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Abstract: The mechanical behaviors for a series of two-dimensional (2-D) crystals X;M, (X=S,
Se; M=N, P, As) are explored through density functional theory (DFT) calculations. Two
atomic structures exist for 2-D X3M,, namely a-heart and S-heart, which exhibit different out-
of-plane Negative Poisson’s Ratio (NPR) phenomena. For a-heart structure, general out-of-
plane NPR exists under in-plane tension in y direction, while for f-heart type structures general
NPR exists under in-plane tension in x direction. Through DFT calculations, we revealed that
NPR is a general phenomenon for 2-D X;M, with heart-shaped atomic structures, and the
absolute value of out-of-plane NPR for 2-D X3M, is always one order of magnitude larger than
other 2-D crystals reported before. At the same time, in-plane NPR at certain angles around two
in-plane principal axes also exists for 2-D X;M, except S;P, due to the special heart-shaped
structure. Coexistence of out-of-plane and in-plane NPR for 2-D crystals has not been reported
before and these special three-dimensional (3-D) auxetic properties in 2-D crystals may
enormously enrich the researches on novel mechanical, electrical and chemical behaviors of 2-
D crystals. This discovery will extend the family of 2-D crystals with NPR, and also provided

new insights for designing novel negative Passion’s ratio materials.
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1. Introduction

The success of graphene' has inspired great efforts to discover other two-dimensional (2-
D) materials with excellent mechanical, electrical and chemical performances. Today, 2-D
materials beyond graphene have covered more and more elements in the periodic table.>® More
and more mono-element 2-D materials have been discovered by density functional theory (DFT)
calculations or experiments. For example, 2-D borophene (group-IIl element) has been
successfully prepared on silver surfaces with metallic characteristics.’ For group-IV elements,
silicene, germanene, stanine have been all successfully synthetized in experiment besides
graphene.!'%13 For group-V elements, all of the phosphorus, arsenic, antimony and bismuth have
stable monolayer sheets (i.e. arsenene, antimonene, and bismuthene).” '*!¢ Of course, the
family of 2-D materials composed of more than one chemical element is huge, such as
monolayer materials of group V-VI elements,!” transitional metal dichalcogenides (TMDs), '8
MZXenes, '? etc. In most cases, some similar features are observed for 2-D materials with the
same groups in element periodic table, such as atomic topological structure, energy band
structure, electronic properties, etc.”- 7> 20

Poisson’s ratio is one of the basic material parameters, defined as the negative value of the
lateral strain to applied strain. Normally, Poisson’s ratio is positive for most materials.
Intriguingly, negative Poisson’s ratio (NPR) materials, also known as auxetic materials, attracts
considerable research interest, since the foam structure with NPR have been proposed by Lakes
in 1987.2! Then, a few natural materials such as cubic metals?? and zeolites?* were also found
to be the auxetic materials. Very recently, lots of artificial structures are designed to be auxetic
materials, such as designable compliant micromechanisms,** metal-organic frameworks,? soft
metamaterials,?® origami structures,?’ protein crystals.?® Special re-entrant architectures and
chiral honeycomb structures are the main causes of auxetic phenomenon.?!- 2% 3% The auxetic
structures usually enhance some the mechanical properties of the auxetic materials, including
shear moduli, indentation resistance, tear resistance and fracture toughness,3!-33 expected to be
applied to a wide range of fields, such as drug release, bioengineering, textiles, fasteners,34-36
and greatly enriching the material design methods and their functionality.

Inspired by substantial researches on auxetic effect of three-dimensional (3-D) or bulk

materials, a number of 2-D crystals have been found to exhibit intrinsic auxetic behaviors. Due
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to the structural uniqueness of 2-D crystals, out-of-plane NPR and in-plane NPR are found in
succession for some nonplanar 2-D crystals. Here, the out-of-plane strain is defined as the
thickness change ratio between the outmost atoms of the nonplanar 2-D crystals. For instance,
black phosphorene-like structures®’, including monolayer BPs, 3% arsenene 3° and SnSe* have
been predicted to have a small intrinsic out-of-plane NPR by DFT calculations due to their
unique puckered structure, of which out-of-plane NPR for black phosphorene have already been
observed in experiment by Du. et al.*! What’s more, borophane (hydrogenated borophene) were
predicted to have out-of-plane NPR under armchair tension as well.#? Besides, many careful
designed 2-D crystals are predicted to have intrinsic in-plane NPR, such as penta-graphene,*
BesC,,** d-phosphorene,® siligraphene SiCy.4 However, the previously discovered intrinsic
NPR of 2-D crystals focuses on the 2-D materials with puckered structure. As the continuous
increasing of 2-D material family with different atomic structures, the relation between the
intrinsic NPR of 2-D crystals and their atomic structures is far from well-studied. Besides,
different from the artificial structures whose mechanical properties can be predicted by the
continuum deformation of their structural ligaments, the quantum and non-local effects may
lead completely different mechanical behaviors for 2-D crystals with the same atomic structures.
Therefore, the achievements in artificial structures cannot be directly applied to the 2-D crystals.

In this study, we focus on studying the mechanical behaviors of monolayer structures of
group V-VI elements with special heart-shaped structure, i.e. XM, (X=S, Se; M=N, P, As).
Recently, two novel 2-D crystals S;N, and S;P, have been predicted through DFT calculations
by Hang et al.,*”-*® before which the crystal structures (in bulk form) of S;As, and Se;As, are
found to be layered heart-shaped structures in experiment.*”: 3 These 2-D crystals with
intriguing heart-shaped structures remain many mysteries to be explored, such as their unusual
mechanical properties. Through DFT calculations, we revealed that NPR is a general
phenomenon for all 2-D X;M, (X=S, Se; M=N, P, As), and two new structures (i.e. a-heart and
[-heart) are proposed to cause NPR. Furthermore, out-of-plane NPR and in-plane NPR may
coexist due to their special atomic structures. For the first time, we revealed that 3-D auxetic
properties may exist in the family of 2-D crystals. Our results may extend the family of 2-D
crystals with NPR, and also provided new insights for designing materials with novel

mechanical properties, such as large negative Passion’s ratio in three orthogonal directions.
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2. Models and Methods

Three elements of group-V and two elements of group-VI are considered in this study (see inset
of Figure 1) for group V-VI binary monolayer crystals X;M, (X=S, Se; M=N, P, As). The
minimum-energy structures for 2-D X;M, have two different atomic structures, i.e. a-heart and
[-heart, as shown in Figure 1. Although the top view of S;N, and S;P, 47> #¥(see Figure S1 for
other atomic structures of 2-D X3M, in detail) are similar, their relative position of atoms X and
M is different, which can be clearly observed in the front and side views in Figure 1. Such
subtle differences of the atomic structure will lead to completely different Poisson’s ratio in the

out-of-plane direction under in-plane tension.

(a) a-heart

VA
15

N?

Nitrogen

2522p3

Figure 1 Atomic structures for two 2-D crystal X;M,. (a) a-heart, S;N; and (b) f-heart, S;P,. The inset
shows group-V and VI elements considered in this study (colored). 6 defines the orientation relative

to x axis.

All ab initio DFT calculations were performed using QUANTUM ESPRESSO.>! The
generalized gradient approximation (GGA) with Perdew, Burke, and Ernzerhof (PBE)
parametrization was adopted for the exchange-correlation functional.®? The electron-ion
interaction was described by ultrasoft pseudopotentials, a plane-wave cutoff energy of 50 Ry
for electron wavefunctions was used, and brillouin zone for the supercells was sampled by a 5
x 11 x 1 Monkhorst-Pack k-point mesh.>3 The system convergence was tested for cutoff energy
and k-point mesh. A vacuum layer of 16 A was introduced in the perpendicular direction of the

basal plane to minimize the interlayer interactions due to the periodic boundary condition. All
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the structures were first relaxed without any symmetry constraint using conjugate gradient
method (CG) until the energy and Helmann-Feynman force were converged within 107 eV and
103 eVA-!, respectively. The relaxed lattice constants for 2-D X;M, (X=S, Se; M=N, P, As) are
summarized in Table 1.

The true thickness 4 of 2-D X;M, was defined as the coordinate difference of the outmost
X and M atoms in z direction. To get the effective thickness d of 2-D X3M, (for calculation of
Young’s modulus), a van der Waals (vdW) correction proposed by Grimme (DFT-D2) was
chosen to optimize the bulk crystal structures of layered X;M, (X=S, Se; M=N, P, As). The

cohesive energy is defined as,
3E(X) + 2E(M) — E(X3M3)
E.=
5
where E(X3M;) stands for energy of 2-D X3M, after optimization, E(X) and E(M) are the

energy of single atom X or M, respectively.

3. Results and Discussions

The basic parameters of 2-D X3;M, after energy minimization are shown in Table 1. For the
same atomic structural type, the true thickness /4 and effective thickness d will increase with the
atomic number of X or M, note that the in-plane area of 2-D X;M, also follows the same trend.
The energy band structures are also calculated (see Figure S2), which are mainly determined
by atomic structure of 2-D X3M,, i.e. a-heart atomic structure corresponds to direct energy band
structure while f-heart atomic structure exhibits in-direct energy band structure. The band gap
E, for 2-D X3M, are shown in Table 1, and we can conclude that for the same atomic structure,
the band gap E, decreases with increasing the atomic number of X or M. Note that, band gaps
will be underestimated by the GGA level DFT calculations®:*¢, our purpose will be focused on

the trend the gap follows.

Tablel Calculated basic parameters for 2-D X;M, (M=N, P, As, X=S, Se)

E.
Type Formula a(A) bH@A) h@A) d@A) E,(eV)
(eV/atom)
S3N, 8.861 4254 2.099 5079 2.015 3.339
* SesN, 9.735 4338 2374 5.144 1.420 2.958

p S;P, 10.714 47704 2405 4.687 2.509 3.508
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Se;P, 11.410 4747 2.672 5.018 2.027 3.158
S;As; 11.340 4.632 2579 4.866 2.306 3.304
Se;As; 12.075 4535 2.895 4.882 1.766 3.039

3.1 Significant negative Poisson’s effect in out-of-plane direction

Out-of-plane NPR is an interesting phenomenon found in a few 2-D crystals, such as black
phosphorene, Arsenene, monolayer BPs and Tinselenidene 37-4°, which means the thickness of
these 2-D crystals increases under in-plane tension. As we know, except hydrogenated
borophene (i.e. borophane usually exhibiting some wrinkles 4?), other 2-D crystals with out-of-
plane NPR have similar topological structures as that of black phosphorene, i.e. the puckered
structure. 374 The question is, whether the puckered structure is the unique structure for out-
of-plane NPR of 2-D crystals and there are some 2-D crystals with unusual NPR in both of the
in-plane and out-of-plane directions?

For a-heart structure S;N,, Figure 2(a) illustrates the out-of-plane strain under uniaxial
tension in x direction. When the applied strain ¢, is smaller than 0.185, the out-of-plane strain
ey first increases to the maximum value of about 0.025, and then decreases to about 0.009 at &,

= (0.185, after which a small increasing of &, leads abrupt drop of ey to a negative value
caused by the structural transition of S;N, that is he red circle marked region will rotate a certain
angle to get a minimum energy state, as shown in the inset of Figure 2(a). The similar structural
transition of Se;N, is also observed, but positive Poisson’s ratio is obtained due to different
motion of X and M atom in Se;N, during in-plane tension which will be further analyzed in the
following content, as shown in Figure S3.

The out-of-plane Poisson’s ratio is defined as the negative value of the out-of-plane strain

EH

to the in-plane applied strain, i.e. viy=——, i = x, y. Figure 2(b) shows the v,y under

s
different in-plane applied strain &,. The out-of-plane Poisson’s ratio is negative till the
structural transition at &, = 0.185 with a minimum value of -0.695 at &, = 0.010. Here, the
structural transition causes the abrupt change of the Poisson’s ratio, which also holds for other
2-D X3M, with structural transition as shown below. Figure 2(c) shows the structural transition
of S;N; at strain &, = 0.120 with respect to its equilibrium configuration. The small increase

of thickness of S;N, can be observed with the help of the blue dashed line.

When uniaxial tension is applied in y direction, an interesting demarcation point is
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observed, where the out-of-plane strain &y gets the minimum value of -0.0177 at &, = 0.030.
After that, the strain €y continuously increases to become positive. The demarcation point is
caused by the abrupt change of the outmost atoms of S;N, during in-plane tension which is used
to define its thickness, as shown in the inset of Figure 2(d). Indeed, this type of structural
transition is a general phenomenon for all of the 2-D crystals X3M,, which will be explained in
detail below. Figure 2(e) shows the out-of-plane Poisson’s ratio v,y under uniaxial tension in
y direction. The out-of-plane Poisson’s ratio vyy changes from positive value to negative value
at about &,=0.042 due to the change of outmost atoms and it gets a minimum value of -0.754
at &,= 0.120. Figure 2(f) shows the obvious increase of the thickness of S;N, at strain &, =

0.280 with respect to the equilibrium configuration.

(a) (b)
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Figure 2. Out-of-plane deformation of a-heart structure S;N, under in-plane tension. Out-of-plane

strain (a) and the corresponding Poisson’s ratio (b) under uniaxial tension in x direction &,. Out-of-



Physical Chemistry Chemical Physics

plane strain (d) and the corresponding Poisson’s ratio (¢) under uniaxial tension in y direction. The
thickness change of monolayer S;N, at € =0.120 (c) and &, = 0.280 (f), respectively. The blue
dashed lines in (c) and (f) indicate the thickness of the equilibrium structure of S;N,. Black color
represents the deformed configuration and the colored configuration represents the equilibrium

structure.

While for f-heart structures, taking S;P, as an example (see Figure S4-S6 for the results
of S;As,, Se;As, and Se;P,), the results are different. Figure 3 illustrates the out-of-plane
deformation of S;P, under in-plane tension. When uniaxial tension is applied in x direction, the
out-of-plane strain &y is always positive as &, increases till the failure of S;P, (see figure 3(a)),
although it shows a sinusoidal shape. Correspondingly, Figure 3(b) gives the out-of-plane
Poisson’s ratio v,y of S;P, which is negative till the failure of S;P,. Here, the Poisson’s ratio
of S;P, first quickly increases with the applied strain &, for &, <0.11, and then its change is
small. Figure 3(c) shows the atomic structure of S;P, at &, = 0.110 compared to that of the
equilibrium configuration, and a small increase of the thickness is observed. When uniaxial
tension is applied in y direction, the demarcation point is also observed due to the change of
outmost atoms, similar to S;N, except that it occurs at a much larger strain (see Figure 3(d)).
Thus, although the out-of-plane Poisson’s ratio quickly decreases after the demarcation point,
it is still positive till the failure of S;P».

The comparison of the out-of-plane Poisson’s ratio for 2-D X3M, (X=S, Se; M=N, P, As)
and other 2-D crystals reported before is presented in Table 2. Here, the absolute value of out-
of-plane NPR of 2-D X;M, (X=S, Se; M=N, P, As) is much larger than that of other 2-D crystals
reported before, i.e. the largest absolute value of out-of-plane NPR reported before is 0.171 for
Tinselenidene (SnSe) 4° and others are all below 0.1, while for 2-D crystals X3M, the minimum
is 0.556 for Se;As, and the maximum is 1.292 for S;As,. In general, it is an order of magnitude
larger (see Table 2). For bulk X3;M, crystals formed by stacking their 2-D crystal counterpoints,
the most energetically favorable stacked bulk crystals are also different for a-heart and f-heart
X3M; (see Figure S8). It is interesting that all the a-heart X3M, bulk crystals exhibit positive
cross-plane interlayer Poisson’s ratio under both in-plane tensions (x or ), as shown in Figure

S9 and S10. While cross-plane interlayer NPR can be observed under tension in the y direction
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for all the f-heart X3M, bulk crystals, although the corresponding absolute values are much
smaller than their 2-D crystal counterpoints (see Figure S11~S14). The comparison of cross-
plane interlayer Poisson’s ratio for X;M, bulk crystals (X=S, Se; M=N, P, As) and other
reported bulk crystals (see Table S1) shows that the absolute values of cross-plane interlayer
NPR of S;P, and Se;P, bulk crystals are comparative with black phosphorus*' and bulk

arsenene®, thus can be verified by analyzing the evolution of the Raman spectra, as

demonstrated in the study of bulk black phosphorus*!.
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Figure 3. Out-of-plane deformation of f-heart structure S;P, under in-plane tension. Out-of-plane strain
(a) and the corresponding Poisson’s ratio (b) under uniaxial tension in x direction. Out-of-plane strain

(d) and the corresponding Poisson’s ratio (¢) under uniaxial tension in y direction. The thickness change

of monolayer S;P, at & = 0.110 (c) and &,= 0.480 (f), respectively. Black color represents the

deformed configuration and the colored configuration represented the equilibrium configuration.
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What’s more, the out-of-plane NPR for S;N, coexists for uniaxial tension in both of the x
and y direction, which is the first reported for 2-D crystals as we know. Normally, out-of-plane
NPR only exists in uniaxial tension of one direction, even for other 2-D crystals X;M, (X=S,
Se; M=N, P, As) except S;N,. Thus, the question is why the novel heart-shaped topological
structures can lead to the general out-of-plane NPR for a-heart and fS-heart structures under
tension in the y and x direction, respectively. The underlying mechanism will be presented

below.

Table 2 Out-of-plane Poisson’s ratio for X3;M, (X=S, Se; M=N, P, As) and other 2-D crystals reported

before.
VxH VyH

Black phosphorene 37 0.046 -0.027
BP5; monolayer 38 / -0.037
Tinselenidene (SnSe) 40 -0.171 0.460
Arsenene 3 0.130 -0.093
Borophane*? -0.053 0.160

SN, -0.695 0.634 (-0.754) *

Se;N, 0.164 0.399 (-0.288) *
S;P, -0.706 0.444
Se;P, -0.679 0.637
S;As, -1.292 0.293
Se;As, -0.556 0.575

* The brackets here mean that the Poisson’s ratio changes sign during in-plane tension. The value before brackets is the
Poisson’s ratio at in-plane strain 0.01, i.e. near the equilibrium configuration, and the value in brackets is the smallest

Poisson’s ratio.

Figure 4 indicates the motion of different atoms of 2-D X3M, during in-plane tension. For

a-heart structure S;N, under uniaxial tension in y direction, the dihedral angle ¢ decreases
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and dihedral angle @, increases, which has a lifting effect on atom S1, as shown in Figure 4(a)
and 4(a). As aresult, the z position of atom S1 increases and the z position of atom S2 decreases
with increasing &,. Initially, the z position of atom S1 is lower than that of atom S2, and the
thickness defined with atom S2 decreases as atom S2 moves down, which leads to the initial
positive Poisson’s ratio. After the height of atom S1 exceeds that of atom S2, atom S1 becomes
the outmost atom and the thickness is defined with atom S1, leading to the out-of-plane NPR,
just as shown in the inset of Figure 2(d). The intersect point of the height between atom S1 and
atom S2 corresponds to the demarcation point shown in Figure 2(d). Note that, bond length S1-
N1 changes little with increasing €, (see Figure S7). Thus, the out-of-plane NPR of a-heart

structures is mainly attributed to the change of dihedral angle during in-plane tension.
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Figure 4. Mechanism of general out-of-plane NPR for a-heart and S-heart structures. (a) Relative position
of atom S1 and S2 in z direction to the initial position of atom S1 and dihedral angle ¢1 and ¢; for
S3N, with respect to &, and (b) schematic diagram for atom motion for S;N, under uniaxial tension in y

direction. (c) Relative position in z direction of atom P1 and P2 and angle ¢ for S;P, with respect to &

and (d) schematic diagram for atom motion for S;P, under uniaxial tension in x direction.

For f-heart structure S;P, under uniaxial tension in x direction, atom P1 moves downward
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and atom P2 moves upward, and the triangle S1-P1-P2 turns anticlockwise, as shown in Figure
4(d). The point O (Figure 4(d)) remains fixed due to structural symmetry of S;P, under uniaxial
tension in x direction. On the other hand, both of the bond length S1-P1 and S1-P2 increase
with &, (see Figure S7). Consequently, the atom S1 moves upward quickly as angle ¢
decreases, which causes quick increase of the out-of-plane strain in the beginning and end
tension of Figure 4(a). While, the lifting effect by the increase of angle ¢ at the middle part is
canceled by the bond length increase and counter clockwise rotation of OS1, which causes a
small drop of ey (see Figure 4(a)). In summary, the increase of bond length and the rotation
of local structure attribute to the out-of-plane NPR of f-heart structures under tension in the x

direction, different from a-heart structures.

3.2 Strong in-plane anisotropic mechanical properties
In addition to out-of-plane NPR, in-plane NPR is a common phenomenon for 2-D
crystals. 4 For orthogonal symmetric 2-D crystals, their constitutive relation of linear

elasticity can be represented as 7

Oxx Cll ClZ 0 Exx
Oyy|=1{C12 C2z 0 ]| &y | (1)
Oxy 0 0 C66 sty

To get the elastic coefficient Cy;, we calculate the strain energy of 2-D X;M, E s(exx,eyy,sxy)
in a5 x 5 x 5 grid of the (&xy, €y, &xy) strain space within + 1%, and then derive the
elastic coefficient C11, Cy2, C12 and Cgg through parabolic fitting of the strain potential
energy surface with respect to &y, €, and &%’ The calculated elastic constants for 2-D
X3M; (X=S, Se; M=N, P, As) are listed in Table 3. Besides, for elastic stability the elastic
constants of orthorhombic systems should satisfy Ci11, Ca2, Ces > 0 and C11Ca2 > C3,

which are undoubtedly satisfied by X;M, studied in this work.%®

Table 3. Elastic constants for 2-D X;M, (X=S, Se; M=N, P, As)

. Shear
Stiffness constants Young’s . )
Poisson's ratio modulus
Formula (GPa) modulus (GPa)
(GPa)
C11 Ca2 C12 Ces Exx Eyy Unx Uyy G

S:N, 84.16 33.83 25.05 3443 65.62 26.38 0.741 0.298 34.43
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SesN,  89.69 3497 14.62 33.61 83.57 32.59 0.418 0.163 33.61

S;P, 76.23 2097 17.26 20.11 62.03 17.07 0.823 0.226 20.11
Se;P, 67.05 1322 1527 19.11 4940 9.74 1.155 0.228 19.11
S;As, 5483 1496 14.78 17.62 40.23 10.97 0.988 0.270 17.62
Se;As, 6637 13.40 1447 1896 50.75 10.24 1.080 0.218 18.96

Then, the in-plane Young’s modulus £(f) and Poisson’s ratio v(#) in direction & for

orthogonal symmetric 2-D crystals are derived as’’,

V77¢05%0 + v575in*0 — dysin*6cos’0
v(0) =

(2)

cos*0 + d,sin®0cos?6 + dssin*6

Y7z

cos*0 + d,sin*6cos?6 + dssin*e

E9) = 3)

where di, di, di, Yzz and vzz are variables defined with elastic constants Cy; (see SI,
Equation S1). The above relations have successfully described the orientation-dependent
mechanical properties of orthogonal symmetric 2-D crystals, like black phosphorene and &-
P.45.59

Figure 5(a) shows the orientation-dependent in-plane Young’s modulus £(6) for a-heart
structure S;N,. The maximum Young’s modulus is found to be 82.26 GPa at 8 = 30" (with
respect to x axis), different from the intuition that extreme points always stay at the high
symmetrical direction (i.e. x or y direction). Figure 5(b) shows the orientation dependent in-
plane Poisson’s ratio. Surprisingly, the in-plane NPR is observed around 6 =45
(Considering the structural symmetry, 8 =45  means two symmetric in-plane principal axes
at 01 =45" and 62 = 180 — 45, see Figure 5(c)) with a minimum value of -0.0259 at 6 =
45°. 1t is the first time to find the 2-D crystal with both of the out-of-plane and in-plane NPR,
an unusual 3-D auxetic property.

For f-heart structure S;P,, we have found that the maximum Young’s modulus is 63.60
GPa at 6 = 17°, and the minimum value is 17.07 GPa at 8 = 90° (see Figure 5(d)). Besides,
we have also found for all of the 2-D X3M, (X=S, Se; M=N, P, As) the minimum Young’s
modulus is reached at 6 =90°, which means that y direction is always the softest direction for
the 2-D crystals with heart-shaped structures. Figure 5(e) shows the orientation-dependent in-
plane Poisson’s ratio, and the minimum Poisson’s ratio is 0.0157 at 8 = 45° instead of a

negative value. Note that S;P, is the only 2-D crystal that doesn’t have NPR in in-plane
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direction, and all of the other 2-D X;M, (X=S, Se; M=N, P, As) except S;P, show NPR in in-
plane direction of certain angles (see SI, Figure S7 and Table S2). For example, Figure S15(d)

shows v(#) of Se;As, has obvious in-plane NPR around 6 = 42° and a minimum value of -

a 90 b 90
(@) 120 _—— T 60 b} 120 T
A ™ . ’//
,_/ S;N, T e 83N,
150 / B 30 150 /
7 24 /
f \ | N
180 - 40 180 )t
| 1N 5 ~
\ 1k ) \\.‘
210 /330 210°
" . %
Ny b 3 .
240 300 MO T
270 270
%0 90
(d) 120 T 60 (e) 120 T
V3 S e
e S;P, ‘\\ P S3P,
150 / 60 )30 150 /
: -
180 [0 180
| s
210, FE TN
\\ ,// \\ b
240 300 20T |
270 270

Figure 5. Orientation-dependent in-plane Young’s modulus £(6) (a) and Poisson’s ratio v(#) (b) for a-
heart structure S;No. (¢) Poisson’s ratio in the red dash circle of (b). Two in-plane principal axes are
shown as a-a and b-b. Young’s modulus £(6) (d) and Poisson’s ratio v() (e) of for f-heart structure
S;P,. Orange and blue colored curves indicate positive and negative Poisson’s ratio, respectively. Here,

the unit of Young’s modulus is GPa.

Interestingly, the orientation-dependent in-plane Young’s modulus and Poisson’s ratio
have almost the same shapes (see SI, Figure S15), even though the value and position of the
extreme of Young’s modulus and Poisson’s ratio have somehow different (see SI, Table S2).
Furthermore, the two types of topological structures, i.e. a-heart and f-heart, don’t exhibit
obvious effects on the orientation-dependent in-plane mechanical properties, that is, we
attribute the distinctive in-plane mechanical behaviors of 2-D X3M, to the novel heart-shaped

structure. Instead, the a-heart and S-heart topological structures have a significant effect on out-
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of-plane mechanical behaviors due to structural difference in out-of-plane direction.

4. Conclusions

In this work, the mechanical behaviors for a series of 2-D crystals X3M, (X=S, Se; M=N,
P, As) are explored through density functional theory (DFT) calculations. There are two atomic
structures for 2-D X;3;M,, namely a-heart and f-heart, exhibiting different mechanical and
electrical properties. Energy band structures for a-heart and S-heart are direct and indirect,
respectively, and the band gap decreases with increasing atomic number for the same structure.
Different out-of-plane NPR phenomena are observed due to out-of-plane structural difference,
that is, a-heart structure exhibits general out-of-plane NPR under in-plane tension in y direction,
while S-heart structure exhibits general out-of-plane NPR under in-plane tension in x direction.
Through DFT calculations, we revealed that NPR is a general phenomenon for 2-D X3M,, and
the absolute value of out-of-plane NPR for 2-D X3M, is one order of magnitude larger than
other reported 2-D crystals in general. At the same time, the in-plane NPR at certain angle
around two in-plane principal axes also exists for 2-D X3M, except S;P,. Unusual 3-D auxetic
properties in 2-D crystals will enormously enrich the researches on novel mechanical, electrical
and chemical behaviors of 2-D crystals. Our works extend the family of 2-D crystals with NPR,

and shed lights on designing novel negative Passion’s ratio materials.

Supporting Information

Additional details for atom structures, out-of-plane strain and their corresponding Poisson’s
ratio, orientation-dependent in-plane Young’s modulus E(0), Poisson’s ratio v(8) of other 2-D
crystals X;M, (i.e. N,Ses, P,Ses, As,S; and Se;As;) and energy band structures of 2D X;M,.
Additional details for X;M, bulk crystals. The tables summarize extremes of the in-plane
Young’s modulus and Poisson’s ratio for 2-D crystals X;M, and Cross-plane interlayer

Poisson’s ratio for X3M, bulk crystals.
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