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Negative Poisson’s ratio in puckered two-dimensional materials
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The experimentally verified negative Poisson’s ratio of black phosphorus allows the extension of the medical
and defense applications to the nanoscale regime without any artificial engineering. With a structure analogous
to monolayer black phosphorus, monolayer SiS, SiSe, SnTe, and W-phase antimonene are predicted to show
auxetic behavior, while a W-phase antimonene does not by using first-principles calculations. By putting these
systems into a collective perspective with other puckered two-dimensional (2D) materials, we further formulate
a uniform mechanism that could explain the different types of out-of-plane Poisson’s ratio in the puckered 2D
materials including monolayer group V-enes (BP, As, and Sb) and group IV monochalcogenides (SiS, SiSe, GeS,
GeSe, SnS, SnSe, and SnTe). We found that both the structure and composition of the puckered monolayers play

important roles in the out-of-plane Poisson’s ratio.
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I. INTRODUCTION

Poisson’s ratio is a fundamental mechanical property of
materials, characterizing the resulting strain in the transverse
direction under a longitudinal uniaxial load. In most cases,
the Poisson’s ratio of a material is positive, i.e., the material
contracts laterally when stretched and expands laterally when
compressed. However, some materials show a negative Pois-
son’s ratio (NPR), termed as the auxetic effect [1]. The auxetic
effect can lead to enhanced mechanical properties, such as
shear modulus [2], indentation resistance [3], and fracture
toughness [4]. As a result, the auxetic materials have been
proposed for applications in the fields of biomedicine, sensors,
and national security and defense [5-7].

For a long time, the studies of the auxetic effect have been
focused on the macroscopic materials since Lakes reported
the NPR in the designed re-entrant foam in 1987 [8]. The
auxetic effect of this foam derived from the engineering of its
microstructures [9]. In addition to microstructure engineering,
the auxetic effect can also be derived from the intrinsic prop-
erties of bulk-scale materials, such as some cubic materials
[10,11] (both FCC and BCC), «-cristobalite (SiO,) [12], and
a — TeO, [13].

Recently, the problem of auxeticity of two-dimensional
(2D) membranes has been actively discussed in the literature
in the context of suspended graphene [14-20]. The emer-
gence of auxeticity of graphene is connected with out-of-
plane dynamical and static deformations and is qualitatively
consistent with expectations based on the membrane theory
[21]. Moreover, it is found that the Poisson’s ratio can be tuned
by stress [22,23]. 2D materials such as 2D silicon dioxide
[24], pentagraphene [25,26], BesC, [27], ha-silica [28], and
1T-type transition metal dichalcogenides [29] were predicted
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to show in-plane NPR. In monolayer black phosphorus with
a puckered structure [30,31], out-of-plane NPR (—0.027)
predicted by first-principles calculations has been verified ex-
perimentally [32,33]. Later, a series of 2D materials including
2D arsenic [34], GeS [35], and Ag,S [36] have been predicted
to show out-of-plane NPR, and this NPR is considered to
originate from the puckered crystal structures analog to black
phosphorus. It is natural to ask whether the puckered structure
in 2D materials guarantee a negative out-of-plane Poisson’s
ratio. It is worth noticing that the out-of-plane NPR appears
along the armchair (x) direction in some of these puckered 2D
materials, while along the zigzag (y) direction in other ones. A
universal understanding of the Poisson’s ratio that covers all
the puckered 2D materials is highly desired.

In this study, we first use first-principles calculations to
study the structural and mechanical properties of monolayer
group-IV monochalcogenides SiS, SiSe, and SnTe and group
V-enes orthorhombic antimonene. Monolayer SiS, SiSe,
SnTe, and W-phase antimonene possess a negative out-of-
plane Poisson’s ratio, while monolayer aW-phase antimonene
does not. With the change of the applied strain strength, a sign
change of the Poisson’s ratio is found in monolayer SiSe and
SnTe, along with a structural phase transformation. With the
collective consideration of all the puckered 2D materials, a
universal deformation mechanism for the intrinsic Poisson’s
ratio of puckered structures (including monolayer BP, As, Sb,
SiS, SiSe, GeS, GeSe, SnS, SnSe, and SnTe) is proposed.

II. METHODS

All calculations are performed within the framework of
density functional theory, using the projector augmented wave
method [37] as implemented in Vienna Ab Initio Simulation
Package (VASP) [38]. The exchange-correlation term has been
described within the generalized gradient approximation pa-
rameterized by the Perdew-Burke-Ernzerhof (PBE) functional
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FIG. 1. Optimized structures of monolayer SiS (a), SiSe (b), SnTe (c), W-Sb (d), and aW-Sb (e). The out-most and inner atoms in the
puckered layer are indicated by the balls with big and small size, respectively. Top image is the side view of optimized structures. Bottom
image is top view of the optimized structures, showing a honeycomb-like structure. The armchair direction is the x direction and the pucker is

along the y direction. The dashed area represents the primitive unit cell.

[39]. The kinetic energy cutoff is set to 420 eV for the plane
wave expansion. All the structures are fully relaxed in the
conjugant gradient method and the convergence threshold is
set as 10~ eV for energy and 0.01 eV /A for force. A 6x4x1
grid for k-point sampling is used for geometry optimization,
while 30x22x 1 is used for the free energy calculations.

The uniaxial strain in the x or y direction is applied
by fixing the lattice constant in this direction to a value
different from its strain-free value, e.g., the uniaxial com-
pressible/tensile strain in a certain direction is realized by
decreasing/increasing the lattice parameter in this direction.
The corresponding strain is defined as ¢ = (L;—Lg)/Lg, where
L; and Ly are the lattice constants under a certain strain and
that of a strain-free system, respectively. Under the uniaxial
strain, the atom positions and the lattice constants in the
transverse directions are fully optimized.

III. RESULTS AND DISCUSSION

A. Crystal structure

2D puckered SiS and SiSe are predicted to be energetically
and dynamically stable [40-43], and might be isolated by
mechanical, sonicated or liquid-phase exfoliation [44]. 2D

puckered SnTe has been fabricated by the molecular beam
epitaxy technique [45,46]. It is noted that puckered SiS is a
metastable structural phase [47], and the actual stable struc-
ture is the one with Pma2 symmetry [48]. Monolayer SiS
and SiSe are promising for electrode materials in lithium ion
batteries [49] and photocatalysis [44]. Ferroic behavior of
phosphorene and 2D group-IV monochalcogenides has been
established by Mehboudi and coworkers [50]. Later, finite
temperature behaviors in these materials such as structural
transition [51,52], pyroelectricity [53], and anisotropic ther-
mal expansion [54] have been deeply explored.

As shown in Figs. 1(a)-1(c), the optimized configurations
of monolayer SiS and SiSe are similar to the puckered struc-
ture of monolayer black phosphorus, where the pucker can be
regarded as a re-entrant structure that is comprised of two cou-
pled orthogonal hinges [32]. The important geometrical pa-
rameters are listed in Table SI (Supplemental Material [55]).
The armchair and zigzag directions are noted as the x and y di-
rections, respectively. From the side view, SiS, SiSe, and SnTe
show a Si-S-S-Si, Si-Se-Se-Si, and Te-Sn-Sn-Te four-layer
puckered binary structure, respectively. This four-atomic-
layer structure is different from the double-layer puckered
structure of monolayer black phosphorus and arsenic [34].
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FIG. 2. Poisson’s ratio as a function of uniaxial strain of monolayer SiS in the x direction (a), (c), and y direction (b), (d). (a) &, versus &.
Data are fitted to function y = —v;x + v,x> + v3x°, with v; = 0.219 as the linear Poisson’s ratio. (b) & versus &y. Data are fitted to function
y = —vx, with v; = 1.025 as the linear Poisson’s ratio. (c) &, versus &. Data are fitted to function y = —v;x + v,x? + v3x3, with v, = —0.073
as the linear Poisson’s ratio. (d) ¢, versus &, Data are fitted to function y = —v;x + v2x? + v3x3, with v; = 0.058 as the linear Poisson’s ratio.

From the top view, monolayer SiS and SiSe show a distorted
honeycomb structure with two edges much shorter than the
other four. We further studied the free energy of the three
group-I'V monochalcogenides as a function of different lattice
parameters (see Fig. S1 in the Supplemental Material [55]).

Monolayer group V elementals antimonene has two puck-
ered structural phases (W-Sb and aW-Sb) [Figs. 1(d)-1(f)].
These two phases are predicted to be dynamically stable
[56,57]. Monolayer and bilayer antimonene with a puckered
honeycomb structure have been fabricated on either WTe, or
bismuthene layers [58,59]. The W-phase antimonene shows
a double-atomic-layer structure, while the aW-phase anti-
monene shows a four-atomic-layer structure. Their thick-
ness are 2.79 and 3.19 A, respectively. The calculated key
structural parameters are in good agreement with previous
theoretical works [57,60,61].

B. Poisson’s ratio

We investigated the in-plane and out-of-plane Poisson’s
ratio under the x-directional strain of —10-50% and the
y-directional strain of —3—8%, respectively. For nearly lin-
ear behaviors, the data are fitted to the function y = —vx,

where v, is the linear Poisson’s ratio. For strong nonlinear
behaviors, the data are fitted to the function y = —vjx +
x4 v3x®, where v; can be regarded as the linear Poisson’s
ratio [32].

The Poisson’s ratios of monolayer SiS for uniaxial strain
in the x direction and in the y direction are shown in Fig. 2.
In Figs. 2(a) and 2(c), the data are fitted to the function
y=—-vx-+ vox? 4+ v3x3, where v = vy, = 0.219 and vy =
v,y = —0.073 are the linear Poisson’s ratio. Especially, the
out-of-plane linear Poisson’s ratio under uniaxial strain in
the x direction is always negative for the entire considered
strain range from —10% to 50%. Figures 2(b) and 2(d)
show the resulting strains in the x and z directions under
uniaxial strain in the y direction, respectively. The data are
fitted to the function y = —v;x and y = —v;x 4 vox? + v3x°,
respectively, with v; = v,, =1.025 and v; = v;, = 0.058,
respectively. We noticed that the structure of SiS is similar
to those of monolayer black phosphorus and arsenic [32,34],
and all of them possess a negative out-of-plane Poisson’s
ratio. However, the direction of the applied uniaxial strain is
different for the out-of-plane NPR: it is the x direction for SiS,
while it is the y direction for monolayer black phosphorus and
arsenic.
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FIG. 3. Poisson’s ratio as a function of uniaxial strain of monolayer SiSe in the x direction (a), (c), and y direction (b), (d). (a) &, versus &,.
Data are fitted to function y = —v;x + v,x> + v3x3, with v; = 0.330 as the linear Poisson’s ratio. (b) & versus &y. Data are fitted to function
y = —v;x, with v; = 1.800 as the linear Poisson’s ratio. (c) &, versus &,. Data are fitted to function y = —v;x + v,x> + v3x%, and y = —v;x,
with v; = —0.466 and 0.602 as the linear Poisson’s ratio, respectively. (d) ¢, versus &,. Data are fitted to function y = —v;x + vax? + v3x’,

with v; = 0.515 and —0.413 as the linear Poisson’s ratio, respectively.

The Poisson’s ratios of monolayer SiSe for uniaxial strain
in the x direction and in the y direction are shown in Fig. 3.
We first investigate the in-plane correspondence of monolayer
SiSe under the strain. Figure 3(a) shows the strain in the y
direction under uniaxial strain in the x direction. The data
show a nonlinear behavior and can be fitted to the function y =
—v1x + vx? + v3x°. The parameter v; = vy, = 0.330 can be
regarded as the linear Poisson’s ratio. Figure 3(b) shows the
strain in the x direction under uniaxial strain in the y direction.
The data are fitted to the function y = —vx, where the linear
Poisson’s ratio is v; = vy, = 1.800. Interestingly, monolayer
SiSe has an in-plane positive Poisson’s ratio vy, approaching
2, and monolayer SiS and «-antimony also have in-plane
positive Poisson’s ratio vy, lager than 1. It means that the
transverse response strain &, has a much larger magnitude
than the applied longitudinal strain &,. This intrinsic property
can be applied to strain amplifiers of functional nanodevices
[62-64].

Next, we focus on the out-of-plane correspondence of
monolayer SiSe under an in-plane uniaxial strain. The strain

in the z direction under uniaxial strain in the x direction
is shown in Fig. 3(c). The atoms located at the outmost
atomic layers under &, = 0 are Si atoms from the side view.
This Si-Se-Se-Si four-layer puckered binary structure remains
under ¢, > —0.05. However, it changes into a double atomic
layer structure with Si and Se atoms locating in the same
plane under &, = —0.05. Further increasing the compression
strength (¢, < —0.05) makes the Se atoms locate at the
outmost plane (Se-Si-Si-Se structure). The buckling of the
layer becomes more apparent under the compressible strain.
A linear behavior is observed under ¢, < —0.05 and the data
are fitted to the function y = —vix with v; = v,, = 0.602.
A strong nonlinear behavior is observed under &, > —0.05
and the data are fitted to the function y = —v1x 4+ vox? 4 v3x°
with v; = v, = —0.466. It is interesting to notice that the
Poisson’s ratio of the 2D monoelementals monolayer black
phosphorus and arsenic with the same puckered structure is
not negative in this direction. The strain in the z direction
under uniaxial strain in the y direction is shown in Fig. 3(d).
As shown in the inset, the Si-Se-Se-Si four-layer puckered
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FIG. 4. Poisson’s ratio as a function of uniaxial strain of monolayer SnTe in the x direction (a), (c), and y direction (b), (d). (a)e, versus &.
Data are fitted to function y = —v;x + v,x> + v3x°, with v; = 0.423 as the linear Poisson’s ratio. (b) & versus &y. Data are fitted to function
y = —v;x, with v; = 0.480 as the linear Poisson’s ratio. (c) &, versus &,. Data are fitted to function y = —v;x + v,x> + v3x%, and y = —v;x,
with v; = 0.242 and —0.099 as the linear Poisson’s ratio, respectively. (d) ¢, versus &,. Data are fitted to function y = —v;x + Vax? + v3x,

with v; = 0.109 as the linear Poisson’s ratio.

binary structure changes into Se-Si-Si-Se when ¢, = 0.02.
Strong nonlinear behavior is observed, and the data are fitted
to the function y = —v1x 4+ vox? 4 v3x3, where v; = Uy =
0.515 and —0.413 for &, < 0.02 and &, > 0.02, respectively.
This NPR of monolayer SiSe (—0.413) is about 15 and four
times greater than its monolayer black phosphorus (—0.027)
[32] and arsenic (-0.093) [34] counterparts, respectively.

For monolayer SnTe (Fig. 4), both the two in-plane Pois-
son’s ratio vyx (0.423) and vy, (0.480) are positive like other
puckered materials. However, the value of v, is noticeably
small compared with other puckered materials (Table I). In
Fig. 4(c), the out-of-plane Poisson’s ratio v, is positive
(0.242) when the outmost layer are the X atoms, while it
becomes negative (—0.099) when a structural transformation
happens and the outmost atoms are M atoms. This is similar to
the case of SiSe. In Fig. 4(d), the out-of-plane Poisson’s ratio
Vyy 18 positive (0.109).

The Poisson’s ratios of monolayer W-Sb and aW-Sb are
shown in Fig. 5 for uniaxial strain in the x and y directions.
Similar to the cases of SiS and SiSe, W-Sb shows a small value
of vyx (0.301) and a large value of vyy greater than 1 (1.375).

aW-Sb also shows a small value of vy (0.273), but its value of
Vyy (0.689) is the smallest among those of the 2D puckered
layers in Table I. Therefore, it is expected that applying a
uniaxial strain along the y direction would have a relatively
small effect in changing the lattice along the x direction

TABLE 1. Poisson’s ratio of monolayer puckered structures.

Materials Vyx Vyy Vix Vyy
SiS 0.219  1.025 —0.073 0.058
SiSe 0.330 1.800 0.602 & —0.466 0.515 & —0.413
GeS [66] 0.420 1.401 —0.208 0.411
GeSe [66] 0.391  1.039 0.583 —0.433
SnS [66] 0.422  0.961 —0.004 0.404
SnSe [66] 0.423 0.851 —0.210 0.352
SnTe 0.423  0.480 0.242 & —0.099 0.109
BP [32] 0.400 0.930 0.046 —-0.027
As [34] 0.350 1.070 0.130 —0.093
W-Sb 0.301  1.375 0.116 —0.093
aW-Sb 0.273  0.689 0.656 0.315
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FIG. 5. Poisson’s ratio as a function of uniaxial strain of monolayer W-phase and aW-phase antimonene in the x direction (a), (c), and y
direction (b), (d). (a)e, versus &,. Data are fitted to function y = —v;x + vox? 4 v3x3, with v; = 0.301 and 0.273 as the linear Poisson’s ratio.
(b) & versus gy. Data are fitted to function y = —v;x + vox? 4 v3x3, with v; = 0.689 and 1.375 as the linear Poisson’s ratio. (c) €, versus &.
Data are fitted to function y = —v;x + v,x> + v3x, with v; = 0.656 and 0.116 as the linear Poisson’s ratio. (d) &, versus &y. Data are fitted to
function y = —v;x + v,x% 4 v3x3, with v; = 0.315 and —0.093 as the linear Poisson’s ratio.

compared with other 2D puckered monolayers. As for the out-
of-plane Poisson’s ratio, monolayer W-Sb shows a positive
value along the x direction (v, = 0.116) and a negative one
along the y direction (v;, = —0.093) like SiS. On the other
hand, the out-of-plane Poisson’s ratio of monolayer aW-Sb in
both the x direction and y direction are positive (v, = 0.656
and v;, = 0.315). In Table I, the in-plane and out-of-plane
Poisson’s ratio of the puckered monolayers are summarized. A
detailed analysis regarding the relation between the Poisson’s
ratio and geometry changes is presented in the Supplemental
Material (Figs. S2-S4).

Previous numerical simulations predict a positive PR of
graphene under normal conditions [15-17] and the PR be-
comes negative at high temperatures [15], or in the presence of
sufficiently strong disorder [18-20]. Recent theoretical work
further demonstrates the dependence of PR of graphene on
the applied stress [22,23]. It is interesting to check if a similar
dependence exists in the puckered layers. Figure S5 shows
the absolute PR and differential PR of monolayer SiS under
different stress. With increasing stress, both the absolute and

differential in-plane PR (v and v{i") show a decreasing
trend, and both the absolute and differential out-of-plane PR
(v and vy show an increasing trend. While being close
to low stress (0-0.5 GPa), the absolute and differential PR
differ in the range of larger stress (>0.5 GPa or <0 GPa).
With a stress in the range of —1 to 1 GPa, the difference of the
absolute PR and differential PR of monolayer SiS is up to 0.1
for the in-plane ones and 0.05 for the out-of-plane ones.

C. Deformation mechanism

Although sharing the same puckered structures, the out-of-
plane Poisson’s ratio behaviors of monolayer group V-enes
and group-IV monochalcogenide are quite different. Some
puckered layers show a negative out-of-plane Poisson’s ratio
along the x direction, some show a negative out-of-plane
Poisson’s ratio along the y direction, and some show positive
ones along both the x and y directions. This difference is
closely related to the subtle difference of the structures and
compositions. Monolayer BP, As, or W-Sb is composed of
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a single element (M = X), forming a double-layer puckered
structure. Monolayer aW-Sb composed of Sb atoms (M = X)
forms a four-layer puckered structure. Monolayer group-IV
monochalcogenide is composed of group-IV (M) and chalco-
genelements (X), forming a four-layer puckered binary struc-
ture.

Generally, a uniaxial tension affects the thickness of the
puckered monolayer via two routes. For example, the appli-
cation of an x-direction tension not only directly induces a
deformation in the x direction but also indirectly introduces a
deformation in the y direction through the in-plane structural
coupling. It is the deformation in both the x and y directions
that contributes to the change of the layer thickness. The
strength of the in-plane structural coupling can be found
from the parameters vy, and vyy. The former represents the
deformation in the x direction induced by a y-directed tension,
while the latter represents the deformation in the y direction
induced by an x-directed tension.

We first analyze the effects of the x- and y-directed defor-
mations on the MX layer thickness (Ady and Ady) in Figs. 6
and 7, and then discuss the overall effects on the thickness
(Ad = Ady + Ady) for each type of puckered structures in
Fig. 8. We focus on the case of tensile deformation in Figs. 6
and 7, and the effect of compressive deformation on the thick-
ness is the contrary. Atom 3 is chosen as the original point,
and the movements of atoms relative to atom 3 are indicated.
Atoms 1 (3) and 2 (4) are M and X atoms, respectively. Atom
1’ is the replica of atom 1 in the nearby lattice.

1. Deformation in the x direction

Figure 6(a) shows the detailed structural relaxation in the
two consecutive steps for the double-layer puckered structure
(monolayer black phosphorus, arsenic, and W-phase Sb). With
a tensile deformation in the x direction, the two bond angles
remain equivalent because of the chemical symmetry [32].
So in the first step, the bonds 2-3 and 4-1' rotate downward
around the atoms 3 and 4, respectively, in order to keep
Om = 6x. This rotation leads to a decrease in the atomic layer
thickness. In the second step, atoms 1 and 4 relax along the
x direction, but it does not affect the thickness of the layer.
Therefore, the tensile deformation in the x direction leads to
the decrease of the thickness of the double-layer puckered
structure (Ady < 0).

Similar to the case in Fig. 6(a), the stretching in the x
direction makes bonds 2-3 and 4-1’ rotate downward around
atom 3 in the four-layer puckered structure with M = X
[Fig. 6(b)]. Such rotation leads to a downward movement
of atom 1 (1') relative to atom 3, and the thickness reduces
(Ady < 0).

The structural relaxation for the four-layer puckered binary
structure (group-IV monochalcogenide) under tensile defor-
mation in the x direction is shown in Figs. 6(c) and 6(d). The
rotation of bonds around the group-IV elements M is expected
to be harder than that around the chalcogen elements X [65].
In other words, the change of 6y is expected to be smaller
compared with fx induced by the tensile deformation in the
x direction [66]. As shown in Fig. S3, the slopes of 8x are
60.0-67.1° per unit strain in the SiS, SiSe, and SnTe layers,
while the slopes of 6y are only 9.7-17.1° per unit strain under

the strain in the x direction. This is due to the fact that the
valence shell electron pair repulsion (VSEPR) [67] around
the group-IV M atoms are more apparent than the chalcogen
X atoms. Figure S6 shows the total electron density of SiS,
SiSe, and aW-Sb. Each Si and Sb atoms are surrounded by
four sp3 orbitals, and each S and Se atoms are surrounded by
four p-type orbitals. Among the four orbitals, one is occupied
by two lone paired electrons, while three of the others are
occupied by bonding electrons pairs. In the case of aW-Sb,
the electron density around the neighboring two Sb atoms
are quite similar. On the contrary, the lone paired electrons
are more concentrated in one side of the M atoms but more
uniformly distributed around the X atoms in the cases of SiS
and SiSe, indicating a stronger VSEPR around M atoms.

Figure 6(c) describes the cases with the M atoms locating
outmost. In the first step, atom 2 rotates downward around
atom 3. In the second step, bond 3—4 rotates upward around
atom 3 in order to keep the rigid bond angle of 6y. It is
noted that it is an upward movement for atom 3 in the second
step, unlike the case of Fig. 6(b), in which atom 3 moves
downward. This difference is related to the more flexible bond
angles of the chalcogen elements X in this case. The above
discussion also applies to the case in Fig. 6(d). In the third
step, atom 1 relaxes along the out-of-plane direction under
the resultant repulsion force from atoms 2 and 4 due to the
shortened bonds 1-2 and 4-1'. Therefore, the thickness of
the M-X-X-M four-layer puckered structure increases under
the tensile deformation in the x direction, resulting in an
increased thickness (Ady > 0).

Figure 6(d) describes the cases with X atoms locating
outmost. In the first step, atom 3 rotates downward around
atom 3, and the thickness of the layer is decreased because
X atoms are the outermost atoms. In the second step, in
order to maintain the original value of 6y, bond 3—4 rotates
upward around atom 3, and this rotation further decreases
the thickness. In the third step, atom 1 relaxes along the
out-of-plane direction under the resultant force from atoms
2 and 4. However, the movement of atom 1 in this step has
no effect on the thickness. An overall effect of the three steps
is a decrease of the thickness under the tensile deformation in
the x direction. Therefore, the X-M-M-X four-layer puckered
structure exhibits a decrease of the thickness (Ady < 0).

2. Deformation in the y direction

As shown in Fig. 7, the effects of the tensile deforma-
tion in the y direction on the thickness can be classified
into two types. The left view parallel to the y-z plane is
provided. Clearly, the thickness remains almost unchanged
in the double-layer structure (Ady ~ 0), while reduces sig-
nificantly in the four-layer structure (Ady < 0) under a ten-
sile deformation in the y direction. Similarly, under a com-
pressive deformation in the y direction, it is not difficult
to expect a nearly unchanged (Ady ~ 0) and an increased
thickness (Ady > 0) in the double- and four-atomic layer
structures.

3. Overall effects on the thickness

A common feature of the studied puckered structures is that
they all possess positive in-plane Poisson’s ratio vy, and vy,
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Deformation in the x-direction M . X

(a) M = X atoms forms a double-layer puckered structure

VE 6= 2234 6, = 2123

Bonds 2-3 and 1’-4 rotate downward
around the atoms 3 and 4, respectively.

Atomic layer thickness is reduced =—» Ad, <0

Atoms 1 and 4 relax along the
x-direction. V4 \

(b) M = X atoms forms a four-layer puckered structure

Bond 1-2 rotate downward
around the atom 3.

Atomic layer thickness is reduced =—» Ad, <0

Bond 1’-4 rotate downward around
the atom 3; atom 4 show a
downward trend.

Final relaxed structure

(C) M atoms are located at the two outmost atomic layers and forms a four-layer puckered structure.

Bond 1-2 rotate downward
around the atom 3.

4234

Atomic layer thickness is increased ——» Ad, >0

Bond 1’-4 rotate downward around
the atom 3; atom 4 show a upward
trend to keep a minimum change of

N N

Atom 1 moves downward due
to the shortened 1-2 and 1’-4
bond lengths

(d) X atoms are located at the two outmost atomic layers and forms a four-layer puckered structure.

Bond 1-2 rotate downward
around the atom 3.

2
— \{ 1 —
1 \ \/  —
3

4
Atomic layer thickness is reduced == Ad, <0

2234

Bond 1’-4 rotate downward around
the atom 3; atom 4 show a upward
trend to keep a minimum change of

Atom 1 moves slightly upward
due to the shortened 1-2 and
1’-4 bond lengths

FIG. 6. Deformation mechanism upon uniaxial deformation in the x direction. The front view parallel to the XZ plane (grey area in the
inset) of the MX structure is provided at each relaxation step. The solid and dashed M—X bonds indicate, respectively, the initial and final
configurations at each step. The hollow blue arrows show the resulting movement of the M and X atoms. The red arrows show the resultant
repulsion forces from atoms 2 and 4. The perspective of monolayer MX is next to (a).

[32,34,66]. Therefore, applying a uniaxial tension along the
y direction on these structures induces a compression along
the x direction. Similarly, applying a uniaxial tension along
the x direction on these structures induces a compression
along the y direction. The degree of compression depends on
the value of vy, and vy. Therefore, the total change of the
thickness (and the out-of-plane Poisson’s ratio) depends on
both the changes induced by x- and y-directed deformation
(Ad = Ady + Ady), as summarized in Fig. 8.

(1) In type I with a double-layer structure (BP, As, and
W-Sb; M = X), the x-directed deformation plays a major
role since the thickness changes induced by the y-directed
deformation is neglectable.

(2) In type II with a four-layer structure (aW-Sb; M = X),
both the x- and y-directed deformation should be considered,
and they render reverse trends of the thickness. Under a x-
directed uniaxial tension, the x-directed deformation induced
thickness reduction is expected to be more significant than the
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Deformation in the y-direction. M @ X /

(a) Double-layer puckered structure

P 1

= T

Atomic layer thickness remains unchanged = Ad, =0

(b) Four-layer puckered structure

Oy = T

Atomic layer thickness is reduced = Ad, <0

FIG. 7. Deformation mechanism under tensile deformation in the y direction. The left view parallel to the YZ plane of the MX structure is
provided next to (a).

configuration tension thickness variation Poisson’s ratio

o Ad, <0

x-direction Ad<0 v,, >0
Ad, =0
e Ad, >0

BP, As, W-Sb y-direction Ad>0 v =0
Ad,=0
. Ad, <0

x-direction Ad<0 v,, >0
Ad,>0
Ad,>0

aW-Sb y-direction X Ad<0 V,,>0
Ad,<0
. Ad, >0

x-direction Ad>0 V,, <0
l Ad,>0
Ad, <0

SiS, SiSe*, SnS, y-direction * Ad<0 Voy> 0
SnSe, GeS, SnTe* Ad, <0
o Ad, <0

x-direction Ad<0 V.20
,\ ,T\ Ad,>0
\/ l/ \l o Ad, >0

y-direction Ad. <0 Ad >0 V,y <0

GeSe, SiSe*,SnTe* y

. Ad, >0

y-direction Ad <0 Vyy >0
Ad, <0

FIG. 8. Classification of the out-of-plane Poisson’s ratio in the puckered structure. Ady is the variation of the thickness due to the tensile
deformation in the x direction. Adj is the variation of the thickness due to the tensile deformation in the y direction. Ad is the total variation
(Ad = Ad, + Ad,). The light yellow area indicates decreased layer thickness and positive out-of-plane Poisson’s ratio. The light blue area
indicates increased layer thickness and negative out-of-plane Poisson’s ratio. The dominant variation between Ad, and Ad, is marked by the
red font.
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y-directed deformation induced thickness increase, because of
the relatively small value vy, of 0.273. The resultant thickness
reduces, and the corresponding Poisson’s ratio v, is positive.
Under a y-directed uniaxial tension, the thickness reduction
induced by the y-directed deformation is more significant
because this is a direct effect, and the out-of-plane Poisson’s
ratio v,y is positive.

(3) Type III shows a four-layer structure with M atoms
locating outmost (M # X). The x-directed tension leads to
a stretching in the x direction and a compression in the
y direction, both resulting in a larger thickness. Thus, the
Poisson’s ratio v, is negative. Similarly, the y-directed tension
leads to a stretching in the y direction and a compression in
the x direction, both resulting in a smaller thickness. Thus, the
Poisson’s ratio v,y is positive.

(4) Type IV shows a four-layer structure with X atoms
locating outmost (M # X). Unlike the case of type III, the
deformation in the two directions results in reverse changes of
the thickness. For GeSe and SiSe, no matter what tension is
applied along the x or the y direction, the x-directed deforma-
tion is expected to play a major role in the thickness compared
with the y-directed deformation, because of the small vy,
(<0.5) and large v,y (>1). As a result, the thickness reduces
under x-directed tension and increases under y-directed ten-
sion, and the corresponding Poisson’s ratio v,x and v,y are
positive and negative, respectively. For SnTe, the out-of-plane
Poisson’s ratio v,y is positive. The sign difference of v,y
between SnTe and the other two members in type IV mainly
stems from the different value of vyy. Under strain along the y
direction, Ady and Ady, show reverse sign. When applying a
tensile strain in the y direction, the direct deformation in the
y direction leads to a thickness decrease (Ady < 0) and the
corresponding indirect deformation in the x direction leads to
a thickness increase (Ady > 0). Since the small vy, in SnTe
makes the latter effect less significant (JAdx| < |Ady]), the
overall thickness is expected to decrease upon the y-directed
tensile strain (Ad < 0), resulting in a positive v,c. Conversely,
in GeSe and SiSe, the thickness change due to the deformation
in the x direction is more significant (|Ady| > |Ady|) because
of the large value of vyy (>1) and thus the overall thickness
increases upon y-directed tensile strain (Ad > 0). It is noted
that SiSe and SnTe have been classified into both types III

and IV, due to the occurrence of the structural transformation
under strain.

IV. CONCLUSION

In summary, the geometric and mechanical properties of
monolayer SiS, SiSe, SnTe, and orthorhombic antimonene
are studied by first principles calculations. Monolayer SiS,
SiSe, SnTe, and W-Sb possess negative out-of-plane Poisson’s
ratio, while aW-Sb does not. Especially, monolayer SiSe has
large NPR under uniaxial strain in both the x direction (v,, =
—0.466) and y direction (v;, = —0.413), which are 15 times
that of monolayer black phosphorus (v;, = —0.027). This
large Poisson’s ratio is expected to improve the sensitivity
of microsensor and protective performance of defense equip-
ment. Moreover, the structural phase of monolayer SiSe and
SnTe and their signs of the Poisson’s ratio can be tuned by
changing the strength and direction of the applied strain. In
the end, a universal deformation mechanism of the intrinsic
NPR for puckered structures (including monolayer BP, As,
Sb, SiS, SiSe, GeS, GeSe, SnS, SnSe, and SnTe) is provided.
Our mechanism reveals: (1) A 2D material with a black-
phosphorous-like puckered structure does not guarantee an
out-of-plane NPR; (2) The application of a uniaxial strain
leads to the deformations of the lattice constant in both the x
and y directions, and both deformations affect the thickness
and thus the out-of-plane Poisson’s ratio; (3) The type of
the outmost atoms and the degree of the in-plane structural
coupling determine the direction (x or y) of the applied
uniaxial strain that renders an out-of-plane NPR. Our work
sheds light on the mechanical properties of the 2D materials
with the puckered structures.
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