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2D transition-metal dioxides and dichalcogenides with 1H phase (1H-MX,) have a large number of members
and a wide range of material properties, making them promising candidates for numerous applications. The
comprehensive, accurate, and rapid evaluation on the mechanical properties of the 1H-M X, family has been an
important and challenging issue. Here, a general theoretical model is constructed based on molecular mechanics,
which provides an accurate and rapid analytical algorithm for calculating the mechanical properties of the entire
family of 1H-MX,. The validity of the constructed model is verified by molecular dynamics simulations upon the
scale effect on the mechanical behavior of 1H-MoS,. Notably, we report a library composed of the mechanical
properties of 34 types of 1H-MX;. It is found that the mechanical performances of 1H-M X, depend on the period
and group numbers of elements. The obtained results are in good agreement with the existing experimental and
numerical results. Furthermore, the roles of molecular structure and force field on the mechanical properties
are elucidated, which is beneficial in predicting the mechanical performances of the potential and unreported
1H-MX,. The findings offer an important theoretical basis for the reverse design and optimization of 1H-MX,

material-based nanodevices through nanostructure-property relationships.
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I. INTRODUCTION

In recent years, two-dimensional (2D) materials have
sparked great interest from the perspective of basic physics
and applied science [1-4]. Graphene, a typical 2D material, is
quite popular because of its many fascinating properties, but
the lack of electronic band gap stimulates the search for other
2D materials with semiconducting performances [5-7]. The
latest studies have revealed that 2D transition-metal dioxides
and dichalcogenides with the generalized formula MX, (M is
a transition metal atom, and X is a chalcogen atom) might
offer properties superior to graphene [2,8,9]. More than 60
transition metal dichalcogenides have been discovered, and at
least 40 of them have layered crystal structures [8,10]. It is
notable that MX, exists in several structural phases accord-
ing to different coordination spheres of the transition metal
atoms. Some of the monolayer MX, have D3, point group
symmetry and are specified as 1H phase [11,12]. Compared
to the 17 phase with D3, point group symmetry, the 1H phase
has higher stability and wider application [13,14]. Among the
1H-M X, materials, 1 H-MoS, is the most presentative material
due to its robustness and the high availability of raw materials
[14,15].

The 1H-MX, compounds often exhibit many excellent
properties and hold promise for a broad range of appli-
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cations in integrated circuits and nanoelectronics [2,16,17].
Interestingly, mechanical strain can strongly perturb the band
structure of these materials, which opens up a new avenue to
further improve material properties and prepare on-demand
devices [18,19]. Therefore, a full understanding of the me-
chanical properties and deformation behaviors of 1H-MX, is
essential to design and adjust their mechanical and electrical
performances reasonably. The probe microscopy technique
provides an effective way to operate and measure 2D materials
at the nanoscale [20-22]. Cooper et al. measured the surface
elastic modulus and intrinsic strength of 1H-MoS, based on
the nanoindentation experiments, and the results are close to
Griffth’s prediction on strength limit [21]. Yang et al. con-
ducted tensile tests on 1H-MoSe, based on the developed in
situ nanomechanical platform and observed the brittle fracture
processes of crack initiation, propagation, and final failure in
real time [22]. Although considerable progress has been made
in the control accuracy of equipment, it is still a formidable
task to directly determine the mechanical properties of 2D
materials at the nanoscale based on experimental methods,
especially for so many family members [23,24].

With the improvement of computer performance, nu-
merical calculations play an increasingly important role in
exploring the mechanical property and its underlying mech-
anism of 2D materials, such as first-principles calculations,
molecular mechanics (MM), and molecular dynamics (MD)
simulations [25-28]. Cakir et al. predicted the mechanical
and thermal properties of 1H-MX, (M = Cr, Mo, W; X =
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0O, S, Se, Te) based on the density functional theory, and
the obtained results are quite consistent with the experiments
[25]. Kang et al. examined the in-plane mechanical proper-
ties of 1H-MX, by utilizing the first-principles calculation.
The research indicates that the in-plane stiffness decreases
when X changes from S to Te and M changes from W to
Mo [29]. Jiang et al. evaluated the mechanical properties of
1H-MoS,, including the elastic modulus, Poisson’s ratio, and
bending stiffness, using an analytic formula on the basis of
the MM method [30,31]. Li et al. investigated the bending
behaviors of 1H-MoS, based on MD simulations and revealed
the size-dependent bending stiffness caused by the boundary
effect [32]. The above researches provide valuable insights
into the mechanical behavior of several representative 1H-
MX, materials. However, 1H-MX, covers a large family of
materials, and there are still many members whose mechani-
cal properties have not yet been reported. Furthermore, there
are also considerable costs associated with developing and
designing specific experiments and algorithms for individual
materials. Therefore, it is of great significance to construct a
general model for the comprehensive and rapid evaluation on
mechanical properties of the 1H-MX, family based on their
molecular structures.

In this work, based on the MM framework, a general
analytical algorithm (theoretical model) is proposed for evalu-
ating the mechanical properties of 1H-MX;, including surface
elastic and shear moduli and in-plane and out-of-plane Pois-
son’s ratios. On the basis of the study of mechanical behaviors
of 1H-MoS,, the constructed model is verified by MD sim-
ulations. Moreover, we predict the mechanical properties of
34 types of 1H-MX,, and the obtained results are in good
agreement with the existing experimental, DFT, and MD
methods. Furthermore, the effects of geometrical structure
and force-constant parameters on mechanical performances
are examined here. This work offers an effective and rapid
computational method to assess the mechanical properties of
1H-M X, materials.

II. MODELS AND METHODOLOGY

A. Theoretical basis

The general theoretical model is established based on a
MM framework. In the MM method, the molecule is regarded
as a group of atoms held together by interatomic interaction,
and the intermolecular interactions are calculated through the
van der Waals and electrostatic potentials [33,34]. Hence, the
total system potential can be expressed as a sum of several
individual energy terms,

Etolal = Ebond + Eangle + Einv + Etor + EvdW + Eele9 (1)

where Epond, Eangle> Einv, and Ei, are the energies associated
with bond stretching, bond angle bending, inversion, and tor-
sion, respectively. Eyqw and E. are associated with van der
Waals and electrostatic interactions, respectively. It should be
noted that bond stretching and bond angle bending are typical
motion styles for most covalent bonding materials, which play
dominant roles in the total system potential. Thus, the total
system potential can be reduced to the sum of the two energy
terms (Epong and Eqngle) [30,33,35].
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FIG. 1. The molecular configuration of 1H-MX,. (a) The struc-
ture of 1H-MX, with different chiral directions. (b) The selected unit
cell is in the red rectangle. (c) The perspective view of the unit cell
with geometrical variables.

According to the Born-Oppenheimer approximation, the
system potential can be expressed as a function of atomic
coordinates. Figure 1(a) shows the molecular configuration of
1H-MX, with D3, point group symmetry, which consists of
three atomic layers with a transition metal atom sandwiched
between two chalcogen atoms. Based on the boundary
characteristics of 1 H-M X5, the chiral directions can be divided
into the armchair and zigzag types. For the convenience of
calculation, we select a representative unit cell labeled by the
red rectangle in Fig. 1(b), and the corresponding geometrical
variables are shown in Fig. 1(c). There are one type of
bond length and three types of bond angles in the unit cell,
which are defined as M-X bond length (r), M-X-M intralayer
angle (¢), X-M-X intralayer angle (6), and X-M-X interlayer
angle (¢), respectively. In this work, we examine the elastic
properties of 1H-M X, materials under the small deformation
conditions and find that the harmonic function is sufficient
to characterize the related mechanical properties [30,33,34].
Thus, the total potential energy (E) of 1H-MX, can be further
expressed as follows:

1 1
Eal = E Z I(rdr2 + 5 ZK¢d¢2

1 2 1 2
+ EZKode + 5erq,,ch/f , )

where K,, Ky, Ky, and K, are the force-constant parameters
of bond length and bond angles.

It is worth noting that the potential energy of the unit cell at
the inner and boundary is different due to the dangling bonds
[32,36]. Hence, for 1H-MX, with the nonperiodic boundary,
the potential energy is calculated by considering the effective
bond lengths and bond angles without taking into account the
dangling bonds, which means that the proposed computational
model can describe the size-dependent mechanical properties.
Under the external loading (W), the total energy (U) can be
given as

U = Einner + Evbounda — W, (3)

where Ejnner and Eyoung are the potential energies of the unit
cell at the inner and boundary. It should be noted that due
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FIG. 2. The distribution of different types of bond lengths and
bond angles of unit cell under the tension deformation. The black
arrows represent the directions of the loadings. The red dashed lines
are auxiliary lines.

to the controversial thickness of 2D materials, the surface
modulus (unit: N/m) is calculated here to characterize the
mechanical performance of the relevant materials. Based on
the principle of minimum potential energy (§U = 0), the an-
alytical algorithms are constructed for evaluating the surface
elastic and shear moduli, in-plane and out-of-plane Poisson’s
ratios under the uniaxial tension, and pure shear conditions,
respectively.

B. Tension model

The uniaxial tension loading is applied along different chi-
ral directions of the unit cell, as shown in Fig. 2(a). Based on
the structural symmetry of 1H-MX>, the tension deformation
of the unit cell can be characterized by two groups of variables
(i, ¢i, 0;, and ;, where ¢; = 6;, i = 1, 2), as depicted in
Fig. 2(b). During the tensile process, the structural relation-
ship of 1H-MX; satisfies the small deformation assumption.
Subsequently, we will derive the geometrical relationships
between these variables to construct expressions for the total
energy. According to the consistency of thickness, the vari-
ables (r; and ;) should satisfy

71 sin % = rpsin % %)

Differentiating both sides of Eq. (4) leads to

dr, = A1dy + Axdy, + Asdry, )
where
Y ¥ Y
11 COS 5 rp cot 5= sin -
Ar=——2 M=-"2L My=—2. (6
2sin 2 sin %22

Based on the geometrical relationships, the distance / be-
tween adjacent M atoms in the unit cell can be expressed as

17 = rl2 + r% — 2r1r; cos ¢

= rcosﬂ—k rcosﬁ 2— rsind)—1 :
SR SR SR
2
+(r2 sin %) @)

Equation (4) is substituted into Eq. (7), and then differenti-
ating Eq. (7) leads to

2

dyr, = Bid¢| + Brdg, + B3dyy, (8
where
(1 4 cos i) sin ¢y
By = — ,
2(sin ¥, — 2 cos ¢, sin % cos %)
B, — _4 sin ¢ (sin % sin % — cos ¢2)
sin Y, — 2 cos ¢, sin % cos % ’
B sin Y1 (1 4+ cos ¢1) — 4 cos ¢, cos % sin % ©)
T 2(sin Y, — 2 cos ¢, sin % cos %)
Substituting Eq. (8) into Eq. (5),
dry, = Cid¢; + Codg, + C3dyr + Cydry, (10)

where
Ci=AB,C, =AB,,C3 =A; +AxB;3,C4y = A3, (11)

In the unit cell, /, and [/, are the sizes along the armchair
and zigzag directions, respectively. L, is the thickness of
monolayer 1H-MX,. For 1|H-MX,-[m, n] with a finite size (m
and n are the amounts of unit cell in two chiral directions), the
sizes of the whole 1H-MX, can be written as

L, = m(2r1 cos % + \/Erzx/cos Yo + cosqbl) — r1 COS ﬁ

2

L, = 2nr; sin %,

L =2 sin 2L (12)
Differentiating Eq. (12), and combining Eqgs. (8) and (10)
leads to
dL, = D1d¢1 + Drd¢y + D3dyry + Dydry,
dL; = Dsd¢; + Ded¢, + D7dyyy + Dsdry,
dLy = Dod¢y + D1od¢p2 + D11dyry + Diadry, (13)

where

D, = m[Cl\/Z(cos Yo+ cosgp) —

ra(sin ¢y + By sin Wz)i|
2(cos Y, +cos¢y) |’

D, = m[Cz\/Z(cos Yo+ cosegy) —

Bzrz sin 1/[2 ]
JV2(cos v, +cosgy) |
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.Y Bsr; sin v, 1 Y
D3 = m| —r; sin — + C34/2(cos Y, + cos — + —ry sin —,
3 [ 1 > 3v/2(cos ¥, é1) \/2(0051//2+cos¢>1)] 5 >
Y 12
Ds=m 2cos7+C4\/2(cosllf2+cos¢1) —cosj,

Ds = n|:r2 cos% + 2C; sin %] D¢ = 2nC; sin % D; = 2nCssin % Dg = 2nCy sin %

Dg :O,Dlo:O,D“ = rq1 COS %,Dlz = 2sin % (14)
Under the uniaxial tension loading (F), the total energy of the 1H-MX,-[m, n] with the nonperiodic boundary can be expressed
as
U = Einer + Evound — FdL,
Eimer = N[2K, (dr] +2dr3) + 2(Ky + Kp) (dg7 + 2d¢p3) + Ky (dy + 2dy3)],
2 2 o, m—n—1 2
Evound = (m —n — DK, dri — (K + Kp)(md¢py + 2nd¢3) + 3 Kydyy, (15)
(
where N = m x n, dL = dL,, and dL = dL, are the changes According to the above equations, the strains (¢) of 1H-

of sizes along the armchair and zigzag directions, respectively. MX, along three different directions are
Evoung 18 obtained by calculating the contributions from the
effective bond lengths and bond angles (without dangling

dL, _ Did¢s + Drd¢py + D3dyr + Dydry

&q =
bonds) of the boundary. In conjunction with Egs. (8), (10), L, L,
and (13), the equilibrium equation can be expressed by four dL,  Dsd¢; + De¢depy + D-dyr, + Dgdry
variables (d¢;, d¢», dyry, and dry,) based on the principle of & = 12 = 12 )
minimum potential energy (6U = 0), ¢ ‘
. dL,  Dod¢ + Diodgs + Dy1dyyy + Dipdr 20)
h == —-—= .
Ky Kip Kiz Kig || doy M, Ly Ly
Ky K Ky Ko || dgy | | M) , (16) The surface elastic moduli (E) of 1H-MX, along the arm-
Ky Ky Ky Ki || dyn M chair and zigzag directions are expressed as
Ky Kin Kiz Ky || dr M,y
_F FL,
where " Le, L(Did¢y + Drdg + D3dyr + Dudry)’
E, = Fo_ FL. (21)
Ki1 = 2(2N — m)(K, + Ky) + 8NK,C} + 4NK, BT, © Lee.  Lo(Dsdey + Dedepy + D7dyry + Dgdry)’
Ki» = K> = 8NK,C,C, + 4NKy, B B;, The in-plane and out-of-plane Poisson’s ratios (v; and v,)

represent the ratios of in-plane and out-of-plane transverse

Kz = K51 = 8NK,C\C; + 4NKy B\ B3, strain to the longitudinal strain, respectively. Here, v; and v,

K4 = K41 = 8NK,CCy, of 1H-MX, along the armchair and zigzag directions can be
Ky = 42N — n)(Ky + Kp) + 4N (2K,C5 + K B3), written as
K3 = K3, = 8NK,. G, C3 + 4NK|/,B2B3, Vig = _i _ _La(D5d¢1 + D6d¢2 + D7d‘ﬁ1 + Dgdry)

T L.(D D D D ’
Kos = Kiy = SNK.CyCo &4 -(D1d¢; + Drd¢y + D3dyry + Dydry)
K3 = 2N + DKy + 4N (2K,C3 + K, B2) vy = — 28 = L(Drde + Dads + Dsdyy + Dedry)

3= men v re3 T REs ) 5T e, Lu(Dsde) 4 Dedgpy + Ddyr + Dydry)
K34 = K43 = 8NK,C3Cy,

én _ La(Dodei + Diod¢py + D11dyy1 + Dipdry)

Ky = 4NK, (1 +2C) + 2(m —n — DK, A7) YT T, T T TL.(Didd) + Daddy + Dydyry + Dadry)
For the tensile loading along the armchair direction, Voz = S LDoddr + Diodds + Dy, + Diodry )-
& Ly(Dsd¢1 + Dedepy + D7dvry + Dgdry)
M, = FDy,My = FDy, M3 = FDs, My = FD;.  (18) (22)
It is notable that as m and n tend to infinity, the expressions
For the tensile loading along the zigzag direction, of the surface elastic modulus and in-plane and out-of-plane

Poisson’s ratios [see Egs. (21) and (22)] along the two chiral
M| = FDs, My = FDg, M35 = FD;, My = F Dg. (19) directions will tend to be uniform. These limiting results can

144103-4



GENERAL ANALYTICAL ALGORITHM OF MECHANICAL ...

PHYSICAL REVIEW B 108, 144103 (2023)

—_— — — —> —

—_— — — —> —> —>

— — — — —

(b) Top view

(c) Shear deformation

(d) Top view

FIG. 3. The distribution of different types of bond lengths and
bond angles under the shear deformation. The black arrows represent
the directions of the loadings. The red and black dashed lines are
auxiliary lines that characterize the geometrical relationships.

also be achieved by considering only the energy terms of
inner unit cells (Ejner) without taking into account that of the
boundary unit cells (Epound)-

C. Shear model

0;, and y;, where ¢; = 6;,i = 1, 2, 3), as depicted in Fig. 3(a).
To facilitate the construction of geometrical relationships and
total energy expressions, we establish the corresponding aux-
iliary configurations, as shown in Figs. 3(b)-3(d). According
to the consistency of thickness, the relationship between r; and
Y, is expressed as

r1 sin % = rp sin ﬁ = r3sin bty (23)

2 2
Differentiating Eq. (23) leads to

dry = a1dy + axdy, + azdry,

dr; = a4dyry + asdyrs + aedry, (24)

where

1// I

r1 COS 5 o cot %

272 =
251n7 2

a) =

r1 cos St '/"
—’ as =
‘//3 5 2

_ r3 cot % 3 . 25)

as
2sin £

According to the geometrical relationships in the triangles
AA, AB, and AC [see Fig. 3(b)], the distance [, between
adjacent M atoms can be written as

2 2
lp = (rz cos %) + <r3 cos %)

) Y3
— 2ryr3 COS > cos > cos oy,

2 2
lp = <r1 cos %) + (rz cos %)

Vi Y
— 2ryr;p cos > cos > cosay,

2 2
lp = (rl cos %) + (r3 cos %)

. . ) ¥ Y3
Under the loading of pure shear, the deformation of the unit —2ryr3 cos — €08 - cosas. (26)
cell can be characterized by three groups of variables (7;, ¢;,
J
In combination with Eq. (23), and then differentiating both sides of Eq. (26),
day = b1dy + bydyrs + b3depy,  day = badyps + bsdyry + bedepa,  daz = b7dyry + bgdvrs + bodehs, (27)
where
b cos 2 ‘/’2 sin £ ‘/’3 — sin ﬂ cos ﬁ CoS oy sin £2 ‘”2 cos & % — cos @ sin ﬂ CoS oy
1= , 02 = 5
2cos & cos & '/" sin o 2cos £ cos ﬁ sin o
b cos "; sin &L w‘ — sin 1’;3 cos &L 'l" COS oy b sin £ "’3 cos &L "" — oS ";3 sin &1 '/" COS on
4 = , U5 — ’
2cos & cos & ‘p‘ sin oy 2cos & cos & ‘”‘ sin oy
b cos &t ‘/" sin 22 % — sin ﬂ cos 2 ‘02 COS a3 sin &4 1/" cos 2 ‘”2 — cos ﬂ sin £2 ‘”2 COS 3
7 = , U8 = 5
200s 1#1 cos 22 ‘pz sin a3 ZCos ’1" cos 2 sin a3
sin sin sin
by = — d;‘ Oy p— "fj . (28)
cos —2 cos =2 sina cos —‘ cos —‘ sin oy cos —‘ cos 22 sin a3
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In the top view of the unit cell [see Fig. 3(b)], the angle variables satisfy «; + o, + o3 = 27, thus, Eq. (27) can be reduced to

d¢s = c1dyry + codyn + c3dys + cadgy + csdgy, (29)
where
. _ bs+by . _ bi+bs . _ bt by . _ by . _ _bs (30)
1= b9 ’ 2 = b9 ’ 3 = b9 ’ 4 = b97 5 = bg'
For the shear deformation [see Fig. 3(c)], the relationships of geometrical variables in the triangles AD and AE should satisfy
r . r3 _ r3 mn _ r3 . r3 (31)
sinfi - sin(i +6,)  sin(Bi+¢2)’ sinfy  sin(B+61)  sin(Br+ 1)’
Substituting Eq. (23) into Eq. (31),
sin % sin 81 = sin % sin(B; + ¢), sin % sin B, = sin % sin(B; + ¢1). (32)
Expanding both sides of Eq. (32) leads to
Visin B — Vacos By = Vsin(By — 1) =0, Qisinfy — Qyc08 B = 0sin(fr — 32) =0, (33)
where
V;
Vi = sin % — sin % cos ¢, Vo = sin % sing, V = /V2 4+ V3 tan§; = VT, B1 = 1811, (34)
0, =sin % — sin %cosq}], 0, = sin % sing, 0 = /0% + 0}, tan§, = %, Br = 182].
Then, differentiating both sides of Eq. (32),
dpy = didyr + dady; + d3den,  dfar = dydirs + dsdyr; + dedepy, (35)
where
P —cos ﬂ sin B cos & > sin(B1 + ¢2)
b 2[sm Y cos By —sin & "” cos(B; + ¢>2)] B 2[sm Y cos ﬁ1 —sin & "” cos(B1 + ¢>2)]
g sin ﬁ cos(,31 + @) —cos ﬂ sin f3;
>~ sin ﬂ cos By — sin & 3 cos(B + ) 2[sin % Y2 cos B, — sin 2 2 cos(fa + o]
cos & sin + sin & cos +
ds — (B2 + 1) de — (B2 + 1) (36)

B 2[sin £ cos ﬁz — sin £ cos(Bs + 1 )]

The shear deformation of the unit cell can be characterized
by the angle variable (¢), as depicted in Fig. 3(d). Based on the
geometrical relationships, the corresponding angle variables
in the triangles AD and AE satisfy the following equations:

cos B = cos % cos@y, cos By = cos % cosgy. (37)

Differencing Eq. (37) leads to

dg; = e1dy; +exdBy, dg; = e3dys +esdfr,  (38)

where
ﬂ .
sin & cos ¢; sin B
el =——-"——— )=
2 cos ‘“ sin @y cos &2 '/" sin (p]
sin ﬂ CoS ¢o sin B,
ez = W—% , €4 = ‘/f%— (39)
2 cos £ sin ¢, cos £2 sin ¢,

sin 2 cos ,82 —sin £ ‘/’3 cos(By + 1)

In addition, the relationship of the angle variables (¢, ¢,
and ¢,) in the triangle AF satisfy

2 L

. . : (40)
sing  sin(e + ¢1 + ¢2)
Substituting Egs. (23) and (31) into Eq. (40) leads to
sin(B; + ¢2)sin ¢ sin g
=2sin(f2 + ¢1)singa sin(g + @1 + ¢2). (41)
Expanding both sides of Eq. (41),
Ry sing — Rycos ¢ = Rsin(p — 83) = 0, 42)
where

Ry = sin(B;+¢2) sin ¢y — 2sin(B, + ¢1) sin ¢, cos(¢; + ¢2),
Ry = 2sin(Bs + ¢1) sin ¢ sin(g; + ¢2),

R=,/R}+R3, tané; =

R,
—, 0 = |83]. 43
R, @ = |83l 43)
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Differencing both the sides of Eq. (41),

dg = fid¢1 + fodgr + f3dB1 + f4dB2 + fsder + fedr, 44)

where

_2cos(Br + ¢1)sin gy sin(p + @1 + ¢2) — sin(By + ¢2) cos @y sing
' sin(By + ¢o) sin gy cos ¢ — 2sin(B + 1) siny cos(¢ + @1 + @)’
_2sin(By + ¢1) cos g sin(p + @1 + @2) — cos(Bi + ¢) sin @y sing
27 Sin(B1 + d2) sin ¢y cos @ — 2sin(By + 1) sin s cos( + g1 + ¢2)’

—cos(B1 + ¢2)sin @ sin g

= sin(B1 + ¢2) sin @ cos ¢ — 2sin(B; + ¢1) sin s cos(¢ + ¢ + ¢2)’
fm 2co8(B2 + ¢1) sin g, sin(p + @1 + ¢2)
* 7 sin(B) + ¢) sin ¢y cos g — 2sin(By + ¢1) sin ¢y cos(¢ + @1 + ¢2)”
fm fom 2 sin(B + ¢1) sin ¢ cos(@ + @1 + 1) (45)

sin(B1 + ¢2) sin ¢y cos ¢ — 2 sin(By + 1) sin ¢ cos(p + @1 + @)

In conjunction with Egs. (35) and (38), the shear strain (d¢) can be expressed by the variables of dyry, dyr,, dyr3, d¢;, and
de¢s,

dop = g1dyn + g2dvn + g3dyrs + gadepr + gsdeo, (46)

where

g1 = (fs +exf5)di, g = (fs + esfo)ds,
g3 =-eifs +esfs+ (fz+exfs)dr + (fs + esfo)ds,
g4 = fi+ (fatesfo)ds, gs = o+ (fzs + exfs)ds. 47

Under the pure shear loading, the total energy of the 1 H-MX,-[m, n] with the nonperiodic boundary is written as

U= Einner + Ebound - ngﬂ,
Eimer = N[2K, (4} + dr3 + dr3) +2(Ky + Ko) (407 + dg? + de3) + Ky (dy7 + dy? + dy3)],
m—n—1 5
Y (48)

where T = tL,L, represents the moment of force and 7 is the shear loading. In conjunction with Egs. (24), (29), and (46), the
equilibrium equation can be expressed by six variables (dv;, dyr,, dyrs, d¢, d¢,, and dr;) based on the principle of minimum
potential energy (§U = 0),

Epound = (m —n — DK,dri — (K4 + Kp) (mdep} + ndg3 + ndg3) +

Py Po Pz Py Pis Pel|dy H,

Py Pyn Pz Py Ps Pg||dyn H,

Psi Py P Py Pss Py ||dys| | Hs (49)
Py Py Py Py Pis P ||den | | Hs |

Ps; Ps; Ps3 Psy Pss Psg || des Hs

Psi Py Pss Pos Pss Pes || dry Hs

where

Pii = (2N +m —n — 1)Ky +4NK,(a} + a3) + 22N — n)(Ky + Kg)ci,

Py = P,y =4NK,aja; + 22N — n)(Ky + Kyp)cica,

Pi3 = P31 = 4NK,a4as +2(2N — n)(Ky + Kp)cics,

Py = Py1 = 22N — n)(Ky + Kp)cica, Pis = Ps; = 2(2N — n)(Ky + Kp)cics,
Pig = Psy = 4NK,(aja3 + asag),

Py = 2NKy + 4NK,a5 + 22N — n)(Ky + Ky)c3.

Pz = Py = 202N — n)(Ky + Kg)cacs, Poy = Py = 22N — n)(Ky + Kp)cacy,
Ps = Ps; = 2(2N — n)(Ks + Ky)cacs, Prys = Psy = 4NK,azas,
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FIG. 4. The constrained conditions of the 1H-MoS, in MD simulations. Panels (a) and (b) show the cases of uniaxial tension along the
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Py = 2NK, + 4NK,a;5 + 22N — n)(Ky + Kg)c3,
Py = Py3 = 22N — n)(Ky + Kp)cscs, P35 = Psz3 = 2(2N — n)(Ky + Kp)cses,
P36 = Ps3 = 4NK,asag, Py = 2(Ky + Ko)[2N — m) + 2N — n)cﬁ],

Pys = Ps4 = 2(2N — n)(Ky + Kp)cycs,

Py = Pss = 0, Pss = 2(2N — n)(Ky + Ko)(1 + ¢2), Psg = Pss = 0,
Pos = 4NK, (1 + a3 + ag) + 2(m —n — DK,,
H =Tg,H, =Tg,Hy =Tg3,Hy =Tg4,Hs =Tgs, Hg = 0. (50)

According to the above equations, the surface shear modulus (G) of 1H-MX, can be written as

T

T

© LLde  L,L.(g1dyn + g2dyn + g3dys + gadey + gsdgn)”

For the 1H-M X, with periodic boundary, the expression of
surface shear modulus can be obtained by considering only
the energy terms of inner unit cells (Einer) and ignoring the
energy term of boundary unit cells (Epoyna)- It should be noted
that this expression will also be consistent with Eq. (51) when
the number of unit cells tends to infinity (i.e., m — oo and
n— 00).

III. RESULTS AND DISCUSSION
A. Validation by MD simulations

To validate the validity and correctness of the proposed
analytical algorithm (theoretical model), the mechanical be-
haviors of the 1H-MoS, are examined by MD simulations.
The simulations are carried out in the LAMMPS software. The
geometrical structure and force-constant parameters of 1H-
MoS, are consistent with the established theoretical model
and based on the previous works [37,38]. The MD simulations
with nonperiodic boundary conditions are performed within
the NVT ensemble by the Nosé-Hoover thermostat. The time
step is 1 fs. Since the intrinsic mechanical properties are
examined in the MM theoretical model (without the effect of
temperature), the system temperature of MD simulations is
set to 0.01 K to eliminate the effect of temperature as much as
possible.

The computational configurations of 1H-MoS, under the
uniaxial tension and pure shear loadings are depicted in Fig. 4.

D

(

For the tensile simulations, one side of MoS, is fixed (the
three directions of one atom in the middle position of the
constrained boundary is fixed, while the other atoms on this
boundary are constrained only in the tensile direction), and the
other is subjected to stretch. The constraints and loadings are
applied along the armchair and zigzag directions to examine
the chirality dependence, respectively. As for the shear sim-
ulations, two mutually perpendicular loadings are applied to
boundary atoms to form the pure shear condition. The com-
putational results are statistically analyzed within the small
deformations. Here, the maximum tension and shear strain are
0.02 and 0.03, respectively. Moreover, to further investigate
the size-dependent mechanical properties of MoS,, the square
models with sizes ranging from 3 nm x 3 nm to 50 nm x 50
nm are constructed in this section.

B. Size and chirality dependence of 1H-MoS,

The variations of four mechanical properties of 1H-MoS;
with the size of boundary are discussed in this section, as de-
picted in Fig. 5. It can be seen that the computational results of
the MM method are in good agreement with those of the MD
simulation. The average errors of the surface elastic modulus
(E), surface shear modulus (G), and in-plane and out-of-plane
Poisson’s ratios (v; and v,) between the MM and MD results
are about 0.19%, 0.24%, 1.01%, and 3.91%, respectively. No-
tably, the mechanical properties of MoS, present significant
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size and chirality dependence. From Fig. 5(a), it is found
that the surface elastic modulus displays an opposite varia-
tion tendency along different chiral directions with increasing
size. This opposite trend is also observed and validated in
previous works on the elastic modulus and bending stiffness
of graphene and MoS, [32,39,40]. As the size increases, the
surface elastic moduli along the two directions gradually ap-
proach the same value (E = 109.25 N/m). For the surface
shear modulus, it also exhibits a notable size dependence.
With the increase in size, the surface shear modulus increases
gradually and tends to be stable (G = 44.79 N/m). As for the
in-plane and out-of-plane Poisson’s ratios, they decrease and
gradually converge (v; = 0.22 and v, = 0.07) with increasing
size [see Figs. 5(c) and 5(d)]. The above results are close to the
existing experimental and numerical works (E = 90.0-124.5
N/m, v; = 0.21-0.25, G = 36.1-48.6 N/m) [21,25,41-43],
which verifies the correctness of the proposed theoretical
model.

Moreover, the computational results indicate that the me-
chanical properties of small-sized MoS, show an obvious
size and chirality-dependence, and these properties tend to be
stable gradually when the size exceeds 20 nm. This is because
the boundary unit cell (Eyoung ) Occupies a large proportion and
plays an important role in small-sized materials. As the size
increases, the proportion of Ey.nq decreases gradually and

the role of the stable inner unit cell (Ejne:) becomes more
and more dominant. Thus, the mechanical properties of MoS,
tend to be stable and uniform.

C. Mechanical properties of 34 types of 1H-MX,

Based on the constructed theoretical model, we predict four
mechanical properties of 34 1H-MX, materials (M = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Nb, Mo, Ta, W; X = O, S, Se, Te)
in this section. The geometrical structure and force-constant
parameters involved in the theoretical models are based on
previous studies [11,44]. Table I exhibits the calculated sur-
face elastic and shear moduli and in-plane and out-of-plane
Poisson’s ratios of 34 1H-MX,. In order to verify the validity
of these results, several groups of the common and representa-
tive 1H-MX, (M = Cr, Mo, W; X = O, S, Se, Te) are selected
for comparison. It can be seen that the computational results
are in good agreement with the existing experimental, DFT,
and MD results [22,25,29,43-48], which indicates that the
proposed theoretical model can be widely used in 1H-MX,.

For the M and X elements from different periods and
groups, the formed 1H-MX, exhibits diverse mechanical per-
formances. It is notable that the surface elastic and shear
moduli of 1H-MX, usually decrease with X from O to Te
under the same M element, which is mainly attributed to
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TABLE I. The mechanical properties of 34 types of 1H-MX,.

Type E (N/m) Refs. v;  Refs. v, G (N/m) Refs.
ScO, 128.3 0.16 0.17 55.4
Sc$S, 44.0 0.30 0.31 16.9
ScSe, 39.9 0.32 0.31 15.1
ScTe, 29.0 0.38 0.17 10.5
TiTe, 47.9 0.29 0.12 18.6
VO, 135.8 0.17 0.05 58.0
VS, 86.7 0.28 0.12 33.9
VSe, 82.4 0.23 0.06 334
VTe, 68.1 0.28 0.10 26.7
CrO, 2142 209.0 0.13 0.13* —0.03 94.7
CrS, 99.3  110.4°> 0.26 0.26° 0.09 394 43.7°
CrSe, 90.2 85.6> 0.30 031® 0.13 34.6 32.7°
CrTe, 77.9 76.4* 0.30 0.30* 0.13 29.9
MnO, 163.9 0.10 —0.04 74.4
FeO, 101.7 0.23 0.11 414
FeS, 85.1 0.20 0.06 354
FeSe, 78.3 0.23 0.09 31.9
FeTe, 70.6 0.25 0.12 28.2
CoTe, 54.4 0.32 0.23 20.7
NiS, 85.0 0.19 0.24 35.6
NiSe, 48.3 0.27 0.19 19.0
NiTe, 53.9 0.32 0.25 20.5
NbS, 88.6 0.27 0.11 34.9
NbSe, 81.2 0.29 0.13 31.5
MoO, 2143 209.3* 0.17 0.17*  0.03 91.6 103.6°
MoS, 109.2 124.5¢ 022 0.25¢ 0.07 448 48.6°
MoSe, 103.6  103.9¢ 0.24 0.23¢ 0.04 41.9 41.1¢
MoTe, 80.0 79.4¢ 025 0.24¢ 0.04 32.1 28.6
Ta$S, 87.8 0.27 0.11 34.5
TaSe, 81.7 0.29 0.12 31.7
WO, 2424 237.2* 0.15 0.15* 0.00 1057 131.5¢
WS, 1232 139.5¢ 0.21 0.22¢  0.02 50.8 58.1"
WSe, 125.0 115.5¢ 0.20 0.19¢ —0.01 52.2 49.2h
WTe, 83.2 86.9¢ 0.20 0.188 —0.01 34.8 30.5°

2Reference [44].
bReference [45].
‘Reference [46].
dReference [25].
“Reference [43].
fReference [47].
gReference [29].
hReference [48].

the reducing force-constant parameters of bond lengths and
bond angles. This implies that the mechanical properties of
the transition-metal dioxides and dichalcogenides decrease
with the increase in the periods of chalcogens (two to five
periods). Furthermore, the out-of-plane Poisson’s ratio is one
of the important properties to characterize the out-of-plane
deformability of materials, however, few studies have paid
attention to it. Here, we report the out-of-plane Poisson’s
ratio of 34 1H-MX, compounds. Interestingly, some of these
materials show a negative out-of-plane Poisson’s ratio (such as
CrO;, MnO,, WSe,, and WTe;), which is a unique property
and is also reported in some 17-M X, and black phosphorus
[49,50]. The above findings will be beneficial in predicting the

mechanical performances of the potential materials and may
shed light on the structural design of materials with a negative
Poisson’s ratio.

D. Effects of geometrical structure and force-constant
parameters

In fact, the 1H-M X, has a large number of members. Al-
though the mechanical properties of 34 1H-MX, materials
are given in Table I, there are still many materials that have
not been examined. Besides, the geometrical structure and
force-constant parameters of some 1H-M X, materials are still
not determined and reported in the existing research, making
it difficult to obtain the mechanical properties of the rele-
vant materials directly by computational methods. It is worth
noting that for different 1H-MX, materials, the molecular
structures (bond lengths and bond angles) and force field
parameters almost fall within a certain range. Therefore, the
mechanical properties of the similar and unreported 1H-M X,
can be predicted by investigating the roles in the geometrical
structure and force-constant parameters based on the proposed
analytical algorithm.

Figure 6 illustrates the variation of four mechanical proper-
ties of 1H-M X, with the scaling factor. Here, the scaling factor
is defined as M./M,, in which M, and M, are the concerned
variables (the geometrical structure and force-constant param-
eters) of the current and reference configurations (customized
configuration), respectively. The relevant parameters of the
customized configuration of 1H-MX,; (the intersection of the
curves) are listed in Table II. It should be noted that the effects
of two groups of parameters (i.e., ¢ and 6, K; and Ky) are
identical due to the structural symmetry of 1H-MX,. The sur-
face elastic and shear moduli increase with the force-constant
parameters (K,, K4, Ky, and Ky,). In-plane and out-of-plane
Poisson’s ratios increase with increasing K,, however, they
decrease with the angle-related force-constant parameters (K,
and Ky). Compared to the force-constant parameters, the ge-
ometrical structure parameters have a more significant effect
on the mechanical properties. Here, the roles of three bond
angles ¢, 6, and Y on the mechanical properties are generally
consistent. Interestingly, as the bond length r increases, the
surface elastic and shear moduli decrease, but the in-plane and
out-of-plane Poisson’s ratios increase. These results provide
an essential reference for understanding the roles of molecular
structures in mechanical performances and offer a feasible
method for predicting the mechanical properties of unreported
1H-M X, materials. Moreover, the proposed theoretical model
can be utilized to construct a visual computational platform
for rapid evaluation of the mechanical properties of 1H-MX,
materials, which will be of great significance for the applica-
tion of the constructed theoretical model.

IV. CONCLUSIONS

This work proposes a MM theoretical model for the com-
prehensive, accurate, and rapid evaluation on the mechanical
properties (surface elastic and shear moduli and in-plane and
out-of-plane Poisson’s ratios) of the 1H-MX, family. Taking
1H-MoS, as the concerned materials, the size and chirality
dependence on the mechanical behaviors are examined, and

144103-10



GENERAL ANALYTICAL ALGORITHM OF MECHANICAL ...

PHYSICAL REVIEW B 108, 144103 (2023)

£ 300
> -—— K,
01250 == p&0 K, &K,
S .o gy K,
© %
O 200+ o 2%
E ~~~~ ,"a
8) SNy s S
7 150 =Ty T s
E o ~-~-
Q
g 100
£ 1(a)
2 “Un 0.9 1.0 1.1 1.2
Scaling factor
— 0.6 7
> - iRe: 4
o ' Y
-g 04] === ¢& 0 Ky& Ky %
5 = Ko
c 0.24 Prid
2 P
RY) ===
0.0 STt
Q g Ll
(_g '0.2-"-’
o
! C
= 04 (c) : : .
0.8 0.9 1.0 1.1 12

Scaling factor

€ 160

S -— Kk

o -——-$&0 K, &K
S120{ ___ o

> ~ v 1’4

Ee) Sso

o} - T

o pEAe=T S -
ic ‘\\
¥ 40 Y
: By
E , (b) )
=) T T T

i os 0.9 1.0 1.4 12
. Scaling factor

>O

= 0.6

.9 - - 'Kr

ey

O Dy M= S&0 Ky & Ky

(%]

= i K,

9 0.2

%) L

o Se

o e -
Q 0.0 ...~._ __--—"‘
% -‘———— ‘.‘=‘~~

Q -024-"" B~
- -
2 1(d)

5 -0.4 . . .

o 08 0.9 1.0 14 12

Scaling factor
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MD simulations are utilized to verify the constructed theo-
retical model. It is worth noting that we present a library
for the mechanical properties of 34 1H-MX, materials by
utilizing the proposed method. The results indicate that the
mechanical properties of 1H-MX, depend on the period and
group numbers of transition metals and chalcogens. Here, the
surface elastic and shear moduli decrease with the increase
of the chalcogen period, which is related to the cooperative
contributions of geometrical structure and force-constant pa-
rameters. The relevant results are in good agreement with the
existing experimental and numerical works. Furthermore, the
relationships between the molecular structures (bond lengths
and bond angles) and mechanical properties are elucidated,
which provides a feasible way to predict the mechanical prop-
erties of unreported 1H-MX;. Interestingly, by considering
interlayer interactions and different geometrical relationships,

the proposed theoretical model has great potential to charac-
terize multilayer structures and other structural phases of M X,
materials. The present findings offer an essential theoretical
basis for understanding the nanostructures and properties of
1H-MX,, which could facilitate the design and fabrication of
2D materials-based nanodevices, microfluidic chips, etc.
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TABLE II. The geometrical structure and force-constant parameters of the reference configuration of 1H-MX,.

Tvos (A) Prtosmo () Oswmios (°) Ysmos (°)

K, (eV/A?) K, (eV) K, (eV) K, (eV)

2.0 80.0 80.0 80.0

8.0 8.0 8.0 8.0
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