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Electronic and elastic properties of alkali-metal sulphides-Li2S and Na2S
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From first-principles, the electronic and elastic properties of alkali-metal sulphides (Li2S, Na2S), with emphasis on the
plane-wave pseudopotential method and the inclusion of the non-linear core correction for exchange and correlation have
been investigated. At ambient condition, these compounds are found to crystallize in cubic anti-fluorite structure. This
method is found to describe the properties of these materials rather well. In most of the cases, obtained ground state
properties are in good agreement with experimental and theoretical results. From the electronic structure calculations, we
found that Li2S is indirect band gap semiconductor whereas Na2S is direct band gap semiconductor within local density
approximation (LDA).
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1 Introduction
The alkali-metal sulphides are found to crystallize
in the cubic anti-fluorite (anti-CaF2-type) structure
(Space group no. 225) in ambient condition1. This
structure is antimorphous to the fluorites (CaF2). The
cations and anion sublattices of these crystals have
different symmetry. In anti-fluorite structure, the
small alkali-metal Li+, Na+ ions occupy the tetrahedral
(F−) sites in fluorites and the larger S2− centres occupy
the eight-coordinated (Ca2+) sites. The sulphides of
alkali metal are characterized by their high ionic
conductivity and they exhibit large electronic band
gap. They have attracted considerable attention due to
their technological usefulness and also by their other
remarkable and interesting physical properties. These
compounds have been used in many technological
applications such as solid-state batteries, fuel cells or
solid-state gas detectors. Beside the structural aspects,
the study of their elastic properties is also important
as they are closely related to several fundamental
properties such as inter atomic forces, equation of
states, phonon spectra, specific heat etc. Due to the
development of ab initio computer simulation
methods, in recent years, it has become possible to
predict such crystal properties fairly accurately.
These compounds have been a subject of many
experimental and theoretical investigations, focusing
on the structural phase transformation2-5 and
electronic properties6-8 for more than a decade. The
elastic constants of Li2S and Na2S have been
determined experimentally by elastic neutron
scattering at low temperature9,10. Lichanot et al.11 and

Buehrer et al.12 have calculated the elastic constant
for Li2S and Na2S compounds by using the linear
combination of atomic orbital (LCAO) method and
the shell model, respectively. Recently, Khachai
et al.13 have studied the elastic constants and their
pressure derivatives of alkali metal sulphide crystals
using first principles full potential APW plus local
orbital (FP-APW-lo) method with in local density
(LDA) and generalized gradient approximations
(GGA). These researchers predicted significantly
smaller values of C11 and C12 in the case of Na2S
when compared with experiment. The electronic band
structure of these compounds at ambient condition
was discussed by Zhuravlev et al.6 using the selfconsistent pseudopotential method. The linear
combinations of atomic orbital by Hartree-Fock
(LCAO-HF) studies7 were undertaken to determine
the valence-band width and density of states for Li2S
and Na2S. The first principles study of electronic
structure and ground state properties of these
compounds have been investigated by Eithiraj et al8.
In the present paper, we have reported the ground
state properties such as equilibrium lattice parameter,
static bulk modulus, first order pressure derivative of
the bulk modulus and the elastic constants of Li2S and
Na2S in anti-fluorite structure calculated using
ab-initio density-functional theory as incorporated in
the plane wave self-consistent field method and
compared with corresponding experimental and
theoretical data. The electronic structure, density of
states and projected density of states for these
sulphides have also been studied.
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2 Computational Methods
We have performed first-principles total energy
calculations within the local density approximation
(LDA) and generalized gradient approximation
(GGA) using the plane wave self-consistent field
method computer code14 (PWSCF). The core
electrons are implicitly treated by ultra soft
Vanderbilt-type pseudopotentials15 as supplied by
Perdew-Wang16 and with non-linear core-correction.
For each calculation, irreducible k-points are
generated according to the Monkhorst-Pack scheme17.
The Kohn-Sham single-particle functions were
expanded on a basis of plane-wave set with a kinetic
energy cut-off of 32Ry and 28Ry for Li2S and Na2S,
respectively. Brillouin zone was sampled with 8×8×8
k-point mesh, in order to get well converged ground
state energy. The lattice parameter, bulk modulus and
pressure derivatives of the bulk modulus for both the
compounds were determined by the standard
procedure of computing the total energy for different
volumes and fitted to Murnaghan’s equation of
states18. The elastic constants were obtained by
straining the equilibrium lattice at fixed volumes,
using volume-conserving strains and then computing
the strained energy as a function of strain19.
3 Results and Discussion
The total energies as a function of volume are fitted
to Murnaghan’s equation of states18, to determine the
ground state properties, such as equilibrium lattice
parameter (a0), bulk modulus (B0) and its pressure
derivative (B′) is presented in Fig. 1(a and b) for Li2S
and Na2S, respectively. All these properties along
with the calculated values of elastic constants (C11,
C12 and C44) in anti-fluoride phase for Li2S and Na2S
are presented in Table 1 and compared with available
theoretical7,8,11-13 and experimental1,9,10 results. The
agreement between our calculated results for lattice
constant for both the solids using GGA with the
experimental data1 is reasonably good. An analysis of
our calculated lattice parameters reveals that there is a
good agreement between our results and previously
reported work of Khachai et al.13 and Ethiraj et all8. In
the present case also20 LDA underestimates the lattice
parameter, while GGA values are reasonable. The
deviations are 0.5% and 0.8% for Li2S and Na2S for
our GGA calculation, respectively. The calculated
values of bulk modulus decrease from Li2S to Na2S
signifying the fact that the compressibility increases
from Li2S to Na2S. As a matter of fact, the present
calculated values of bulk modulus (both LDA and
GGA), as is observed in other theoretical predictions

Fig. 1 — Equation of state for (a) Li2S (b) Na2S

(Table 1), could not compare well with the
experimental data. The calculated values of pressure
derivatives of bulk modulus (B′) for Li2S and Na2S
are in good agreement with recent available
theoretical results using first principles full potential
APW+lo method13 with in LDA and GGA. In our
case, the calculated values of B’, fall with in the range
of 3-5, which is the case for most solids19.
The elastic properties of solids are important
because they are related to various fundamental solid
state phenomena, such as interatomic potential,
equation of state, phonon spectra etc. We have
calculated the elastic constants (C11, C12, C44) for Li2S
and Na2S in their anti-fluorite phase, compared them
with experimental9,10 and theoretical results11-13. In the
case of Li2S, our calculated values C11 are higher than
the experimental results, from both LDA and GGA,
while the GGA value for C44 are reasonable.
The electronic band structures and density of
states (DOS) for Li2S and Na2S are shown in
Fig. 2(a and b), respectively. Both the materials show
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Table 1 — Calculated lattice parameter a0 (Å), Bulk modulus B0 (GPa), its pressure derivatives B’ and elastic constants (C11, C12, C44)
(GPa) for Li2S and Na2S, compared with the experimental data and theoretical calculations
Material

a

Present work
LDA

GGA

Expt.

Other theo work

Li2S
a0(Å)
B0(GPa)
B′
C11,C12, C44(GPa)

5.535
44.9
3.58
138.9,24.4,42.7

5.677
28.3
4.57
113.6,17.8,26.6

5.708a
45.7b

5.645c,5.572d,5.715d
43.45c, 46.43d, 40.4d
3.47d, 3.46d
94.4,23.3,34.5d
83.9,18.7,32.2d
94.1,13.9,34.9e

Na2S
a0(Å)
B0(GPa)
B′
C11, C12, C44(GPa)

6.532
28.7
5.52
92.2,21.7,22.9

6.570
28.4
3.21
72.8,41.2,21.7

6.526a
49.00b

Ref. [1], b Ref. [10], c Ref. [8], d Ref. [13], e Ref. [11], f Ref [9], g Ref [12].s

95.4,21.9,32.9b

81.0,33.0,21.0f

6.428c, 6.388d, 6.581d
32.95c, 33.98d, 28.67d
3.82d, 3.66d
61.4,20.3,21.4d
54.1,15.9,19.9d
58.4,13.6,20.0e
64.4,21.7,17.9g

Fig. 2 — Calculated electronic band structure and density of states
for (a) Li2S (b) Na2S in antifluorite structure. Dotted line shows
the Fermi level (EF)

semiconducting properties with few eV band gaps, as
can be seen from the DOS Fig. 2(a and b). Occupied
and unoccupied bands are well separated from each
other. From Fig. 2(a), it is seen that an indirect band
gap of 3.1 eV (the valence band maximum occurs
along the G-L direction and conduction band
minimum occur along G-X direction) is obtained for
Li2S, while a direct band gap 2.0 eV is obtained for
Na2S at G point which is shown in Fig. 2(b). From

Fig. 3 — Calculated projected density of states (PDOS) for (a)
Li2S (b) Na2S in antfluorite structure. Dotted line shows the Fermi
level (EF)
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Fig. 2, it is clear that there is no density of states near
the Fermi level (EF). These results are in good
agreement with the TBLMTO calculations of Ethiraj
et al.8 which shows band gap of 3.2 eV for Li2S and
2.5 eV for Na2S. It can be seen, clearly from the band
structures of Fig. 2(a and b) that there is a shift of
bands to higher energy as we move down a group,
because of the addition of a shell downs a group. The
projected densities of state (PDOS) are shown in
Fig. 3(a and b) for La2S and Na2S, respectively. The
PDOS provide an even clearer picture of the
elemental contributions to the electronic structure of
Li2S and Na2S. The peaks at lower energy level are
due to Li-2p and S-5s orbital in Li2S as shown in
Figure 3(a). In Na2S, the lower energy peaks are due
to Na-3s and S-5s orbital in Fig. 3(b). Near the Fermi
level (EF) S-5s states and Li-2p states Fig. 3(a) and
Na-3s states Fig. 3(b), contribute. Hence, the
conduction bands are complex in nature which arises
due to the hybridization of Li-2p and S-5s, and 5p
states, Li-2p states contribute more in conduction
band Fig. 3(a). In Na2S, the Na-3s states contribute
more in conduction band Fig. 3(b).
4 Conclusions
From the present study, we conclude that Li2S and
Na2S crystallizes in anti-fluorite structure and Li2S
shows wide range indirect band gap semiconductor
nature whereas the Na2S shows direct band gap
semiconductor. The ground state and elastic
properties are calculated and compared with other
experimental and theoretical data. We find good
agreement with experimental and other theoretical
results and GGA results are more closed to
experimental results.
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