M=Mo, W; X=S8, Se, Mo) and their alloys and lat-
eral heterostructures, is adopted here B2 Thus, the inter-
atomic interactions within the Janus monolayer MoSSe are
described using the SW potential function.
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Fig. 1
sulfoselenide (MoSSe) structure. (a) Side view along the armchair
direction; (b) Top view; (c) Side view along the zigzag direction

Atomic structure of the Janus monolayer molybdenum

The mechanical properties of the monolayer in the zig-
zag and armchair directions are determined through MD
simulations using a square sheet under periodic boundary
conditions; the monolayer thickness is set at 0. 324 nm.
The model is subjected to stretching along a single direc-
tion, and during this process, stresses in the tensile direc-
tion and strains in the nontensile direction are recorded.
The resulting stress-strain curves for the armchair and zig-
zag directions are shown in Fig. 2(a). The red solid line
represents the stress-strain curve for stretching along the
armchair direction, while the black dashed line corre-
sponds to stretching along the zigzag direction. The rela-
tionship between strains along the armchair and zigzag di-
rections during uniaxial tension is shown in Fig. 2(b).
The red curve shows the relationship between the zigzag-
direction strain ( vertical coordinate) and armchair-direc-
tion strain (horizontal coordinate) during stretching along
the black curve
shows the relationship between the armchair-direction
strain ( vertical coordinate) and zigzag-direction strain

the armchair direction. Furthermore,

(horizontal coordinate) during stretching along the zigzag
direction. Within the linear range, stresses in both direc-
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tions exhibit nearly identical behavior at equal strains.
For small tensile strains, Poisson’s ratio values are almost
identical for both directions. For simplicity, the material
can be treated as isotropic. Young’s modulus is taken as
the average of the two directions, yielding 230. 4 GPa,
and Poisson’s ratio is similarly averaged at 0. 23.
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Fig.2 Static characteristic curves. (a) Stress-strain curve; (b)
Strain curve in two orthogonal directions

The natural frequencies of the circular MoSSe plate
with a clamped edge and free boundaries can be deter-
mined using the MD software Large-scale Atomic/Molec-

Simulator ™.

ular Massively Parallel
boundaries of the MoSSe plate are set as free boundaries.
The equilibrium state of the structure is achieved by the
steepest descent method combined with the conjugate gra-
dient approach for energy minimization. Thereafter, MD

simulations are performed using the NVT ensemble, and

Initially, the

a temperature of 300 K is maintained using a Nose-Hoo-
ver thermostat with a time step of 1 fs for 5 ns. During
the calculation related to the free-boundary case, the line-
ar and angular momentums of the model are constrained
to zero to avoid rigid-body displacements. The positions
of the selected MoSSe atoms are recorded at every 100
steps. Subsequently, vibrational frequencies are compu-
ted by fast Fourier transformation ( FFT). Fig. 3 (a)
shows the out-of-plane displacement of a sulfur atom se-
lected from the MoSSe circular plate with a clamped
edge. The thermal vibrational spectrum corresponding to
the atom’s displacement derived by FFT is shown in Fig.
3(b). Each peak in the spectrum represents a natural fre-
quency of the MoSSe plate. In addition, the figure shows

the vibration modes obtained by MD simulation. A peri-
odic force is applied to the MoSSe plate with a frequency
similar to the plate’s natural frequency. Once a steady
state is reached, vibration modes corresponding to the
natural frequency can be observed.
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Fig. 3
spectrum of the molybdenum sulfoselenide circular plate with a

Atomic out-of-plane displacements and the vibration

diameter of 7.5 nm after warpage. (a) Atomic displacement ( z-coor-
dinate); (b) Vibration spectrum and modes obtained by MD simulation

During computations with free-boundary conditions,
with the increasing diameter of the circular plate, the nat-
ural frequencies of each order gradually decrease while
maintaining a relatively continuous trend. However, a
discontinuity arises when the diameter reaches 8. 6 nm
(see Fig. 4). The MD simulation reveals alterations in
the morphology of the MoSSe plate after relaxation. As
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Fig. 4 First- to fourth-order natural frequencies of molybde-
num sulfoselenide circular plates with different diameters
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the model size increases, the warping transforms from a
uniformly curved bowl shape into a tubular structure with
warped ends, and the extent of warping intensifies. The
MD simulation results indicate that at a diameter of 8. 6
nm, a shift from bowl-like warping to tubular warping
occurs. For diameters greater than 9. 0 nm, a complete
transition to tubular warping occurs. To validate the ra-
tionality of this outcome, a continuous medium model is
employed to simulate the MoSSe plate, and its vibration
frequency is computed for comparison with the MD simu-
lation results.

2 Continuum Mechanics Model for Vibration of
the MoSSe plate

From the calculations discussed in the previous section,
a discontinuity is observed in the natural frequencies of
the MoSSe circular plate with free boundaries. Further-
more, two distinct warping morphologies, bowl and tu-
bular warping, are identified. FEM analysis is conducted
to investigate the vibration behavior of the MoSSe plates.
For meshing, a free tetrahedral mesh is used. Conver-
gence results are achieved with regular or high meshing
densities, where the minimum cell size is set to 0. 04 nm,
maximum cell size to 0. 55 nm,
growth rate to 1.4. A circular composite plate comprising
of two sublayers is used to analyze the warpage of the Janus

and maximum cell

monolayer MoSSe structure. These two sublayers are
closely integrated, forming a unified structure. The upper
layer represents the molybdenum-selenide structure, with
a thickness of 0. 171 nm, while the lower layer represents
the molybdenum-sulfur structure, with a thickness of
0. 153 nm. The strains due to lattice mismatch (&, ¢ =
(Qytos, = Antosse) / Cutos, > Entose = (nose, ~ Antosse) / Cytose,) Ar€
incorporated into the corresponding sublayer as the initial

[34-39]

state , where g, ¢ and &, represent the strains in

the Mo-S layer and Mo-Se layers, respectively, and
Qyosser Oyos,» AN ary g, TEpresent the lattice constants of
MoS,,

the relevant parameters are listed in Tab. 1. After warp-

monolayers MoSSe, and MoSe,, respectively;
age, the natural frequencies of the plates with different
boundary conditions are calculated. The FEM calculation
results show identical transformations of the warpage mor-
phology (see Fig. 5). Both methods yield the same
warpage patterns and dimensions of warpage-pattern chan-
ges, which verifies the rationality of the model. The nat-
ural frequencies of the plates with free boundaries calcu-
lated by these two methods are shown in Fig. 6. The first
four natural frequencies obtained by both methods de-
crease with increasing plate size. When the diameter of
the MoSSe circular plate reaches 7 nm, the second- and
third-order frequencies obtained by FEM overlap.

Tab.1 Material parameters

Material a/nm hyjos/ M Dygo.5e/ M Iyto-s/ M Into-se/ M 0/(°)
MoSSe 0.323 0.153 0.171 0.241 0.258 81.428
MosS, 0.320 0.158 0.242
MoSe, 0.329 0.172 0.253

Notes: o represents the lattice constant; hy;,g and Ay, g, represent the heights of the Mo-S and Mo-Se layers, respectively; /y;,.s and Iy, g, repre-

sent the bond lengths of Mo-S and Mo-Se, respectively; 6 represents the bond angle / S-Mo-Se of the Janus MoSSe structure.

(b)

(¢) (d

Fig.5 Molecular dynamics (MD) simulation and finite ele-
ment method (FEM) analysis results for the warpage of circu-
lar molybdenum sulfoselenide plates with diameters of 8-14
nm. (a) MD results with diameters of 8§ nm; (b) FEM results with di-
ameters of 8 nm; (c¢) MD results with diameters of 14 nm; (d) FEM
results with diameters of 14 nm

The warpage morphologies change when the diameter
of the circular plate reaches 8. 6 nm, similar to the calcu-
lation results with free-boundary conditions. To analyze
circular plates with clamped edges, the diameter is main-
tained at <8.6 nm to ensure the persistence of bowl-like
warping. The calculation results of the first eight natural
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Fig. 6 First- to fourth-order natural frequencies of the molyb-
denum sulfoselenide shallow spherical shell with free boundaries

frequencies of the shallow spherical shell, which is
formed by warping a circular plate with a diameter of
7.5 nm, are shown in Fig. 7. The frequencies obtained
by the two methods are consistent. Furthermore, the vi-

bration modes are obtained by FEM.
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Fig.7 First eight natural frequencies and modes of the shal-
low spherical shell formed by warping the circular plate of the
Janus MoSSe structure with a diameter of 7.5 nm

To further investigate the effect of plate size on the vi-
bration frequency, circular plate models of MoSSe with
diameters of 4.5 to 8.1 nm are established. The natural
frequencies of the MoSSe plates with clamped edges are
shown in Fig. 8. The natural frequency decreases with the
increasing diameter of the shallow spherical shell. Fur-
thermore, the discrepancy between the results obtained
by the two methods decreases with increasing plate size.
Overall, the two methods provide consistent results, and
the double-layer plate model can well predict the warpage
and natural frequency of the MoSSe circular plate.
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Fig.8 First- to fourth-order natural frequencies of the molyb-
denum sulfoselenide shallow spherical shell with a clamped
edge

3  Vibration Analysis of the Circular MoSSe
Plate with Initial Stress

In this section, the effect of the initial stress on the
natural frequency of the MoSSe circular plate after the
warpage is investigated.

To analyze the effect of tension on the vibration of the
Janus MoSSe structure, a MoSSe plate model with a di-
ameter of 7.5 nm under different strains was established.
Thereafter, uniaxial and radial stretching cases were in-
vestigated. Uniaxial stretching was performed along the
armchair and zigzag directions (see Fig. 9(a)). The natu-
ral frequencies of the MoSSe plate with a clamped edge

after uniaxial stretching are shown in Fig. 9(b). A new
frequency emerges from the original second-order frequen-
cy due to the asymmetry introduced by the strain in the
two orthogonal directions. In the unstretched case, the
properties along the zigzag and armchair directions exhibit
similarity. Therefore, the second-order frequencies corre-
sponding to the zigzag and armchair directions are the
same. However, stretching induces an asymmetry be-
tween these orthogonal directions, leading to differences
in natural frequencies. Thus, the original second-order
frequency splits into a lower and higher natural frequency.
The difference between the second- and third-order fre-
quencies gradually increases with increasing strain. Fur-
thermore, the fourth-order frequency also gradually in-
creases, but the first-order frequency decreases until the
strain reaches 0. 04 and then gradually increases. Stretc-
hing along the armchair and zigzag directions yields the
same effects on the natural frequency. Fig. 10 shows the
effect of radial stretching on the natural frequency. The
first-order frequency decreases until the strain reaches
0.15 and then gradually increases, and higher-order fre-
quencies increase as the strain increases. Although the
same trend is observed in the FEM calculations, the consis-
tency between the two results is predominantly maintained
only when the strain is small. For larger strains, the fre-
quencies determined by FEM increase at a higher rate than
that determined by MD, and when the strain reaches 0. 03,
a substantial discrepancy exists between the two results.
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Fig.9 Effect of uniaxial stretching on the natural frequency.
(a) Stretching in two directions; (b) Natural frequencies of the molyb-

denum sulfoselenide plate with a clamped edge after uniaxial stretching
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Fig. 10 Effect of radial stretching on the natural frequency

Finally, the effect of pressure on the natural frequency
is investigated. The boundary of the plate is fixed after
sufficient warping before pressure application. The fre-
quency obtained by the MD simulation dramatically in-
creases in the pressure range of —0.073 to 0. 146 GPa
and slowly increases for pressure greater than 0. 146 GPa
(see Fig. 11). When the pressure value is positive, the
pressure aligns with the upward direction in Fig. 11, and
when the value is negative, the pressure aligns with the
downward direction. Under low pressure values, the re-
sults obtained by the two methods are consistent, and un-
der large pressure values, a substantial discrepancy oc-
curs between the two results.
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Fig. 11
sulfoselenide shallow spherical shell with z-directional pressure

First three natural frequencies of the molybdenum

4 Conclusions

1) The analysis of vibrations in the MoSSe circular
plate with free boundaries reveals a distinct frequency
discontinuity. This phenomenon is associated with the
presence of two warpage patterns, a finding that is suc-
cessfully reproduced in FEM calculations.

2) The natural frequencies of the MoSSe circular plate
with a clamped edge obtained by the MD method and
FEM are consistent. The discrepancies between the re-
sults of these two methods decrease with the increasing
size of the MoSSe structure. The comparison reveals that
the vibrations of the circular MoSSe plate are well pre-
dicted by the double-layer model.

3) The effects of strain and pressure on the natural fre-
quency are also investigated. The frequencies obtained
by FEM and the MD simulation are consistent under suf-
ficiently small deformations. However, under larger de-
formations, the frequencies determined by FEM are
higher than those determined by the MD simulation.
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