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Abstract. We used the molecular dynamic finite element method with Stillinger-Weber
potential to study the mechanical behavior of monolayer 1H-type nickel ditelluride (1H-NiTe,)
sheets under uniaxial tension. As the size of the pristine 1H-NiTe, sheet increases, the Young’s
modulus in the armchair direction increases by 6.2 %, while that in the zigzag one decreases by
6.0 %. Both tend to be size-independent in larger sheets and approach the same value at around
54 N/m. The ultimate stress in the armchair direction remains almost unchanged but that in the
zigzag one reduces by about 9.5 % as the size inclines. Besides the influence of size, our results
show that single vacancy defects strongly affect the ultimate stress and strain while having no
effect on Young’s modulus and Poisson’s ratio. When a Te atom is missing at the sheet’s center,
the ultimate stress in the armchair direction is reduced by 11.7 %, while a decrease of 16.0 % is
caused by a Ni atom vacancy.
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1. INTRODUCTION

In recent times, nanomaterials have been of great interest to scientists because of their
interesting properties in mechanics, electricity, and optics. Graphene and its nanomaterials were
the first studied materials which are broadly employed in a range of applications from mechanics
to electronics and from agriculture to biomedical science. Utilized as a semiconductor, a material
has a requisite bandgap, but graphene does not [1 - 4], making it an exception. In contrast to
graphene, transition metal dichalcogenides (TMDs) have been found to exhibit a finite bandgap
with 1-2 eV [5] while maintaining the other appealing characteristics of nanomaterials.

Monolayer 1H-type crystalline nickel ditelluride (1H-NiTe,) sheet is one of the TMDs
synthesized by heating an ampoule containing the reaction mixture to 1000 °C [6], consisting a
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Ni atom layer between two Te atom layers (see Figure 1). Unlike graphene, not much research
has been conducted on 1H-NiTe, sheets. The NiTe, monolayer showed a strong thickness-
tunable electrical property, with excellent conductivity and extraordinary breakdown current
density [7]. The application capability of NiTe, in catalysis and nanoelectronics has been
reported in [8]. Using molecular dynamics (MD) simulations, Jiang et al. discovered mechanical
properties of 1H-NiTe, sheet in the dimension of 100 x 100 A. They found out the two-
dimension (2D) Young’s modulus of the sheet to be 53.6 N/m and 53.2 N/m along the zigzag
(ZZ) and armchair (AM) directions, respectively, and a Poisson’s ratio of 0.32 along both
directions [9]. Md. Faiyaz Jamil et al. also used MD simulation to investigate both 1T and 1H
structures of NiTe,[10]. They reported that the NiTe, layered atomic structure was regulated by
brittle type failure. Increasing temperature and defect density minimized the ultimate stress and
strain of NiTe,. The ab initio calculations predicted a Young’s modulus of 44 N/m and a
Poisson’s ratio of 0.14 for the 1T-NiTe, single layer [11].

To the best of the authors’ knowledge, no work has studied the influence of size on
mechanical behaviors of 1H-NiTe, sheets using the finite element method. The influence of
defects on the mechanical properties of 1H-NiTe, sheets has not been investigated. Therefore, a
more complete understanding of the mechanical properties of 1H-NiTe, nanosheets is needed
before their great potential applications can be realized. The main goal of this work is to study
the mechanical properties of 1H-NiTe, nanosheets. We simulated simple tensile tests by using
the molecular dynamic finite element method (MDFEM) with Stillinger-Weber (SW) potential.
Besides, the influence of size and vacancy defects on Young's moduli, Poisson’s ratio, ultimate
stress, and ultimate strain of the 1H-NiTe, nanosheets were estimated and discussed.
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Figure 1. Configuration of the 1H-NiTe,: a) Enlarged view of the nine nearest atoms;
b) Three-dimension view; c) top view; d) front view; e) side view.

2. MODEL AND METHOD
Figure 1 depicts the atomic structure of 1H-NiTe, where six Te atoms are divided into

upper and lower groups surrounding one Ni atom. The bond length between adjacent Ni and Te
atoms is 2.54 A, and the angles (Ni-Te-Ni) and (Te-Ni-Te) are equal at 89.933°, while the angle
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(Te-Ni-Te’), of which Te and Te’ belong to two different groups, is 70.624°, taken from Ref. [9].
These parameters are used to build the pristine 1H-NiTe, structure.

Stillinger-Weber potential is adopted to simulate the interatomic interactions [9] in the
present study. The potential energy E of the atomic structure is the sum of the bond stretching E,
and bond angle bending energy E,:

E=E, +E,, )
Er = ivza E9 = iva ) (2)
Vz _ Ae[ﬂ/(ﬁj—rmaxij ﬂ (B/rl;l _1) , (3)

2

: (4)
where V, corresponds to the bond-stretching and V3 to the angle-bending. M and N denote the
total numbers of bond-stretching and angle-bending elements, respectively (Figure 2). The
Cutoffs r...r.q are determined from the nanomaterial’s structure. A, K are energy parameters.

B, oy, py andg, are five geometrical parameters. r,. 1 are the length of bonds ij and ik,
respectively. g, is the angle between two bonds ij and ik. They can be defined as below:

=0y =1 (-0 (22 ®)
(6 = %) 06 = %)+ (35 = %) (= %)+ (2~ 2 ) (2~ 2)

Cos by = 1 (6)

s

V3 _ Ke[/ﬁj/("ij*"maxij )*/’ik/("ik*’maxik)} (COS (9ijk —C0S 00)

here (xi,yi,zi), (xj,yj,zj) and (Xk,yk,zk) are coordinates of atoms i, j and k, respectively.

Figure 2. Two types of elements in SW potential: a) Bond-stretching element and b) Angle-bending
element in the 1H-NiTe, structure.

Stillinger-Weber potential parameters are taken from Ref. [9] for 1H-NiTe, nanosheets and
listed in Tables 1 and 2.

Table 1. Bond-stretching SW potential parameters of 1H-NiTe; sheet.

AEV)  |p(A) BA) | rnwix (A)
Ni-Te  |6461  |1359  [20.812 |3.469

Molecular dynamic finite element method, which has successfully estimated the
mechanical behaviors of some hexagonal sheets with Tersoff potentials in our previous works
[12, 13], is here further developed for SW potential to research the mechanical behaviors of 1H-
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NiTe, nanosheets. A more detailed procedure of MDFEM s introduced in our previous work
[12].

Table 2. Angle-bending SW potential parameters of 1H-NiTe, sheet. Te-Ni-Te indicates the bending
energy for the angle with Ni as the apex.

K (eV) 6 (degree) | pj A) | pi (A) Fmaxij (B) | Fmaxic (A) Fmaxjk A)
Te-Ni-Te | 24.759 89.993 1.359 | 1.359 3.469 3.469 4.114
Ni-Te-Ni | 24.759 89.993 1.359 | 1.359 3.469 3.469 4.114
Te-Ni-Te’ | 27.821 70.624 1.359 | 1.359 3.469 3.469 4.114

Simple tensile tests of 1H-NiTe, nanosheets along the ZZ and AM directions were
conducted. Young’s modulus and Poisson’s ratio were calculated by a linear fitting of the stress-
strain curve in the strain smaller than 0.01. In this study, we used 2D Young’s modulus (Yt) and
2D stress (of) with t being thickness of the nanosheet, o and ¢ denoting the engineering stress
and engineering strain, respectively.
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Figure 3. Influence of size of the square shaped 1H-NiTe, pristine sheets on (a) Young’s modulus; (b)
Poisson’s ratio; (c) ultimate stress and (d) ultimate strain.
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3. RESULTS AND DISCUSSION

To begin, square shaped 1H-NiTe, pristine nanosheets with dimensions between 20 x 20 A
and 200 x 200 A are built to study size effects on their mechanical properties. Figure 3 shows
data on the dependency of Young’s modulus, Poisson’s ratio, ultimate stress, and ultimate strain
of the 1H-NiTe, pristine sheet on its size. The 2D Young’s moduli are 58.1 N/m and 50.5 N/m
along the ZZ and AM directions, respectively, in the smallest sheet, then decrease to 54.5 N/m
along the ZZ direction but increase to 53.6 N/m along the AM one in the biggest sheet. These
results are close to those by molecular dynamic simulations [9, 10]. In addition, the Young’s
modulus in both directions has tendency to reach the same value in bigger sheets which shows
that the Young’s modulus of the 1H-NiTe, nanosheet is isotropic in the ZZ and AM directions.
Similar phenomenon has been reported for monolayer 1H-MoS, nanosheets [14, 15].

As shown in Figure 3b, the Poisson’s ratios increase as the size gets larger. For the 200 A
square shaped sheet, the values are 0.30 and 0.31 in the ZZ and AM directions, respectively,
which are close to the value of 0.32 by using molecular dynamic simulations [9]. The influence
of the size of the nanosheet on the ultimate stress and ultimate strain is introduced in Figures 3c,
3d. When the size of the 1H-NiTe, nanosheet becomes bigger, from 20 to 200 A, the ultimate
stress in the ZZ direction shows a decrease from 7.9 N/m to 7.2 N/m, while that in the AM one is
nearly unchanged at 7.8 N/m and ultimate strains in the AM direction slightly fluctuate around
26.4 %, and that in the ZZ one slightly increases from 28.3 % to 29.1 %.
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Figure 4. Stress-strain curves of 1H-NiTe, nanosheet with an atom vacancy defect in the sheet’s
center under simple tensile tests.

Next, the effect of vacancy defects on the mechanical properties of 1H-NiTe, nanosheet
will be investigated. Vacancy defects are a type of point defect where an atom is missing. They
occur naturally in all crystalline nanomaterials and 1H-NiTe, is no exception. Two cases of
defects, missing a Ni atom and missing a Te atom at the 200 x 200 A sheet’s center, are
considered in the present work. Stress-strain curves of the 1H-NiTe, defect sheet with different
types of missing atom are drawn in Figure 4. The results show that the stress-strain curves of
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defected nanosheets coincide with those of pristine sheets up to the corresponding fracture
points. Therefore, the defected nanosheets possess nearly the same value of Young’s modulus as
the pristine one with that being around 54 N/m along both the ZZ and AM directions. A similar
phenomenon can be seen in the Poisson’s ratio. However, the defects have significant effects on
ultimate stress and strain. With missing a Te atom in the sheet’s center, the ultimate stress
decreases from 7.2 N/m to 7.1 N/m and from 7.8 N/m to 6.9 along the ZZ and AM directions,
respectively. In addition, the ultimate strain also undergoes a decrease from 29.1 % to 24.5 % in
the ZZ direction and from 26.5 % to 17.7 % in the AM one. Besides, missing a Ni atom stronger
affects the ultimate stress and ultimate strain with the former declining to 6.6 N/m (along the ZZ
direction), 6.5 N/m (along the AM one), and the latter declining to 19.5 % (along the ZZ one),
16.3 % (along the AM one). The sheet is more weakened by missing a Ni atom than by missing
a Te one due to Ni atoms located on the central layer with each Ni atom linking to six Te ones
while a Te atom being on the surface layer is bonded to only three Ni ones (see Figure 1).
Therefore, six bond-stretchings vanish with missing a Ni atom while only three ones disappear
with missing a Te atom.

Bond strain
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. %00 . e T
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Figure 5. Photographs of 1H-NiTe, pristine (left) and vacancy defect (right) sheet at fracture point.

Figure 5 gives photographs of the fracture nanosheet under simple tensile tests, where a
bond is not shown if its length exceeds the maximum value of 3.469 A. It can be seen that the
fracture occurs in a line perpendicular to the direction of the loading. However, the fracture is
located in the sheet’s center where the point defect is. Because the sheet is naturally weakened
by missing atom, a hole becomes bigger and bigger from the defected location during the
nanosheet’s tension which leads to a failure at the defected location as shown in Figure 5.

4. CONCLUSIONS

To summarize, the mechanical properties of 1H-NiTe, pristine and defected sheets under
uniaxial tension have been investigated using MDFEM with SW potential. With the pristine
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sheet, the Young’s modulus increases in the AM direction but decreases in the ZZ one when the
dimension of the sheet becomes bigger, but they are nearly same value in the large sheet. In
addition, ultimate stress in the AM direction remains nearly unchanged while that in the ZZ one
significantly decreases when the size of the sheet gets larger. The Poisson’s ratio goes up as the
size gets bigger, but it has a slower rise in the larger sheets. Besides the size effect, vacancy
defects are also studied. It is found that an atom missing defect strongly affects the ultimate
stress and ultimate strain but has almost no effect on Young’s modulus and Poisson’s ratio of
1H-NiTe,. Because of a point defect in the sheet’s center, the ultimate stress and strain decline
about 1.7 - 16.0 % and 15.8 - 38.5 %, respectively. Our findings in this work provide useful
information for the design of nanodevices using 1H-NiTe, nanosheets in future applications.

Although various nanomaterials have been calculated by DFT calculations and MD
simulations, such computational techniques are all time-consuming and high-performance
computing requirements. Our approach of using MDFEM here is a simple and fast technique to
accurately study the mechanical properties of 1H-NiTe, nanosheets. Until now, the limitation of
the MDFEM s that it is only used to calculate the mechanical properties without temperature
effect. We hope that MDFEM can be developed to study more aspects of hanomaterials in our
future works.
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