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First principles calculations on structural, elastic and thermodynamic properties of K2S have been made using

the full-potential augmented plane-waves plus local orbitals within density functional theory using generalized
gradient approximation for exchange correlation potentials. The ground state lattice parameter, bulk moduli
have been obtained. The second-order elastic constants, Young and shear modulus, Poisson ratio, have also
been calculated. Calculated structural, elastic and other parameters are in good agreement with available data.
The elastic constants and thermodynamic quantities under high pressure and temperature are also calculated and
discussed.
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1. Introduction

At room temperature, K2S can crystallize stably into
antifluorite (anti-CaF2) structure type [1, 2] (space group
no. 225). This structure is antimorphous to the fluo-
rites (CaF2). The cations and anion sublattices of these
crystals have different symmetry, and is known as the
antifluorite type structure. These antifluorite type struc-
ture materials are found to exhibit fast ionic conduction
and they have attracted considerable attention due to
their technological usefulness, and also by other remark-
able and interesting physical properties. The alkali metal
chalcogenide K2S are characterized by their high ionic
conductivity [3–5] and they exhibit large electronic band
gaps. Apart from being used in power sources, fuel cells,
gas-detectors and ultraviolet space technology devices [6–
8], these ionic compounds also play important role in the
development of photocathode, in supporting catalytic re-
actions and enhancing oxidation of semiconductor sur-
faces [9–16], and therefore are ideal for theoretical and
experimental studies.

In the K2S compound, the metal atoms (K) are lo-
cated at (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) and the
atoms (S) are located at (0, 0, 0). These compounds
have been the subject of many experimental [1, 17, 18]
and theoretical works [19–22] investigations. Most of the
studies on M2S [M: Li, Na, K and Rb] compounds have
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been dedicated to study elastic properties [17, 18] and the
structural phase transformation [23–25]. Schon et al. [26]
implemented the linear combination of atomic orbitals
Hartree–Fock (LCAO-HF) method to analyze high pres-
sure structural phase transition of M2S compounds. Self-
consistent pseudopotential method, the LCAO-HF and
tight-binding linear muffin-tin orbital (TB-LMTO) stud-
ies have been reported by Zhuravlev et al. [27], Azavant
et al. [28], and Eithiraj et al. [29], respectively, for elec-
tronic band structure of alkali metal sulfides. As well,
Khachai et al. [20] have calculated the elastic properties
of the X2S (X = Li, Na, K, and Rb) compounds, un-
der pressure effect, using the full potential augmented
plane wave plus local orbitals (FP APW+lo) method.
Khachai et al. [30] reported structural, electronic and
optical properties of group-IA sulfides with and without
applied pressure by using FP-APW+lo method.

Recent experimental results show that K2S undergo a
sequence of structural phase transformations under pres-
sure. K2S is found to undergo first-order phase tran-
sition from antifluorite to distorted Ni2In-type struc-
ture at 6 GPa [25]. From the theoretical point of
view, the ground state as well as high pressure phases
of alkali-metal sulfides has been studied up to a pres-
sure of 100 GPa using the Hartree–Fock and density-
functional theory [26]. The electronic band structure of
these materials at ambient conditions was discussed by
Zhuravlev et al. [27] using the self-consistent pseudopo-
tential method.

To the best of our knowledge, there is a real lack of
knowledge of their elastic properties, and thermodynam-
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ics properties of K2S under pressure and temperature up
to now. This lack has prompted us to investigate them.
This work aims at presenting a first-principles study of
the structure, elastic and thermodynamic properties un-
der high pressures and temperatures of K2S in the antiflu-
orite phase, using full potential (linear) augmented plane
wave plus local orbital (FP-APW+lo) method within the
density functional theory based on the Perdew–Burke–
Ernzerhof (PBE) functional. We describe the computa-
tional method used in this work in Sect. 2. The results
are discussed in Sect. 3. Finally, a summary of the work
is given in Sect. 4.

2. Computational methods

In the present paper, full-potential (linear) aug-
mented plane wave plus local orbital (FP-APW+lo)
method [31, 32] within the density functional theory
(DFT) was used. This method has proven to be one
of the most accurate methods for the computation of the
electronic structure of solids within DFT [33–38], imple-
mented in the WIEN2k code [39] has been applied for
the study of structural, elastic, electronic, and thermo-
dynamic properties of anti-CaF2 structure type. Gen-
eralized gradient approximation based on the Perdew–
Burke–Ernzerhof (PBE-GGA) functional [40, 41] has
been used to determine the optimized structure of these
compounds. In this method the unit cell is divided into
non-overlapping spheres centered at atomic sites of radius
and an interstitial region. APW+lo method expands the
Kohn–Sham orbitals in atom-like muffin-tin spheres and
plane waves in interstitial region. The basis set inside
each muffin-tin sphere is split into core and valence sub-
sets. The core states are treated within the spherical part
of the potential only and are assumed to have a spheri-
cally symmetric charge density totally confined inside the
muffin-tin spheres [31, 32, 42]. The valence part is treated
within a potential expanded into spherical harmonics up
to l = 4. The valence wave functions inside the spheres
are expanded up to lmax = 10. A plane-wave expansion
with RmtKmax = 9, and k sampling with a 8 × 8 × 8
k-points mesh in the full Brillouin zone turns out to be
satisfactory. The k integration over the Brillouin zone
is performed using the Monkhorst and Pack mesh [43].
The energy that separates the valence state from the
core state has been chosen to be –6.0 Ry. The leakage
electrons from the muffin-tin radius are found to be less
than 0.0001.

In order to obtain the thermodynamic properties
of K2S, the quasi-harmonic Debye model [44] is in-
troduced, in which the non-equilibrium Gibbs function
G ∗ (V, P, T ) takes the form of

G∗(V, P, T ) = E(V ) + P (V ) +Avib(Θ(V ), T ). (1)
In Eq. (1), E(V ) is the total energy for per unit cell
of K2S, PV corresponds to the constant hydrostatic pres-
sure condition, Θ(V ) is the Debye temperature as a func-
tion of V , and Avib is the vibrational Helmholtz free en-
ergy which can be expressed as [45]:

Avib(Θ , T ) =

nkBT

[
9Θ

8T
+ 3 ln(1− e−Θ/T )−D(Θ/T )

]
, (2)

where D(Θ/T ) is the Debye integral, and is defined as:

D(Θ/T ) =
3

(Θ/T )3

∫ Θ/T

0

x3

ex − 1
dx, (3)

where n represents the number of atoms per formula unit,
Θ — the Debye temperature — is expressed as [45–47]:

Θ =
~
K

[
6π2V 1/2n

]1/3
f(σ)

√
Bs

M
, (4)

where M is the mass of per formula unit, σ is the Pois-
son ratio and Bs is the adiabatic bulk modulus that is
approximated as

Bs
∼= B(V ) = V

(
d2E(V )

dV 2

)
(5)

and the f(σ) is given by

f(σ) =

{
3

[
2

(
2(1 + σ)

3(1− 2σ)

)3/2

+

(
1 + σ

3(1− σ)

)3/2
]−1

1−3

. (6)

Therefore, for the given pressure P and temperature T
with respect to the volume V , the non-equilibrium Gibbs
function merely depends on V (P, T ) and can be solved as(

∂G∗(V, P, T )

∂V

)
P,T

= 0. (7)

As a result, the isothermal bulk modulus BT , the heat
capacity CV (at constant volume), the heat capacity CP

(at constant pressure), and the thermal expansion α are
given by

BT (P, T ) = V

(
∂2G∗(V, P, T )

∂V 2

)
P,T

, (8)

CV = 3nkB

[
4D(Θ/T )− 3Θ/T

eΘ/T − 1

]
, (9)

Cp − CV (1 + αγT ), (10)

α =
γCV

BTV
. (11)

The entropy is described by
S = nkB[4D(Θ/T )− 3 ln(1− eΘ/T )], (12)

where the Grüneisen parameter γ is defined as:

γ = − d lnΘ(V )

d lnV
. (13)

3. Results and discussion

3.1. Structural properties
The total energies as a function of volume are fitted

to Murnaghan’s equation of states [48], to determine the
ground state properties, such as equilibrium lattice pa-
rameter (a0), total energies (E0), bulk modulus (B0)
and its pressure derivatives (B′0) is presented in Fig. 1
for K2S. Calculated ground state lattice parameter (a0),
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bulk modulus (b0) and its first order pressure deriva-
tive (B′0), obtained using GGA approximation are shown
in Table I. The agreement between our calculated results
for lattice constant for K2S using GGA with the experi-
mental data is reasonably good. When we analyse these
results of B0 and B′0, we find there is a good agreement
between our results. All these properties along with the
calculated values of elastic constants (C11, C12 and C44)
in antifluorite phase for K2S are presented in Tables I, II
and compared with available theoretical and experimen-
tal results.

TABLE I

Calculated lattice constant a0 (Å), bulk modu-
lus B0 (GPa), its first pressure derivatives B′

0 for K2S,
compared to the experimental data and previous theoret-
ical calculations.

Parameters
Present
work

Other calculations Exp.

a0 7.468 7.475t 7.193t 7.387n
7.626p 6.981p 7.066p
7.779p 7.341m 7.387f
7.198l 7.480l

7.391a

K2S B0 18.2159 19.03t 23.70t 27.29n
29.41p 28.67p 26.09p
21.48p 27c 25.9d 31.0e
18.9869m 27.29f 23.76l
19.67l

–

B′
0 4.2877 3.85l 3.72l –

aRef. [1]. tRef. [30]. n,fRef. [29]. pRef. [26]. lRef. [19].
cRef. [61]. dRef. [62]. eRef. [63] mRef. [64].

Fig. 1. Total energy as a function of volume for K2S
with GGA calculation.

3.2. Thermodynamic properties

The thermodynamic properties are studied over a
range of pressures from 0 to 100 GPa and the tempera-
ture up to 1000 K. The temperature effect on the volume
of K2S compound is documented in Fig. 2. It can be seen
that the volume increases linearly with increasing tem-
perature. The rate of increase is almost zero from T = 0

to 100 K and becomes very moderate for T > 100 K.
On the other side, as the pressure increases, the volume
decreases at a given temperature. Generally speaking,
the volume increases as the temperature increases, and
decreases as the pressure increases. The calculated equi-
librium primitive cell volume V at zero pressure and room
temperature is 105.11 Å3. The relationship between the
bulk modulus B and temperature at different pressures is
shown in Fig. 3. These results indicate that B decreases
with T at a given pressure and increases with P at a
given temperature. It shows the fact that the effect of
increasing pressure on K2S is the same as decreasing its
temperature.

Fig. 2. The variation of the primitive cell volume as a
function of temperature at different pressures of K2S.

Fig. 3. Temperature dependence of bulk modulus B
of K2S at different pressure.

The heat capacity is an important parameter of the
condensed matter physics. It does not only provide a
fundamental insight into their vibrational properties but
is also mandatory for many applications. At intermedi-
ate temperatures, temperature dependence of the heat
capacity CV is governed by the details of the vibra-
tions of atoms and has been able to be determined only
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experimentally for a long time past [49]. Figures 4 and 5
show the calculated specific heats at constant volume CV

and constant pressure CP of K2S. At low temperatures,
the shapes of curves of CV and CP are similar. The data
of CV and CP are proportional to T 3. At higher tem-
peratures, CV becomes close to the Dulong–Petit limit;
when T > 800 K, and CP deviates from CV and trends
to be linear with the temperature. Our calculated value
of CV at zero-pressure and at 300 K is 70.226 for K2S.

Fig. 4. Calculated temperature dependence of heat ca-
pacity of K2S at constant volume (CV ).

Fig. 5. Temperature dependence of heat capacity
of K2S at constant pressure (CP ).

In Fig. 6, we present the effect of the temperature and
pressure on the thermal expansion α. It is shown that
the thermal expansion coefficient increases with increas-
ing temperature. For a given temperature, the thermal
coefficient α decreases sharply with increasing pressure
and becomes smaller at higher temperatures and pres-
sures. For a given pressure, α increases sharply with the
increase of temperature up to 200 K. Above this temper-
ature, α gradually approaches to a linear increase with
enhanced temperature. At zero pressure and 300 K, the
thermal expansion α is 7.03× 10−5 K.

Fig. 6. Thermal expansion as a function of tempera-
ture (T ) of K2S at different pressure.

Fig. 7. The variation of the entropy as a function of
temperature at different pressures of K2S.

The entropy S under high pressure and high temper-
ature can be obtained according to Eq. (12). Figure 7
shows the curve of entropy S at different pressure and
temperature. The curves indicate that the entropy de-
creases with pressure at a given temperature and in-
creases monotonously with temperature at a fixed pres-
sure. It indicates that the effect of increasing pressure
on K2S is same as that of decreasing temperature.

The Debye temperature (ΘD) is an important param-
eter characteristic for the thermal properties of solids.
It is the temperature above which the crystal behaves
classically, because the thermal vibrations become more
important than the quantum effects. The variation
of the Debye temperature as a function of pressure
and temperature is plotted in Fig. 8. It can be seen
from Fig. 8 that ΘD is nearly constant from 0 to 100 K;
above 100 K, ΘD decreases linearly with increasing tem-
perature. At fixed temperature, the Debye temperature
increases with the increase in pressure. At zero pressure,
ΘD is lower than that at higher pressures.
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Fig. 8. The variation of the Debye temperature as a
function of temperature at different pressures of K2S.

Fig. 9. The variation of the Debye temperature as a
function of volume at different pressures of K2S.

The Debye temperatures ΘD of the K2S compound at
the temperature of 300 K are higher than those at 1000 K,
as shows the fact that the vibration frequency of the par-
ticles in K chalcogens: K2S changes with the pressures
and the temperatures. The calculated value of the De-
bye temperatures ΘD for K2S at zero pressure and zero
temperature is found to be equal to 350.08 K. The vol-
ume dependence of the Debye temperature ΘD is shown
in Fig. 9 at some fixed temperatures. All points lie on a
single curve, demonstrating both the consistency of our
calculations and the fact that the Debye temperature
is a function of the volume only is the quasi-harmonic
approximation which introduces the temperature depen-
dence through the volume and the simplification given
by Eq. (4). It is noted that as the volume V increases, the
value of the Debye temperature decreases. The relatively
small effect of the temperature on the Debye tempera-
ture can be explained by the small effect on the volume
changes. It is observed that for constant temperature
the Debye temperature of the herein studied materials
increases almost linearly with the decrease of the volume.

3.3. Elastic properties
The elastic properties of solids are important because

they are related to various fundamental solid state phe-
nomena, such as interatomic potential, equation of state,
phonon spectra. Elastic properties are also linked ther-
modynamically with specific heat, thermal expansion,
the Debye temperature, melting point, and the Grüneisen
parameter [50–52]. Most importantly, knowledge of the
elastic constants is essential for many practical applica-
tions related to the mechanical properties of a solid: load
deflection, thermoelastic stress, internal strain, sound ve-
locities, and fracture toughness. In our case, the K2S
compound have a cubic symmetry; hence, only three in-
dependent elastic constants, C11, C12, and C44, needed
to be calculated. Cij values were obtained through the
Mehl method by calculating the total energy as a func-
tion of volume-conserving strains [49, 53]. We have cal-
culated the elastic constants (C11, C12, C44) for K2S in
their antifluorite phase.

TABLE II

Calculated elastic constants (in GPa) for K2S in anti-
CaF2 structure.

Material Parameters
Present
work
GGA

Other calculationsa

C11 33.99 GGA (LDA) 34.58 40.01
K2S C12 10.33 GGA (LDA) 10.71 15.63

C44 11.80 GGA (LDA) 11.85 12.11
aRef. [19].

TABLE III

Calculated Zener anisotropy factor A, Poisson’s ratio ν,
bulk modulus B (in GPa), shear modulus G (in GPa),
Young’s modulus E (in GPa).

Material B G E A B/G ν

present work:
GGA 18.22 11.81 29.14 0.99 1.54 0.23

K2S other calc.a:
GGA 19.67 11.88 29.41 – – 0.23
LDA 23.76 12.14 31.12 – – 0.28

aRef. [19].

Elastic moduli of K2S obtained from energy variations
due to application of small strain to equilibrium lattice
configuration, have been given in Table II. The calcu-
lations of the elastic constants are very significant to
understand and give information about the stability of
our material. We determine the elastic constants which
are related to the bulk modulus B, Young’s modulus E,
isotropic shear modulus G and Poisson’s ratio have also
been listed in Table III. To the best of our knowledge, no
experimental values of elastic moduli for the studied com-
pound are available in literature. The mechanical [54, 55]
(C11 + 2C12 > 0, C11 − C12 > 0, C44 > 0, C11 > 0) can
lead for the validity of elastic moduli. The calculated
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elastic constant values satisfy all these stability condi-
tions, including the fact that C12 > C11. Furthermore,
calculated elastic moduli also satisfy the cubic stability
condition i.e. C12 < B < C11.

The Zener anisotropy factor (A) is an indicator of the
degree of anisotropy in the solid structures. For a com-
pletely isotropic material, the A factor takes the value
of 1, when the value of A is smaller or greater than unity
it is a measure of the degree of elastic anisotropy. Pois-
son’s ratio (ν), shear modulus (G), and Young’s mod-
ulus (E), which are the most interesting elastic prop-
erties for applications, are often measured for polycrys-
talline materials when their hardness has been investi-
gated. These quantities are calculated in terms of the
computed data using the following relations [56]:

A =
2C44

C11 − C12
, (14)

ν =
3B − 2G

6B + 2G
, (15)

and

E =
9BG

3B +G
, (16)

where G = (GV +GR)/2 is the isotropic shear modulus,
GV is Voigt’s shear modulus corresponding to the upper
bound of G values, and GR is Reuss’es shear modulus
corresponding to the lower bound of G values, and can
be written as [57]:

GV =
C11 − C12 + 3C44

5
, (17)

and

GR =
5(C11 − C12)C44

4C44 + 3(C11 − C12
. (18)

The calculated Zener anisotropy factor (A), Poisson’s ra-
tio (ν), Young’s modulus (E), and shear modulus G are
summarised in Table III. The calculated elastic constants
(C11, C12, C44) are in good agreement with the predic-
tions of other computational method [19].

Calculated A values for K2S under ambient temper-
ature and pressure are 0.99 which are approach than 1
considered as isotropic (Table III).

The value of the Poisson ratio (ν) for covalent materials
is small (= 0.1), whereas for ionic materials a typical
value is 0.25 [58]. In our case the value of ν is 0.23, i.e. a
higher ionic contribution in intra-atomic bonding for this
compound should be assumed.

The bulk modulus B represents the resistance to frac-
ture [59], while the shear modulus G represents the re-
sistance to plastic deformation [60]. A high Pugh B/G
ratio is associated with ductility, whereas a low value
corresponds to the brittle nature. The critical value
which separates ductile and brittle material is 1.75; i.e.,
if B/G > 1.75, the material behaves in a ductile manner;
otherwise the material behaves in a brittle manner [29].
Now we have found that the B/G ratio is 1.54 for this
compound, classifying K2S as brittle.

Now we are studying the pressure dependence of the
elastic properties. In Fig. 10, we present the variation

Fig. 10. Pressure dependence of the elastic constants
(C11, C12 and C44) and B of K2S.

of the elastic constants and bulk modulus for this com-
pound with respect to the variation of pressure. It is
easy to observe that all the elastic constants and the
bulk modulus increase when the pressure is increased.
C11 and C12 are more sensitive to the change of pressure
compared to C44. In order to study the temperature de-
pendence of the elastic properties of these compounds, we
have focused our study on the temperature range from 0
to 1000 K.

Fig. 11. Temperature dependence of the elastic con-
stants (C11, C12 and C44) and B of K2S.

The temperature variations of the isothermal elas-
tic constants CT

ij for K2X compounds are presented
in Fig. 11. We clearly observe that the elastic con-
stants: CT

11, CT
12, and CT

44 increase when the tempera-
ture is enhanced. In particular, we have found a small
linear increase for CT

44. However, the variation of CT
11

and CT
12 with temperature is found to be larger as com-

pared with CT
44. These later are related to the elasticity

in shape which is shear constant. It is known that a
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longitudinal strain produces a change in volume with-
out a change in shape, and from above we have seen
that the volume change is highly related to the temper-
ature and thus produces a large change in CT

11 and CT
12.

On the other hand, a transverse strain or shearing causes
a change in shape without a change in volume. Thus, CT

44

are less sensitive of temperature.

4. Conclusion

First principles method has been used to study the
structural, elastic, electronic and thermodynamic prop-
erties of K2S in the antifluorite structure. The follow-
ing conclusions have been drawn from the calculations.
Calculations indicate that the present values of equilib-
rium lattice constant, a0 and bulk moduli, B0 are in good
agreement with available literature values. The present
calculations provide reliable values of elastic moduli at
absolute zero temperature and zero pressure of K2S with
the accuracy of the PBE-GGA exchange-correlation func-
tional. Young’s modulus, shear modulus, Poisson’s ratio,
and other elastic properties have also been calculated for
these compound at ambient pressure. We have also calcu-
lated and presented the thermodynamic quantities, elas-
tic constants Cij under high pressure and temperature.
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