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ABSTRACT

Monolayer SnSe has been predicted to exhibit an unusual anisotropic thermal expansion—when heated, the long lattice parameter contracts,
while the short one expands, resulting in a rectangular-to-square-lattice phase transformation at a critical temperature (Tc). Here, we employ
density-functional-theory calculations to demonstrate an even more notable thermal-expansion behavior of SnSe from monolayer to bulk.
We find that the unusual thermal expansion persists in multilayers, while the coefficients of thermal expansion of different numbers of layers
are almost identical. This behavior results from a delicate interplay between the elastic stiffness coefficient and Gr€uneisen parameters.
Finally, we find that the Poisson’s ratio of multilayer SnSe, which is positive at T ¼ 0K , gets smaller with increasing temperature and even
turns negative, signaling a zero Poisson’s ratio at a particular temperature. Overall, the present results provide another perspective in under-
standing the unusual thermal properties of monochalcogenides.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142639

Materials usually expand when heated. Negative thermal expan-
sion (NTE) has been found in two-dimensional materials, such as gra-
phene,1,2 silicene,2,3 and germanene,2,3 and in bulk materials, such as
ZrW2O8

4 and ScF3.
5 Layered materials with negative thermal expan-

sion often exhibit distinct thermal expansion behavior in their mono-
layer and bulk forms. For example, the coefficient of thermal
expansion (CTE) of graphene is three times as large as that of graph-
ite.6 Monolayer7–9 and bulk10,11 group-IV monochalcogenides exhibit
intriguing anisotropic thermal expansion behavior: the long lattice
parameter a in the armchair direction contracts, while the short lattice
parameter b in the zigzag direction expands with increasing tempera-
ture, until a critical temperature (Tc) is reached at which a and b
become equal. Monolayer group-IV monochalcogenides have also
been predicted to have a negative Poisson’s ratio at T ¼ 0K (the
monolayer becomes thicker when stretched along the armchair direc-
tion).12,13 It was demonstrated that the Poisson’s ratio is temperature-
dependent in some cases.14–16 Given the unusual thermal-expansion
properties of monolayer and bulk group-IV monochalcogenides, the

question remains open whether unusual thermal phenomena occur in
their multilayer versions.

In this Letter, we investigate the thermal expansion behavior and
Poisson’s ratio of SnSe as a representative of group-IV monochalcoge-
nides using Gr€uneisen’s theory combined with density functional the-
ory (DFT) calculations. We demonstrate that SnSe, from monolayer to
bulk, exhibits similar anisotropic thermal-expansion behavior, namely,
the short lattice parameter expands, while the long lattice parameter
shrinks, with increasing temperature. Such thermal expansion behav-
ior is indicative of a structural phase transition that occurs when the
two lattice parameters become equal. On the other hand, the CTEs for
the two in-plane directions barely vary with the thickness of multi-
layers, in sharp contrast to the case of graphene/graphite. This differ-
ent behavior is due to the fact that the CTEs in SnSe are largely
controlled by the difference of the Gr€uneisen parameters along two
directions of in-plane phonon modes, which are not affected by the
layer stacking in the out-of-plane direction. Associated with such large
anisotropic thermal expansion, the Poisson’s ratios of these materials
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are found to be temperature-dependent as well. It is particularly note-
worthy that the Poisson’s ratios of few-layer SnSe, which are positive
at T ¼ 0K , diminish with increasing temperature and turn negative at
specific temperatures where the Poisson’s ratio is zero.

We apply the Gr€uneisen theory within the quasiharmonic
approximation to investigate thermal expansion
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where ai and aj are the CTEs in the x and y directions, det Cð Þ is the
determinant of the elastic stiffness coefficients, Cij ¼ 1=Að@2E=@�i@�jÞ,
A is the area of the unit cell, E is the total energy, �i is strain in the i

direction, U
q
*

k
¼ �hx

q
*
;k

n
q
*
;k
þ 1

2

� �
is the internal vibration energy of

phonon mode q
*

k with frequency x
q
*
;k
, n

q
*
;k
is the Bose–Einstein distri-

bution function, and ci
q
*

k
¼ �

@lnx
q
*
;k

@�i
are the Gr€uneisen parameters

associated with phonon mode q
*

k for strain component �i:
We also define the specific-heat-weighted Gr€uneisen parameter
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The Poisson’s ratio is defined as �ji ¼ ��i=�j, which corresponds
to a resulting strain in direction i when an external strain is applied in
direction j. We consider the temperature dependence of the Poisson’s
ratio arising solely from thermal expansion, i.e., Poisson’s ratios at finite
temperatures, �jiðTÞ, are obtained by fitting �i ¼ ��jiðTÞ�j þ �2ðTÞ�2j
þ�3ðTÞ�3j when the lattice constants are held at aðTÞ and bðTÞ.

The calculations are performed using the QUANTUM
ESPRESSO package.17 For the electronic-structure calculations, we use
norm-conserving Martin–Troullier pseudopotentials18 within the gen-
eralized gradient approximation.19 The electronic wave-functions are
expanded in a plane wave basis with a kinetic energy cut-off of 80Ry.
Lattice-dynamics calculations are performed using density-functional
perturbation theory (DFPT).20 For monolayer and multilayers, a vac-
uum spacing of at least 20 Å is used. For Brillouin-zone sampling, the
k-point mesh is 6� 6� 2 for bulk and 9� 9� 1 for mono- and multi-
layers. The q-point mesh is 5� 5� 2 for bulk and 9� 9� 1 for
mono- and multilayers. A series of total-energy calculations at strains
ranging from �0.2% to þ0.2% was performed in order to obtain
values for Cij ¼ 1=Að@2E=@�i@�jÞ. For each strain value, we also

calculated the corresponding phonon spectra, which we used to obtain
the Gr€uneisen parameters ci

q
*

k
. The CTEs along the two directions are

then obtained using Eq. (1). The structure figures are produced with
VESTA.21

Monolayer SnSe adopts an orthorhombic structure (space group
Pnma) that is similar to that of phosphorene, with four threefold-
coordinated atoms in the unit cell. The long axis x and the short axis y
are in the armchair and zigzag directions, respectively, as shown in
Fig. 1. The multilayers and bulk material adopt an AB stacking layered
structure.

We start with the thermal expansion of bulk SnSe. Experimental
studies have demonstrated that the long (short) lattice parameter con-
tracts (expands) along the armchair (zigzag) direction with increasing
temperature, until the two lattice parameters become equal at 826K.11

This behavior is reproduced by the calculations. The predicted Tc is
1040K, as shown in Fig. 2(a), in reasonable agreement with the mea-
surements.22,23 The present work is based on perturbation theory and
therefore neglects anharmonic contributions, in contrast to quantum
molecular dynamics (QMD) simulations.8 On the other hand, the key
value of the present calculations is that they allow a detailed analysis of
the origin of various features by tracing them to Gr€uneisen parameters
and, through them, to contributions of different phonon modes. In
addition, in the cases where QMD simulations are available, compari-
son of the two results allows us to deduce the contributions of anhar-
monic terms. Thus, the present work provides further insights into the
peculiar thermal behavior of group-IV monochalcogenides and into
the possible control of Poisson’s ratios.

We find that the anisotropic thermal expansion behavior persists
from bulk tomonolayer, but the phase transition occurs at increasingly
lower temperatures, where the phase transition temperatures Tc are
identified as the cross points of the two lattice parameters,8,11 as shown
in Fig. 2(a). The calculated Tc’s of monolayer and bilayer are 190K
and 590K, respectively. This intriguing anisotropic thermal expansion
behavior, which represents the different signs of CTEs along two direc-
tions, can be attributed to the delicate interplay of elastic stiffness coef-
ficients Cij and the specific-heat-weighted Gr€uneisen parameters ~c�, as
manifested in Eq. (3). Here, we use the specific temperature 150K to
exhibit the interplay between c�ðxÞ and Cij, as shown in Table I. ai is
negative and aj is positive after the relevant Cij and ~c� are substituted
into Eq. (3).

It is worth noting that the present Tc for monolayer SnSe, 190K,
is almost the same as the value obtained by QMD, 1756 11K.8 The
small difference can be attributed to the fact that the present

FIG. 1. (a) Overview and (b) sideview of bulk SnSe. The thickness h is defined as
the vertical distance between the top and bottom atomic layers. (c) Top view of
monolayer SnSe. Here, a is the long lattice parameter along the armchair (x) direc-
tion, b is the short lattice parameter along the zigzag (y) direction, and h is thick-
ness of few layers SnSe.
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perturbation-theoretic approach neglects anharmonic contributions.
We can infer that the latter are relatively small. On the other hand, the
present Tc for bilayer SnSe, 590K, is significantly larger than the value
obtained by QMD, 2256 9. This large difference,~300K, is difficult to
reconcile with the fact that the present value for bulk SnSe, 1040K, is
larger than the experimental value, 826K, by much less (�200� K).
The anharmonic effect leads to different phonon frequencies at differ-
ent temperatures24 and increases the CTE absolute values,23,25 espe-
cially at higher temperatures. Hence, the neglect of anharmonic effects
in the present calculations overestimates Tc’s. Addition QMD simula-
tions are needed to clarify the magnitudes of anharmonic contributions
to the thermal expansion coefficients of group-VI monochalcogenides.

It is generally believed that rigid-unit phonon modes with nega-
tive Gr€uneisen parameters c�ðxÞ play a significant role in giving rise
to NTE.26,27 However, it is not true in few-layer SnSe. The net effect of
~c� for both the monolayer and bilayer are positive along two direc-
tions. However, a NTE still occurs since C22 and C12 are almost identi-
cal and ~c j is much larger than ~ci. Thus, we conclude that NTE occurs
in few-layer SnSe because of a delicate interplay between c�ðxÞ and
Cij. This phenomenon has also been found in PbTiO3.

28

As shown in Fig. 2(b), the two CTEs almost do not change from
bulk to monolayer. This behavior is in sharp contrast to that of gra-
phene/graphite, where the thermal expansion coefficient of graphene

is three times the value for graphite. As manifest in Eq. (3), the
Gr€uneisen parameter difference ciðxÞ � cjðxÞ

� �
has a significant

influence in determining the CTEs. It is the in-plane phonon modes
that have a relatively large Gr€uneisen parameter difference
ciðxÞ � cjðxÞ
� �

, as can be seen in Fig. 3(d). Therefore, in strong con-
trast to the case of graphene/graphite, NTE is not suppressed by the
layer stacking in SnSe.

To further understand the underlying mechanism responsible for
the thermal expansion, the calculated generalized Gr€uneisen parame-
ters c�ðxÞ together with the harmonic specific heat ~C xð Þ are shown in
Fig. 3. In the case of graphene/graphite, the CTE of graphene is nega-
tive and three times as large as that of graphite, where the out-of-plane
phonon modes have negative Gr€uneisen parameters (known as the
membrane effect).1 The two CTEs almost remain constant as a func-
tion of the number of layers for SnSe. For a specific temperature, the
main contribution of CTEs originates from the large Gr€uneisen param-
eter difference ciðxÞ � cjðxÞ

� �
, as mentioned in Eqs. (2) and (3).

Hence, as shown in Figs. 3(a)–3(c), the frequencies corresponding to
large ciðxÞ � cjðxÞ

� �
mainly are 65 cm�1, 100 cm�1, and 125 cm�1.

As shown in Fig. 3(d), we analyze the atomic displacements of the pho-
non modes at these three frequencies. It is found that most of the
atomic displacements are in-plane vibrations, which is less influenced
by layer stacking.

Many properties of materials such as the bandgap of semicon-
ductors,29 ferroelectric-to-paraelectric phase transition,30 metal-
insulator transition,31 and magnetic order32,33 exhibit temperature

FIG. 2. (a) Thermal expansion curvature and (b) corresponding CTEs in the two
directions of SnSe from monolayer to bulk. The red and black lines are along the
armchair and zigzag directions, respectively. Anharmonic effects, not included in
the present theory, would lower the values of Tc. The experimental value for bulk
SnSe is 826 K for comparison.

TABLE I. The elastic stiffness coefficients Cij and the specific heat weighted
Gr€uneisen parameter ~c� at 150 K of different numbers of layers. These two parame-
ters control the CTEs of SnSe, as manifested in Eq. (3).

Cij ðN=mÞ ~c� at 150K (kB)

C11 C12 C22 ~ci ~cj

Monolayer 44 19 24 117.6 1053.3
Bilayer 78 32 40 0.1 2248.1
Trilayer 116 43 60 �71.9 2980.1

FIG. 3. Calculated frequency dependence of generalized Gr€uneisen parameters c�ðxÞ (bottom panel) and harmonic specific heat ~CðxÞ (top panel) for the monolayer (a),
bilayer (b), and trilayer (c). (d) The corresponding atomic displacements of the marked area.
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dependence that is associated with thermal expansion. Poisson’s ratio
is a fundamental mechanical property of solids, which relates the
resulting lateral strain to the applied axial strain. Contrary to many
materials, monolayer monochalcogenides are found to exhibit negative
Poisson’s ratio (NPR)12 (known as the auxetic effect34). Previous theo-
retical studies reported that the monolayer SnSe exhibits a negative
Poisson’s ratio at T ¼ 0K (�ca < 0), namely, a SnSe monolayer
becomes thicker when stretched along the armchair direction.13

Here, we investigate the Poisson’s ratio �ca (�ca ¼ ��h=�a, where
�h ¼ Dh=h) of multilayer SnSe without considering the finite tempera-
tures. The calculated �ca of monolayer SnSe is� 0.19, consistent with
previous studies,12,13 while the �ca values of a bilayer and a trilayer are
0.06 and 0.12, as shown in the inset of Fig. 4(a). We further divide �ca
into its intralayer �intraca and interlayer �interca parts [ �ca ¼ �intraca þ �interca ,
where �intraca ¼ ��intrah =�a and �interca ¼ ��interh =�a; see Fig. 4(b)]. We
find that, in the NPR of monolayers, the lattice is stretched along the
armchair direction, as manifested in the negative values of �intraca . This
can be attributed to the opposite direction of motion of the Sn atom
and Se atoms, which form a hingelike structure.35 Such a hingelike
structure is hardly affected by the weak interlayer interaction.

The Poisson’s ratio can be temperature dependent due to the
thermal expansion. Hence, we then consider Poisson’s ratio at finite
temperatures. We find that the zero-point motion (ZPM)36,37 has a
negligible influence on the calculated �ca and hence can be safely
neglected, as shown in the inset of Fig. 4(a). At finite temperatures,
however, the Poisson’s ratio of SnSe exhibits distinct temperature
dependence: with increasing temperature, while the �ca of monolayer
SnSe remains negative, we find that the �ca values of multilayers
(which are positive at zero temperature) decrease and even become
negative at higher temperatures below Tc. This intriguing temperature
dependence arises mainly from �intraca , while �interca remains almost tem-
perature independent. Hence, there is a specific temperature for each
multilayer that exhibits zero Poisson’s ratio. This provides a potential
approach for the design of materials with zero Poisson’s ratio.

In summary, we investigated the anisotropic thermal expansion
of SnSe for different layers with Gr€uneisen’s theory. In sharp contrast
to the case of graphene/graphite, the CTEs of SnSe are not sensitive to
the thickness, as they result from the in-plane phonon modes that pre-
dominantly contribute to the difference of the specific-heat-weighted
Gr€uneisen parameters ~c� along the two directions. The Poisson’s ratio
of multilayer SnSe, which is positive at T ¼ 0K , turns negative at
higher temperatures. The temperature dependence arises from the
decrease in the intralayer Poisson’s ratio �intraca and the invariant

interlayer Poisson’s ratio �interca with increasing temperatures. This
result provides a possible approach to the design of materials with zero
Poisson’s ratio.
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