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SnS2 is an important disulfide having many excellent properties for application. Here we carried out a first-

principles study of its electronic, elastic and lattice dynamic properties. The band structure calculated by the
HSE06 functional indicates that SnS2 is an indirect band gap semiconductor with a gap of 2.16 eV. Calculated
partial density of states and the Mulliken charges imply that SnS2 is an ionic-covalent compound. Studies unveil
that SnS2 is mechanically and dynamically stable, but it is easy to crack along the c-axis. Phonons at its Brillouin
zone center were assigned by group theory analysis and their frequencies were computed. Investigation of its Born
effective charges and dielectric constants reveals that ions have a larger dielectric contribution than electrons in
the ab plane, but they almost have no contribution along the c direction.
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1. Introduction

Layered transition metal dichalcogenides, especially
their two-dimensional (2D) derivatives, have many in-
teresting properties for possible technical applications,
so they attracted the interest of researches all over the
world. For example, bulk MoS2, a semiconductor with an
indirect band gap of 1.29 eV, can be thinned into a 2D
monolayer with a direct band gap of 1.90 eV [1] accom-
panied by the change of the Raman scattering [2]. The
monolayer has good catalytic properties [3]. Its band
gap can be tuned by different methods, making it very
promising for various applications [4].

As a member of layered metal dichalcogenides, hexag-
onal SnS2 has also attracted the interest of researches. In
the experimental respect, Du et al. [5] synthesized single-
crystalline, hexagonal SnS2 nanoplatelets by solvother-
mal method. They found that these nanoplatelets are
promising solar photocatalyst and can be used to treat
waste water and contaminants. Burton et al. [6] synthe-
sized and characterized the single-crystal SnS2 by chem-
ical vapor transport method. Their studies reveal that
SnS2 can be used as an n-type buffer layer in thin-film
solar cells. Julien et al. [7] experimentally studied the
electrical and optical properties of SnS2 by measuring
its resistivity, the Hall effect, optical absorption coeffi-
cient and far-infrared spectra. Smith et al. [8] studied
the Raman spectrum of SnS2 at different temperatures.
They identified the short-range forces that determine the
frequencies of the high-frequency optical modes using
a simple force-constant model. Wang et al. [9] investi-
gated the Raman scattering, far infrared spectrum and
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photoluminescence of SnS2 nanocrystallites. They found
that the Raman and far-infrared spectra of the nanocrys-
tallites are slightly different from those of single crystal
owing to the size effect. Bhatt et al. [10] measured the
Raman spectrum of SnS2 under pressures up to 20 GPa
with temperatures up to 300 K and found that SnS2 is
still mechanically stable. Lippens et al. [11] explained
the X-ray photoelectron, emission and absorption spec-
troscopes by calculating the electronic structure of SnS2.
Filsø et al. [12] investigated the structural parameters
and band structure of SnS2 in the pressure range from
0 to 20 GPa by X-ray diffraction and density functional
theory (DFT) calculations. The results indicate that the
band gap of SnS2 decreases from 2.15 eV at zero pres-
sure to 0.88 eV at 20 GPa, and then closes at about
33 GPa. Giberti et al. [13] synthesized nanosized SnS2
powder and characterized it. They discovered that SnS2
has a strong selectivity for the carbonyl group of aldehy-
des and ketones, so it can be used as gas sensor. Xiong et
al. [14] fabricated SnS2 nanoflowers via a facile solvother-
mal process and found that they have superb selectivity
to NH3. Wei et al. [15] synthesized hierarchical SnS2
nanostructures with their {001} facets exposed having
superior photocatalytic properties, which can be used to
degradate methyl orange and to reduce aqueous Cr(VI).
Chia et al. [16] examined the electrochemical properties
of SnS2 and found that SnS2 is active in the hydrogen
evolution reaction.

In the theoretical respect, He and Shen [17] stud-
ied the band structure and thermodynamic properties
of SnS2. Wang et al. [18] investigated the phonon
transport properties and thermal conductivity of SnS2
using first-principles calculations. Their results imply
that SnS2 has a ultralow out-of-plane thermal conduc-
tivity, making it possible for use as thermoelectric mate-
rial. Gonzalez and Oleynik [19] studied layer-dependent
properties of SnS2 and found that the in-plane lattice
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constants, interlayer distance, and binding energy are al-
most layer-independent. Some research groups also stud-
ied the band structures of SnS2 nanotubes [20, 21] and
electronic properties [22] and thermal conductivity [23]
of SnS2 monolayer.

Although many studies were carried out on the hexago-
nal SnS2, its electronic, elastic and lattice dynamic prop-
erties have not been well studied. Therefore, we per-
formed a detailed first-principles study on these above
properties of SnS2 to enrich our understanding of it. The
rest of this work is put in the following order: The com-
putational methods are described in Sect. 2, the results
and the related discussion are presented in Sect. 3 and
the conclusions of this work are given in Sect. 4.

2. Computational methods

First-principles studies were performed with the use
of the CASTEP code [24]. PBE functional [25] within
the generalized gradient approximation (GGA) was em-
ployed to compute the interaction energy among elec-
trons. SnS2 is a layered material and common function-
als cannot give an accurate description of its properties,
so we adopted the van der Waals (vdW) correction of
the Grimme type [26] with the Perdew–Burke–Ernzerhof
(PBE) functional throughout this work unless explicitly
stated otherwise. The on-the-fly norm-conserving pseu-
dopotentials, generated and recommended by CASTEP
for their accuracy and consistency, were used to sim-
ulate the interaction between the electrons and nuclei.
The elastic constants were calculated by the stress–strain
method: the strains εxx, εzz and εyz with the maximum
amplitude of ±0.3% and steps of 4 were individually ap-
plied on the crystal lattice, subsequently, the lattice was
relaxed as well as the inner atomic positions to obtain the
corresponding stresses, finally, the elastic constants were
obtained by solving the strains–stress relations. Lattice
dynamics were computed via the linear response method
as implemented in CASTEP.

3. Results and discussion

The hexagonal SnS2 studied here has the space group
of P -3m1, as illustrated in Fig. 1. The reported
experimental lattice constants are a = 3.647 Å and
c = 5.899 Å [27] and a = 3.638 Å and c = 5.880 Å [28].
The Wyckoff positions of the ions are: Sn 1a(000) and
S 2d(1/3, 2/3, 0.25). We first tested the convergences of
the lattice constants and elastic properties of SnS2 with
respect to the cutoff energy and the k mesh. In the ge-
ometry optimization, we used a set of strict convergence
criteria: that of the energy in successive iteration is set
to 5× 10−6 eV/atom, of the forces between ions is set to
0.01 eV/Å and of the stresses of the lattice is set to 0.02
GPa. In calculating the elastic constants, the conver-
gence criterion for energy is decreased to 1×10−6eV/atom
and that for the force is reduced to 0.002 eV/Å. The re-
sults are displayed in Fig. 2.

Fig. 1. Crystal structure of the hexagonal SnS2.

Fig. 2. (a) Relative total energy and bulk modulus as
functions of k mesh, the energy obtained using the 5×5×
3 mesh was set to zero, and (b) relative total energy and
bulk modulus as functions of cutoff energy, the energy
obtained using the cutoff energy of 500 eV was set to
zero.

Fig. 2a reveals that the total energy keeps unchanged
and the bulk modulus almost sticks to 40 GPa from the
9× 9× 5 mesh when the cutoff energy is 800 eV. Fig. 2b
shows that the total energy begins to converge at 550 eV
with an energy change of about 1 meV/atom from then
on when the k mesh is 11×11×7, which decreases to 0.4
meV/atom when the cutoff energy approaches 800 eV.
The bulk modulus also converges to 40 GPa. The vari-
ation of the bulk modulus in these two cases should be
caused by the inevitably computational error in the nu-
merical calculations. Based on the tests, we selected the
k mesh of 11× 11× 7 and the cutoff energy of 800 eV to
perform the following studies. We selected the 11×11×7
mesh because it can give an almost equally spaced recip-
rocal space, which is expected to reduce the computa-
tional error, simultaneously, it can lessen the computa-
tional burden of the dynamic calculation.
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The lattice constants relaxed by the PBE–vdW
method are a = 3.682 Å and c = 5.878 Å, which have
relative errors of 0.95% (1.2%) and −0.36% (0.034%),
respectively, compared with the first (second) set of ex-
perimental values, which will ensure the reliability of
our following studies. In addition, we also tested the
pure PBE functional and other functionals provided by
CASTEP with and without the vdW correction, but they
give much larger relative errors than PBE–vdW, that is
why we chose the PBE–vdW method in this work.

3.1. Electronic properties

The calculated band gap of SnS2 using the PBE–vdW
method is 1.28 eV, which is smaller than the experimental
values of 2.1-2.4 eV [29]. Therefore, we used the HSE06
functional [30] to calculate the electronic properties of
SnS2 based on the PBE–vdW relaxed lattice. The ob-
tained band structure along the high symmetry direc-
tions in the Brillouin zone is presented in Fig. 3a. The
valence band minimum is located at the Γ point while
the conduction band maximum is located between the Γ
and K points. The band gap calculated by the HSE06
functional is 2.16 eV, agreeing well with the experimen-
tal values [29]. These indicate that SnS2 is an indirect
narrow-band semiconductor. The bands below the Fermi
level are composed of four parts: one set of flat bands lo-
cated at about −22 eV and three sets of dispersive bands
located at around −13 eV, −6 eV and −2.5 eV, respec-
tively. The conduction bands seem slightly fluctuated
except the lowest one. In order to explain the behavior
of these bands, we computed the partial density of states
of SnS2, as shown in Fig. 3b. The results reveal that the
bands at about −22 eV originate from the Sn 4d orbital,
which is fully occupied by ten electrons and localized,
causing the bands to be flat. Those located in the range
of −15 to −13 eV are from the S 3s and Sn 5s and 5p or-
bitals. Those located in the range of −10 to −5 eV come
from the S 3p and Sn 5s orbitals. Those located in the
range of −5 eV to the Fermi level are contributed by the
S 3p and Sn 5p orbitals. The bands just above the Fermi
level are from the Sn 5s and S 3p orbitals. Those in the
range from 5 to 10 eV are formed by the Sn 5p and S 3p
orbitals. Those above are mainly from the Sn 5s orbital.
Obviously, the s and p orbitals of Sn and S overlap with
each other, especially in the energy range of −5 eV to the
Fermi level, which means that there exists hybridization
between the Sn and S atoms, making the corresponding
bands fluctuated. It also means that the Sn–S bonds
have some covalent property.

To further explore the bonding property of SnS2, we
calculated its electron difference density and Mulliken
charges using the HSE06 functional based on the PBE–
vdW relaxed lattice. The former is given in Fig. 4, which
confirms the existence of the covalent property of the
Sn–S bonds because of some electrons accumulating be-
tween the Sn and S atoms. Calculated Mulliken bond
populations unveil that there are 1.09 electrons located
between the bonded Sn and S atoms. The calculated

Fig. 3. Calculated (a) band structure and (b) partial
density of states of SnS2 by the HSE06 functional based
on the PBE–vdW relaxed lattice.

Fig. 4. Calculated electron difference density in the
(1 − 10) plane of SnS2 by the HSE06 functional based
on the PBE–vdW relaxed lattice.

atomic charges reveal that each Sn atom loses 0.94 elec-
trons while each S atom gains 0.47 electrons. Therefore,
SnS2 is an ionic-covalent crystal.

3.2. Elastic properties

Elastic constants of materials measure the stress
caused by the applied strain within their elastic limit,
which are important mechanical parameters reflecting
their mechanical stability and stiffness.
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TABLE I

Calculated elastic constants of SnS2 by the PBE–vdW
method, in GPa

C11 C33 C44 C66 C12 C13

present 140.2 32.0 12.8 50.1 40.0 16.9
Ref. [17] 137.6 18.9 50.5 49.3 39.1 33.7

The calculated elastic constants of SnS2 are listed in
Table I. For a hexagonal crystal with mechanical stability,
its elastic constants should satisfy the following restric-
tions: C44 > 0, C11 > |C12|, (C11 +C12)C33 > 2C2

13 [31].
The calculated elastic constants meet the above restric-
tions, so SnS2 is mechanically stable. Our calculation
give much lower values of C44 and C13 and higher value of
C33 compared with those presented by He and Shen [17].
This should be induced by the different methods used:
they used the VASP code with the PAW pseudopoten-
tials while we employed the CASTEP code using the
PBE–vdW method with the on-the-fly pseudopotentials.
C11 (140.2 GPa) is larger than C33 (32.0 GPa), which
hints that the a/b axis of SnS2 is stiffer than its c axis,
resulting from the layered structure. C12 (40.0 GPa) is
significantly larger than C13 (16.9 GPa), which indicates
that the c axis will have a larger strain than the a/b axis
when applying a normal stress along the a/b axis. C44

and C66 have a close relationship with the shear defor-
mation of crystals. For SnS2, C44 (12.8 GPa) is consid-
erably smaller than C66 = (C11 − C12)/2 (50.1 GPa),
which indicates that SnS2 is very vulnerable to the shear
deformation in the case of applying a shear stress on the
(00± 1) planes along the [0± 10] directions. Under this
condition, SnS2 is easy to fracture along the c axis for
the weak van der Waals interaction in this direction.

Because individual elastic constant of polycrystals is
impossible to measure, we have to use some aggregate
qualities, such as bulk modulus, shear modulus, Young’s
modulus and Poisson’s ratio to describe their elastic
properties, which can all be deduced from elastic con-
stants as we did previously [31]. The volume change of
materials under hydrostatic pressure can be weighted by
the bulk modulus B while their shape change can be
measured by the shear modulus G. The computed bulk
modulus of SnS2 is 40.2 GPa and the shear modulus is
predicted to be 25.3 GPa. The former is higher than the
latter, which means that SnS2 has a weak ability against
shear deformation and the mechanical stability of SnS2 is
restricted by the shear modulus. Pugh [32] gave a crite-
rion to classify brittle and ductile materials: A material
is ductile if its B/G ratio is beyond 1.75, otherwise, it is
brittle. The obtained B/G ratio of SnS2 is 1.59, so it is
brittle.

Young’s modulus can be used to measure the strain
caused by a uniaxial stress and Poisson’s ratio is em-
ployed to weight the transverse contraction strain intro-
duced by a longitudinal stretch. The calculated Young
modulus for SnS2 is 62.7 GPa. Poisson’s ratio sometimes
is used to judge the bonding manner within a crystal.

Haines et al. [33] pointed out that Poisson’s ratio is close
to 0.1 for a pure covalent crystal and is in the range of
0.2–0.3 for an ionic-covalent crystal. The Poisson ratio of
SnS2 is 0.24, which means that SnS2 is an ionic-covalent
crystal.

The Debye temperature is a basic quantity having
a close connection with the specific heat and melting
temperature of materials. Based on the calculated elastic
constants, we obtained a value of 2405.8 m/s as the aver-
age acoustic velocity of SnS2, which finally give the value
251.6 K as the Debye temperature of SnS2. The low De-
bye temperature means a low melting temperature and
thermal conductivity of SnS2.

3.3. Lattice dynamic properties

3.3.1. Phonons and dispersion curves
Phonons are induced by the collective vibration of ions

within a crystal. The vibrational modes at the Brillouin
zone center can be classified by group theory method.
There is one chemical formula in the primitive cell of
SnS2, which has three atoms, so there are nine vibrational
modes at the Brillouin zone center: three are acoustic and
six are optical. According to the group theory analysis,
these optical modes can be divided into four irreducible
components, i.e.

Γopt = A1g(R) +A2u(I) + Eg(R) + Eu(I). (1)
Here the A2u and Eu modes are infrared-active, and the
A1g and Eg modes are Raman-active. To see how the
constituent ions vibrate in these modes, we computed
their vibrational eigenvectors and the corresponding fre-
quencies. The results are presented in Fig. 5.

The calculated vibrational frequencies of the Eu, Eg,
A1g, and A2u are 193.1, 203.2, 308.8, and 327.9 cm−1,
respectively, which are in accordance with the experi-
mental values 205, 205, 315 and 340 cm−1 [8]. They
also agree reasonably with the + values 198, 218, 309,

Fig. 5. Calculated vibrational eigenvectors and the
corresponding frequencies (in cm−1) of the phonons at
the Brillouin zone center of SnS2 by the PBE–vdW
method.
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Fig. 6. Calculated phonon dispersion curves (left part)
and phonon partial density of states (right part) of SnS2

by the PBE–vdW method.

and 354 cm−1 measured by Wang et al. [9]. For SnS2,
the singly degenerate A1g and A2u modes are induced
by the ions oscillating along the c axis, but those dou-
bly degenerate Eu and Eg modes are caused by the ions
oscillating in the ab plane. In the Raman-active mode
A1g(Eg), the S ions move out of phase in the c(2a + b)
direction with the Sn ions kept still. The frequency of the
A1g mode is higher than the Eg for the high symmetry of
the three Sn–S bonds in the former mode. In both modes,
the dipole moment does not change with the vibration,
but the distribution of electronic cloud changes, so they
are Raman-active. In the infrared-active mode A2u(Eu),
these two S ions move in phase along the c(2a+b) direc-
tion and the Sn ions vibrate oppositely. The A2u mode
has a higher frequency than the Eu mode for the same
reason given above. In these two modes, the dipole mo-
ment changes with the vibration, but the distribution of
the electronic cloud does not, so they are infrared-active.

To see whether the hexagonal SnS2 is dynamically sta-
ble, we further computed its phonon dispersion curves
and displayed them in Fig. 6.

There are no imaginary frequencies in the phonon dis-
persion curves, so the hexagonal SnS2 is dynamically
stable. Figure 6 shows that the acoustic and optical
branches meet around the M point at about 175 cm−1.
To find the origin of those curves, we also computed the
phonon partial density of states of SnS2, as given in the
right part of Fig. 6. The result reveals that the bands be-
low 175 cm−1 are mainly contributed by the Sn ions for
their large atomic weight while those above come from
the S ions for their light atomic weight.

3.3.2. Born effective charges and dielectric properties
The Born effective charges weight the strength of long-

range Coulomb interaction between nuclei within crys-
tals. The Born effective charge (BEC) Z∗k,βα of the ion k
can be defined as the α component of the force F induced
on the ion k by the β component of the applied electric
field E when the ion is fixed, i.e. Z∗k,βα =

∂Fk,α
∂Eβ

∣∣
τ=0

[34].
Commonly, BECs of each ion in a crystal form
a tensor (BECT).

Because SnS2 has high symmetries of ionic site and
space group, only the three diagonal components xx, yy
and zz are nonzero, in which the xx and yy components
are equal. Calculations reveal that the BECs of the Sn
ion are Z∗xx = Z∗yy = 4.99 and Z∗zz = 1.84. The for-
mer two are considerably larger than the latter, which
implies that the interaction between the Sn and S ions
is strong in the ab plane, due to the strong Sn–S bonds.
The values of the S ion are Z∗xx = Z∗yy = −2.50 and
Z∗zz = −0.92, which also hints that the interaction in
the ab plane is stronger than that in the c direction, due
to the weak van der Waals along the c axis. All the off-
diagonal components are zero, which means that displac-
ing the sublattices formed by the Sn or S ions individually
along one crystallographic axis will not induce polariza-
tion along the other two axes. If a crystal is purely ionic,
the nonzero diagonal BECs should have values approach
their nominal ionic charges. Because the three compo-
nents of the BECTs of the Sn and S ions are not equal,
so we averaged them and gained the values: 3.94 and
−1.97 for the Sn and S ions, respectively. These values
are close to their respective nominal charges: +4 and −2,
which hints that SnS2 has strong ionic characteristic.

Dielectric constant is intimately related to the resis-
tant ability of materials against the exterior electric field.
When the frequency of the electric field is low, nuclei and
electrons can be polarized simultaneously, so both con-
tribute to the dielectric constant. The electronic dielec-
tric constant can be calculated according to the defini-
tion:

ε∞αβ = δαβ + 4π
∂Pα
∂Eβ

∣∣∣∣
τ=0

,

where Pα is the α component of the polarization P and
Eβ is the β component of the exerted electric field E.
The total dielectric constant can be deduced from the
complicated formula given in Ref. [34].

For a hexagonal crystal, the electronic (εeαβ) and ionic
(εiαβ) dielectric tensors of the consistent ions are diago-
nal. Both have two independent nontrivial components
ε⊥ = εxx = εyy and ε‖ = εzz, signifying the compo-
nents perpendicular and parallel to the c axis, respec-
tively. The calculated electronic dielectric constants of
SnS2 are εe⊥ = 8.80 and εe‖ = 6.44 and the total dielec-
tric constants are εt⊥ = 20.26 and εt‖ = 6.98, so the ionic
dielectric constants are εi⊥ = 11.46 and εi‖ = 0.54. The
perpendicular component of the ionic dielectric constants
is greater than that of the electrons, but its parallel com-
ponent is far smaller than that of the latter owing to the
weak interaction along the c axis.

4. Conclusions

We studied the electronic, elastic and lattice dynamic
properties of SnS2 by first-principles calculations. The
relaxed lattice constants are in good agreement with the
experimental ones. Band structure calculated by the
HSE06 functional indicates that SnS2 is an indirect band
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gap semiconductor with a gap of 2.16 eV. Analyses on the
partial density of states and Mulliken charges reveal that
SnS2 is an ionic-covalent compound. SnS2 is mechan-
ically and dynamically stable, but the small values of
the elastic constants C44 (12.8 GPa) and C13 (16.9 GPa)
imply that crack is easy to take place along the c axis
for the weak van der Waals interaction in this direc-
tion. Analyses reveal that there are infrared- and Raman-
active modes at its Brillouin zone center. The frequencies
of these modes are computed and their vibrational pat-
ters are discussed. Studies of its Born effective charges
and dielectric constants uncover that ions have a larger
contribution than electrons to the perpendicular dielec-
tric component, but they have very little contribution to
the parallel dielectric component, which should originate
from the layered structure of SnS2.
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