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Molecular  dynamics  (MD)  simulation  is  performed  to  study  the structural  evolution  of  single-layer  MoS2

nanosheets  under  tensile  loading  and  a phase  transition  from  hexagonal  structure  to quadrilateral  one is
observed  at  a  large  strain  when  loaded  along  the  zigzag  direction  but not  along  the  armchair  direction.
Density  functional  theory  (DFT)  calculation  illustrates  that  the  newly  generated  quadrilateral  phase  is
metallic.  Further  loading  along  the  zigzag  direction  promotes  an  inhomogeneous  distribution  of  lateral
eywords:
oS2

hase transition
ippling

and  shear  stress  around  the  phase  boundaries  due  to local  mechanical  mismatch.  As a result,  periodic
rippling  parallel  to the loading  direction  emerges  and  the  wavelength  and  wave  height  change  with
strain  according  to �∼�−1/4 and h∼�1/4. Accordingly,  a graded  distribution  of  strain  can  be  produced  or
modulated  by a simple  tensile  loading  and  the  strategy  might  be utilized  to  enhance  the  photoelectrical

s  and
olecular dynamics properties  of 2D  material

. Introduction

Two-dimensional (2D) materials have become one of the
esearch focuses in the fields of material science, physics, and
hemistry in recent years [1]. In principle, any bulk materials with

 laminated structure and bonded by van der Waals force can
e exfoliated into graphene-like layers, including transition metal
ichalcogenides (TMDs) [2], transition metal oxides [3], boron
itride [4], black phosphorus [5], and even artificially produced
oneycomb structures [6]. There are more than 40 compounds in
he family of TMDs and their physical properties vary from insu-
ating to superconducting [7]. Hence, these types of materials have

any potential applications in nano-electronics [8], photovoltaics
9], photo-catalysis [10], photo-detection [11], lithium ion battery
12], and nano-electromechanical systems (NEMS) [13].

It  has been demonstrated that 2D materials can sustain an elas-
ic strain of over 10% that is one order of magnitude larger than

hat of conventional materials and more importantly, the elec-
ronic, magnetic, optical and thermal properties can be tuned by
train. For instance, Guinea et al. [14] demonstrated quantized

∗ Corresponding authors.
E-mail addresses: paul.chu@cityu.edu.hk (P.K. Chu), kwxu@mail.xjtu.edu.cn

K. Xu), mafei@mail.xjtu.edu.cn (F. Ma).
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169-4332/© 2017 Elsevier B.V. All rights reserved.
 design  strain-tunable  nanodevices.
©  2017  Elsevier  B.V.  All  rights  reserved.

Landau-like electronic levels in graphene under strain at zero
magnetic field and Mitchell et al. [15] found that an in-plane biax-
ial strain could induce polarization perpendicular to the sheets.
Scalise et al. [16] showed that under tensile strain, the band gap of
single-layer molybdenum disulfide (SLMoS2) changed from direct
to indirect and also decreased. Ding et al. [17] conducted molec-
ular dynamics (MD) simulation to study the phonon spectra in
multilayered MoS2 and found that a compressive strain of 10%
increased the thermal conductivity 10 times while a tensile strain
of 5% reduced the thermal conductivity by 90%. Chen et al. [18]
demonstrated that tensile strain enhanced the ferromagnetic sta-
bility of mono-layered CrSiTe3 whereas compressive strain induced
a ferromagnetic to anti-ferromagnetic transition. In particular, an
elastic strain gradient can induce a continuous variation in the band
gap. In this case, photons with different energies may be absorbed
at different locations depending on band gap matching, and the
photon-generated electron-hole pairs are swept towards the two
sides by the appropriate band edge alignment so that they can be
separated. This interesting property renders 2D materials unique
solar energy funnels for light absorption, conveying, and concen-
tration. Furthermore, Feng et al. [19] showed the possibility of

producing elastic strain gradient through nanoindentation.

Although atomic force microscopy (AFM) and in situ tensile tests
in conjunction with transmission electron microscopy (TEM) have
been employed to measure the mechanical properties of 2D materi-
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Fig. 2. (a) Ultimate strain and (b) Stress of the SLMoS2 nanosheets loaded along the
ig. 1. Stress-strain curve of the 9 nm wide SLMoS2 nanosheet under tensile loading:
a) Zigzag direction and (b) Armchair direction.

ls, it is difficult to observe and characterize the structural evolution
n situ [20]. In comparison, MD  simulation is a reliable method
o investigate the mechanical properties and structural evolution
f 2D materials, and has been widely adopted to study the elas-
ic modulus [21], intrinsic strength [22], defect behavior [23], and
hase transformation [24]. The results are in good agreement with
xperimental ones as well as the results generated by the density
unctional theory (DFT) [25,26].

SLMoS2 has a direct band gap of 1.8 eV and promising poten-
ial in next-generation field-effect transistors, optoelectronics, and
nergy harvesting devices [8–13]. SLMoS2 has been fabricated
y mechanical exfoliation and chemical vapor deposition (CVD)
27,28]. In the work by Zhao et al. [29], the phase transition
rom hexagonal structure to quadrilateral one and consequently
ippling were evidenced when SLMoS2 was loaded along zigzag
irection below 40 K. They mainly focused on the temperature
ependent behaviors. In this work, MD  simulation is conducted to
tudy the deformation behavior and structural evolution of SLMoS2
nder tensile loading. Stress-induced rippling is also observed and
he features of ripples are quantitatively analyzed. The formation

echanism as well as the size dependence of rippling in SLMoS2 is
iscussed accordingly.

.  Simulation model and method
In SLMoS2, the Mo  monolayer is sandwiched by two S mono-
ayers and the Mo  and S atoms are covalently bonded with each
ther. Based on a lattice constant of 2H-MoS2 (a = 3.16 Å), the ini-
zigzag and armchair directions as a function of sheet widths; (c) Critical stress for
the phase transition when loading is applied along the zigzag direction.

tial model of SLMoS2 sheet with zigzag or armchair edges can
be established [2,7–13,27–29]. There are commonly two types of
zigzag edges in MoS2 nano-sheets: one is Mo  polar and the other is
S polar. Some experimental and theoretical results demonstrated
that zigzag edges with S termination are more stable, but the Mo
polar edges passivated by S atoms are usually distorted [30–32].
However, S passivation affects the phase transition and rippling
little, so S passivation is not considered. The SLMoS2 nanosheets
with dimensions between 3 × 3 nm2 and 50 × 50 nm2 are cut from
the ideal infinite sheet. The periodic boundary conditions (PBCs)
are applied in all directions and a vacuum region 30 Å in width
along all directions is added to avoid the interactions of atoms near
the opposite edges. LAMMPS (Large-scale Atomic/Molecular Mas-
sively Parallel Simulator) is used to conduct the MD simulation [33].
A new Stillinger-Webber (SW) potential developed by Jiang et al.
[34,35] is adopted to describe the interatomic interactions, bond
breaking, and bond reforming in SLMoS2. An additional cut-off for
the three-body interaction is embedded and bond stretching and
angle rotation are described by the following relationships:

V2 = Ae[�/r−rmax](B/r4 − 1) and (1)

V = Ae[�1/(r12−rmax 12)+�2/(r13−rmax 13)](cos � − cos � )2. (2)
3 0

The  simulated elastic properties, deformation behavior, ther-
mal conductivity, and phonon spectrum based on the SW potential
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Fig. 3. Typical atomic configurations of the SLMoS2 nanosheets with different
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evolution. The phase transition is complete at a strain of 18.9%
idths  under tensile loading along the zigzag direction: (a) 3 nm; (b) 9 nm,  and
c) 50 nm.

how good agreement with the DFT and experimental results
35,36].

The initial SLMoS2 nanosheets are relaxed in the NPT (number
f atoms N, pressure P, and temperature T are constant) ensemble
t T = 10 K and P = 0 Pa for 2 ns and the nanosheets are thermally
quilibrated using the Nosé-Hoover thermostat [37,38]. The tem-
erature is controlled using the Nosé-Hoover thermostat. The test
esults show that both the potential energy and the temperature
re converged at 1 ns, and the optimized atomic configuration is
btained. So the selected ensemble and relaxation time is good
or the MD  simulation. The standard Newton equations of atomic

otion are integrated using the velocity Verlet algorithm with a
ime step of 1 fs, and the uniaxial tensile loading is applied by uni-
ormly displacement of lattice in the nanosheets. The two edges
arallel to the loading direction are free to relax but the other two
dges perpendicular to the loading direction are clamped. A strain
ncrement of 0.01% is applied in each time step, corresponding to

 strain rate of 108 S−1. The strain rate is low enough to guarantee
he sheet is in equilibrium. The atomic stress is calculated using the
irial definition [39],⎛ ( )

ij = 1

V
⎝1

2

N∑
˛=1

N∑
 ̌ /=  ˛

U
′
�˛ˇ

�x˛ˇ
i
�x˛ˇ

j

�˛ˇ
−

N∑
˛=1

m˛ẋ
˛

i ẋ
ˇ

j , (3)
Fig. 4. Stress-strain curves of SLMoS2 nanosheet with a width of 15 nm loaded along
(a) zigzag direction and (b) armchair direction, and unloaded from different strain.

where V is the total volume of the SLMoS2 nanosheets with a
thickness of 0.61 nm [40], N is the total number of atoms, ẋ˛

i
is

the ith component of the velocity of atom �,�x˛ˇ
j

= ẋ˛
j

− ẋˇ
j
, m˛

is the mass of atom �, �˛ˇ is the distance between atoms � and
� and U ′ is the potential energy function. In Lammps, there are 6
components in the symmetric stress tensor: �xx, �yy, �zz, �xy, �xz

and�yz, of which �zz, �xzand �yz is negligible for 2D materials. If
the tensile loading is along x axis, the tensile stress is calculated by
summing the stress tensor component �xx of each atom and, the
lateral stress and shear stress are calculated by summing the stress
tensor components �yy and �xy, respectively. The atomic structures
at different time are visualized by the OVITIO package [41].

DFT  implemented in MedeA-VASP is conducted to calcu-
late the band structure and electronic states. The general-
ized gradient approximation with the Perdew–Burke–Ernzerhof
exchange–correlation potential (GGA-PBE) is used with a kinetic-
energy cut off of 480 eV. Brillouin-zone integration is carried
out with a 11 × 11 × 1 k-mesh according to the Mon-khorst-Pack
scheme [42,43].

3.  Results and discussion

Fig.  1(a) and (b) shows the stress-strain curves of 9 nm wide
SLMoS2 nanosheets under tensile loading along the zigzag and
armchair directions, respectively. As shown in Fig. 1(a), when the
tensile loading is applied along the zigzag direction, the stress
changes with strain linearly up to a strain of about 12.6% (A → B),
corresponding to elastic deformation of the hexagonal lattice. Sub-
sequently, a small drop in stress emerges at point B as a result of
displacement of atoms, but the stress is further increased up to
16.68 GPa at a strain of 16.6%. Afterwards, the stress drops abruptly
(C → D) as a result of the phase transition from hexagonal to quadri-
lateral and it will be discussed later according to the structural
accompanied by a sudden drop in potential energy. Further tensile
loading leads to the stretching and rippling of the newly formed
phase (D → E). As shown in Fig. 1(b), when the tensile loading is
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ig. 5. (a) Initial and relaxed quadrilateral model of SLMoS2; (b) the average energy
tructure of these two phases; (d) Band structure of the quadrilateral phase.

pplied along the armchair direction, elastic deformation occurs in
he strain range of 0%–16% (A → B). After a small stress drop at a
train of 16%, the stress increases with strain continuously until
racture (B → C). However, the aforementioned phase transition
oes not take place and the potential energy increases continuously
ith strain until destructive fracture. That is, the tensile loading

nduced phase transition is sensitive to the direction.
The ultimate strain and stress just before fracture are two impor-

ant parameters describing the resistance of materials to external
orce. As shown in Fig. 2(a) and (b), as the sheet width is reduced
rom 50 nm to 3 nm,  the ultimate strain and stress along the arm-
hair direction increases from 29% to 42% by 44.8% and from 42 GPa
o 54 GPa by 28.6%, while the ultimate strain and stress along zigzag
irection increases from 39% to 60% by 53.8% and from 31 GPa to
7 GPa by 116%. The fitted relationship between the ultimate stress
�) and sheet width (w) are � = 98.66 w−0.37and � = 56.3 w−0.07

long the zigzag and armchair directions, respectively. This behav-
or is similar to that observed from conventional metals, i.e.,
the smaller, the stronger” [44]. The remarkable enhancement in
echanical strength along zigzag direction is related to the afore-
entioned phase transformation. Fig. 2(c) shows the critical stress

equired for the phase transition along the zigzag direction. It
ncreases from 15.82 GPa to 27.3 GPa by 72% as the sheet width
s reduced from 50 nm to 3 nm.  Hence, the smaller the sheet width,
he more difficult it is for the phase transition from hexagonal to
uadrilateral.

Fig. 3(a)–(c) shows the typical snapshots of the atomic configu-
ations of the SLMoS2 nanosheets with widths of 3 nm,  9 nm, and
0 nm,  respectively, when loaded along the zigzag direction. The
toms are colored by the potential energy per atom and processed
y the OVITO package. The red regions denote the clamped bound-
ries. It can be seen that the quadrilateral phase nucleates from

he sheet edges due to the higher energy when the applied strain
xceeds a critical value (20%, 16.6% and 12% for the nanosheets with
idths of 3 nm,  9 nm,  and 50 nm,  respectively). This corresponds to

 sudden drop in the stress as shown in Fig. 1(a). The phase tran-
om of hexagonal and quadrilateral phases as a function of volume; (c) Phonon band

sition  sweeps through the nanosheets with increasing strain and
the newly generated quadrilateral phase is indicated in green. This
phase transition from hexagonal structure to quadrilateral one was
also observed in SLMoS2 when loaded along zigzag direction at the
temperature lower than 40 K and under nano-indentation at 10 K
[29,37]. Similar structural transitions from wurtzite to graphite-like
phase and body-centered-tetragonal phase (BCT-4) took place in
ZnO, GaN, ZnS, and MgO  nanowires under tensile loading [45–48].
The inset in Fig. 3(b) schematically shows the atomic configurations
of the hexagonal and quadrilateral phases. During phase transi-
tion, the bond lengths of S-Mo vary from the initial value of 2.40 Å
to 2.45 Å by 2.1% and 2.36 Å by 1.67%, respectively. In fact, as the
applied strain is increased, the system energy increases especially
for atoms at the edges. Nearly all the phase transitions are activated
from the S-polar edge but not from Mo-polar edge even with S pas-
sivated. Owing to the thermal fluctuation, the atoms at the edges
are displaced from their equilibrium positions towards neighbor-
ing Mo  atoms at a large strain thereby facilitating the formation of
the quadrilateral phase.

In  order to confirm the structural stability of the newly produced
quadrilateral phase, taking the SLMoS2 nanosheet with a width of
15 nm as an example, unloading process is also simulated by releas-
ing the stress from a given strain. Fig. 4(a) shows the stress-strain
curves of the SLMoS2 nanosheet loaded along zigzag direction
and unloaded from different strains. If the SLMoS2 nanosheet is
unloaded from a strain at which the phase transition does not
take place, for example, from 12% and 17%, the deformation is
completely reversible. However, a residual strain of about 21% is
observed if the SLMoS2 nanosheet is unloaded from a strain of 30%
and 44% at which the phase transition has already occurred. Ther-
modynamically, the newly formed quadrilateral phase is indeed
metastable and it is difficult to recover to the initial hexagonal

phase because of an energy barrier of 0.1972 eV per atom. Sim-
ilar results were evidenced previously, that is, the quadrilateral
structure was induced under tensile loading along zigzag direc-
tion and the original hexagonal phase cannot be recovered with a
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esidual strain of 20% or so after unloading [29]. Fig. 4(b) shows the
tress-strain curves of SLMoS2 nanosheet loaded along armchair
irection and unloaded from different strains. The hexagonal lat-
ice is elongated during tensile loading and is completely reversible
pon unloading even from a strain of 29%. The energy loss leads to
he hysteretic loops in stress-strain curves.

First-principles calculations are conducted to study the struc-
ural stability, energy band structure and the electronic states of
he new quadrilateral phase as well as the initial hexagonal phase.
ig. 5(a) displays the initial atomic model (left) in the quadrilat-
ral lattice which is constructed according to the MD results and
elaxed model (right). In the initial model, the bond length of Mo-
1, Mo-S3, and Mo-S2′ is set at 2.45 Å and that of Mo-S1′, Mo-S3′

nd Mo-S2 is 2.36 Å. A 1.5 nm thick vacuum layer is added to the
op of the SLMoS2 to avoid the interactions between layers. After
ompletely relaxed, the bond length of Mo-S1, Mo-S3, and Mo-S2′

s stretched into 2.564 Å and that of Mo-S1′, Mo-S3′ and Mo-S2
s 2.517 Å. The average energy per atom of these two  phases as

 function of volume is calculated. As shown in Fig. 5(b), there is
 minimum energy at a volume of 1069.48 Å3 and 1559.27 Å3 for
he quadrilateral and hexagonal phases, respectively, moreover, the
verage energy per atom in the quadrilateral phase at equilibrium
tate is about 0.1972 eV higher than that in hexagonal phase. Hence,
he initial hexagonal phase is stable and the newly quadrilateral
hase is metastable. Fig. 5(c) shows the phonon dispersion curves
f the two phases calculated by using MD  simulation in which the
tomic interaction is described by the SW potential. No imaginary
requency can be identified, indicating that the quadrilateral phase
s dynamically stabilized. Fig. 5(d) shows the band structure of the
ewly quadrilateral phase without the spin-orbit coupling (SOC)
red lines) and with SOC (blue lines), in which the Fermi level is
et at 0 eV. Apparently, the SOC hardly affects the band structure,
nd there are concentrated electronic states around the Fermi level,
nd no band gap can be induced, characteristic of metals. Hexag-
nal SLMoS2 is a typical semiconductor with a large band gap of
bout 1.8 eV and the band gap will be substantially reduced under
ensile loading [8–13]. A uniaxial tensile strain of about 11% will
lose the band gap, resulting in a semiconductor-to-metal transi-
ion [14,15]. If the uniaxial strain is further increased up to about
6.6%, a structural transformation from hexagonal to quadrilateral
ccurs but the SLMoS2 nanosheets maintain metallic features.

Fig.  6(a)–(c) shows the typical snapshots of the atomic config-
rations of the 3 nm,  9 nm,  and 50 nm wide SLMoS2 nanosheets,
espectively, when loading is applied along the armchair direction.
he quadrilateral phase is only observed from some local regions

n the 3 nm wide SLMoS2 nanosheet at a strain of over 30%. As for
he wider SLMoS2 nanosheets, tensile loading only leads to stretch-
ng of the S-Mo bonds and the hexagonal lattice is maintained as
hown in the inset in Fig. 6(c).

Following the phase transition, periodic rippling parallel to the
oading direction usually takes place in SLMoS2 nanosheets that are

ide enough, as shown in Fig. 3. Fig. 7(a)–(c) presents the typical
napshots of the cross-sectional atomic configurations of the 3 nm,

 nm,  and 50 nm wide SLMoS2 nanosheets, respectively. As shown
n Fig. 7(a), the 3 nm SLMoS2 nanosheet is always flat even after
hase transition at a strain of 22% and further loaded to a strain
f 55%. In contrast, periodic rippling occurs in the 9 nm and 50 nm
LMoS2 nanosheets immediately after the phase transition is initi-
ted and rippling is gradually extended throughout the sheets with
ncreasing strain, as shown in Fig. 7(b) and (c). Fig. 8(a) and (b)
hows the ripple wavelength (�) and wave height (h) of the three
LMoS2 nanosheets at different tensile strains. In fact, when the

LMoS2 nanosheets are less than 9 nm,  rippling is not observed.
aking the 3 nm wide SLMoS2 nanosheet as an example and as
hown in Fig. 8(a) and (b), � is always zero and h is nearly constant
ith increasing strain. However, for the 9 nm SLMoS2 nanosheets,
Fig. 6. Typical atomic configurations of the SLMoS2 nanosheets with different
widths  under tensile loading along the armchair direction: (a) 3 nm;  (b) 9 nm, and
(c) 50 nm.

both � and h increase sharply after a critical strain at which the
phase transition is initiated and then they change slightly with
increasing strain when the phase transition is completed. The rip-
pling characteristics depend on the size of SLMoS2. Fig. 8(c) shows
the maximal � and h as a function of sheet width. The values of
� and h are zero for the nanosheets smaller than 9 nm, indicating
that the smaller SLMoS2 nanosheets can stay flat even under large
tensile strain. As the sheet width is increased from 9 nm to 50 nm,
� increases from 2.62 nm to 4.41 nm by 68.3% and h increases from
0.66 nm to 1.14 nm by 72.7%. The dependence of the wavelength
and wave height of the ripples on the tensile strain can be described
by the Föppl von Kármán equations [49–51]:

� =
√

2�lt√
3(1 − 	2)ε

and  (4)

h =
√

2(1 − 	)�
�

�  =

√
2lt
�

√
(1 − 	)ε
3(1 + 	)

. (5)

in  which l is the width of a thin sheet, t is the sheet thickness, the

Poisson’s ratio � of 0.267 is calculated by the DFT method and � is
the longitudinal strain [26,36]. Eqs. (4) and (5) can be simplified as
�∼�−1/4 and h∼�1/4, respectively. Fig. 9(a) and (b) displays the fitted
relationship of � versus �−1/4 and h versus �1/4 for the 9 nm,  16 nm,
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ig. 7. Ripple configurations with lateral section of the SLMoS2 nanosheets with
ifferent widths under tensile loading along the zigzag direction: (a) 3 nm;  (b) 9 nm,
nd (c) 50 nm.

nd 50 nm SLMoS2 nanosheets and the good linear fits indicate the
alidity of the continuum theory for thin sheets with a nanoscale.

Taking  the 50 nm SLMoS2 nanosheet as an example, Fig. 10(a),
c), (e), (g), and (i) show the evolution of the ripple profiles in the
oy plane at strains of 0%, 13.7%, 17.2%, 27%, and 38%. It is colored
ccording to the out-of-plane displacement of atoms. The ripples
re formed initially at the interface between the hexagonal and
uadrilateral phases [Fig. 10(c)] and then propagate and merge
ith each other [Fig. 10(e)]. Upon further tensile loading, the rip-

les become periodical and regular [Fig. 10(g) and (i)]. Fig. 10(b),
d), (f), (h), and (j) display the profiles of ripples along the solid
ight brown lines in the left panels of Fig. 10. The ripple profiles
an be well fitted by sinusoidal functions, as highlighted by the
olid blue lines in the right panels of Fig. 10. The results resemble
tretch-induced wrinkling of thin elastic sheets with a macroscale
49–51]. The clamped boundaries prevent the sheets from contract-

ng laterally in the local regions and the shear stress emerges near
he boundaries thereby produces wrinkling. Wrinkling and rippling
nduced by the thermal effect, shear and compression have been
bserved from graphene and phosphorene nanosheets [52,53]. As
Fig. 8. (a) Rippling wavelength and (b) Wave height as a function of strain; (c)
Rippling  wavelengths and heights in the zigzag SLMoS2 nanosheets with different
widths.

for 2D materials, the Poisson’s effect becomes substantial, that
is, when the nanosheets are tensile loaded along one direction,
the other in-plane direction will be compressed, resulting in the
shorted width, as shown in Fig. 7. However, lateral compressive
stress during tensile loading process is too small to induce ripples
in SLMoS2 nanosheets. In fact, stress gradient emerges around the
phase boundaries between the hexagonal structure and the quadri-
lateral structure in SLMoS2 nanosheets. The inhomogeneous stress
distribution around the phase boundaries may  be the driving force

for the formation of ripples on SLMoS2 nanosheets. Fig. 11(a) and
(b) shows the lateral and shear stress distributions in the 50 nm
SLMoS2 nanosheets during phase transition. As shown in Fig. 11(a),
the lateral stress in the quadrilateral phase domain is positive (ten-



186 H. Bao et al. / Applied Surface Science 404 (2017) 180–187

Fig. 9. Wavelength and wave height versus �1/4 with the symbols representing the
simulation results and solid lines standing for the best-fitted curves.

Fig. 10. (a), (c), (e), (g), and (i) Ripple patterns of the 50 nm wide SLMoS2 nanosheet
at  strains of 0%, 13.7%, 17.2%, 27% and 38%; (b), (d), (f), (h), (j) Out-of-plane displace-
ment along the solid light brown lines in the left panels. The ripple profiles can be
well fitted by sinusoidal functions.

Fig. 11. (a) Lateral stress and (b) Shear stress distributions in the 50 nm wide SLMoS2

nanosheet at tensile strains of 12.5%, 13.0%, and 13.7%.
Fig. 12. Lateral atomic stress distribution and out-of-plane displacement distribu-
tion  in the 50 nm wide SLMoS2 nanosheet at a strain of 27%.

sile) but negative (compressive) in the hexagonal phase domain.
As shown in Fig. 11(b), the shear stress is anti-symmetrically dis-
tributed around the phase boundary and it is butterfly-like with
one branch having positive shear stress and the other having nega-
tive shear stress. The inhomogeneous distributed lateral and shear
stresses around the phase boundary promote rippling. As for the
nanosheets with a small width (<9 nm), the stress is also inhomo-
geneously distributed around the phase boundaries. But the phase
domain is too small to bend along the width direction, and thus
the aforementioned ripples cannot be found. Fig. 12 shows the lat-
eral stress distribution in the 50 nm SLMoS2 nanosheet at a tensile
strain of 27%. The strain gradient is obvious and the inhomogeneous
strain distribution may  shift the band edges of MoS2 nanosheets
thus affecting the physical properties. In fact, recent theoretical cal-
culation by DFT and tight-binding (TB) methods has demonstrated
that ripples may  reduce the bandgap and enhance the electronic
and optical properties [42,43].

4. Conclusion

The tensile deformation process in SLMoS2 nanosheets with dif-
ferent widths along the zigzag and armchair directions is studied
by MD simulation. The hexagonal to quadrilateral phase transi-

tion is observed at a large strain when loading is applied along the
zigzag direction but not along the armchair direction. DFT calcula-
tion illustrates that the new phase is stable and metallic and tensile
loading transforms the MoS2 from semiconducting to metallic. The
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[52] Z. Wang, M.  Devel, Periodic ripples in suspended graphene, Phys. Rev. B 83
(2011) 125422.
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ltimate stress and strain increase with decreasing widths when
oading is applied along both the zigzag and armchair directions.
urther loading along the zigzag direction promotes the inhomo-
eneous distribution of lateral and shear stress around the phase
oundaries in the nanosheets with a large width. As a result, peri-
dic rippling perpendicular to the loading direction emerges and
he wavelength and the wave height change with strain according
o �∼�−1/4 and h ∼ �1/4. In this way, a graded strain distribution
an  be produced or modulated by tensile loading and this phe-
omenon can be exploited to enhance the photoelectric properties
f 2D materials and design strain-tunable nanodevices.
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