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The structural, elastic, electronic and thermodynamic properties of BaxSr1−xS ternary alloys have been investigated using
the full-potential (linearized) augmented plane wave method. The ground state properties, such as lattice constant, bulk modulus
and elastic constants, are in good agreement with numerous experimental and theoretical data. The dependence of the lattice
parameters, bulk modulus and band gap on the composition x was analyzed. Deviation of the lattice constant from Vegard’s law
and the bulk modulus from linear concentration dependence (LCD) was observed. The microscopic origins of the gap bowing
were explained by using the approach of Zunger et al. The thermodynamic stability of BaxSr1−xS alloy was investigated by
calculating the excess enthalpy of mixing, ∆Hm and the calculated phase diagram showed a broad miscibility gap with a critical
temperature.
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1. Introduction
Computer simulations allow the investigation of

many materials properties and processes that are
not easily accessible in a laboratory. This is par-
ticularly true in the earth sciences, where the rel-
evant pressures and temperatures may be so ex-
treme that no experimental techniques can oper-
ate at those conditions. Many computer simula-
tions are performed using effective inter-atomic po-
tentials tailored to reproduce some experimentally
observed properties of the materials being investi-
gated. First-principles techniques based on density-
functional theory (DFT) [1, 2] are much more pre-
dictive, not biased by any prior experimental input,
and have demonstrated a considerable accuracy in
a wide class of materials and variety of external
conditions.

Alkaline-earth chalcogenides belonging to the
binary group II – VI have recently attracted
great attention of researchers because of their
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potential use as thermionic photoluminescent,
phosphorescent, cathodoluminescent and other op-
toelectronic materials [3–5]. BaS and SrS, two al-
kaline earth sulfide members of the same group
have proven to be excellent phosphor host ma-
terials and, since recently, are considered to be
of great use in the display and optoelectronic
devices [6]. These compounds are technically
very important having applications ranging from
catalysis to microelectronics [7]. A number of
theoretical works exist in the literature dealing
with structural, electronic, elastic and thermody-
namic properties of SrS and BaS. Specifically,
Tuncel et al. [8] reported the structural, elas-
tic, vibrational and thermodynamic properties of
BaX (X = S, Se and Te) using density func-
tional theory (DFT) method. The structural, elastic,
and electronic properties of barium chalcogenides
have been studied by Bouhemadou et al. [9].
Using the full potential linearized augmented plane
wave (FP-LAPW) method, Pourghazi et al. [10]
calculated the reflectivity and imaginary part of the
dielectric function for BaSe, BaS and BaTe. First
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principle calculations of structural, electronic and
thermodynamic properties of SrS have been carried
out by Labidi et al. [11]. Using density-functional
perturbation theory, the lattice dynamics of SrX (X
= S, Se and Te) and their pressure dependence
in both B1 (NaCl structure) and B2 (CsCl struc-
ture) phases have been investigated by Souadkia
et al. [12]. The structural and electronic proper-
ties of BaS and SrS binary compounds were inves-
tigated in previous experimental [13–15] studies.
However, the thermodynamic properties of these
materials are rarely studied.

Usually, the thermodynamic properties of ma-
terials are the basis of solid state science and in-
dustrial applications. Furthermore, the study of the
thermodynamic properties of materials is of impor-
tance to extend our knowledge on their specific be-
havior when undergoing severe constraints of high-
pressure and high temperature environments. This
is particularly true since the emergence of mod-
ern technologies (geophysics, astrophysics, parti-
cle accelerators, fission and fusion reactors, etc.),
from which we always expect new advances and
innovations in material science to reach higher
performances.

With the motivation of finding promising
ternary alloys from these binary compounds with
improved physical properties in comparison with
other ternary alloys, the present study focuses
mainly on the composition dependence of the
structural, electronic, elastic and thermodynamic
properties of BaxSr1−xS ternary alloys by per-
forming ab initio calculations, based on the full-
potential linearized augmented plane wave method
(FP-LAPW) within density functional theory as
implemented in the WIEN2k code [16]. The paper
has been divided into three parts. In section 2, we
briefly describe the computational technique used
in this study. The most relevant results obtained for
the structural, electronic, elastic, thermal and ther-
modynamic properties of SrS, BaS and BaxSr1−xS
ternary alloys are presented and discussed in sec-
tion 3. Finally, in section 4, we summarize the main
conclusions of our work.

2. Calculation method
The calculations were carried out using the

full potential linearized plane wave (FP-LAPW)
method within a framework of density functional
theory (DFT) as implemented in WIEN2k code.
For the exchange correlation potential, we have
used the Perdew-Burke-Ernzerhof generalized gra-
dient approximation (PBE-GGA) [17]. In addition,
the recent Tran and Blaha-modified Becke-Johnson
potential (mBJ) [18] was also used for the elec-
tronic properties to avoid the well-known GGA un-
derestimation of the band gap. In the FP-LAPW
method, the wave functions are expanded in a lin-
ear combination of radial functions times spher-
ical harmonics inside non-overlapping muffin-tin
spheres of radius RMT surrounding each atom and
in plane waves in the interstitial region between the
spheres. The muffin-tin radiuses were taken as 2.5,
2.1 and 2.2 a.u. for Ba, S and Sr, respectively. A
plane wave cut-off RMT·Kmax = 8 (where RMT is
the smallest of all MT sphere radiuses and Kmax
is the maximum value of the wave vector K) was
chosen for the expansion of the wave functions in
the interstitial region. The maximum l for the ex-
pansion of the wave function in spherical harmon-
ics inside the muffin tin spheres was taken to be
lmax = 10.

3. Results
3.1. Structural properties

The first step in any ab initio calculation is
to find the optimized geometry of the crystalline
structure. For the studied materials we used eight-
atom simple cubic cells. The lattice structures
have been modeled at some selected compositions
x = 0.25, 0.5, and 0.75. For each composition,
we carried out a structural optimization by min-
imizing the total energy with respect to the cell
volume and also the atomic positions. The total
energy has been calculated as a function of unit
cell volume and was fitted to the Murnaghan’s
equation of state [19]. This allowed obtaining the
equilibrium structural properties, such as the lat-
tice constant (a) and the bulk modulus (B). Ta-
ble 1 summarizes the results of our calculations and
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compares them with other experimental and theo-
retical predictions. Considering the general trend
that GGA usually overestimates the lattice param-
eters, our PBE-GGA results for SrS and BaS are in
good agreement with the experimental and theoret-
ical values. For the compositions x = 0.25, 0.5 and
0.75, our results are in reasonable agreement with
those of Ameri et al. [23] using FP-LMTO method.
The small differences are related to the parameters
used in both methods.

The calculated lattice constants for different al-
loy concentrations follow the Vegard’s Law [29]
with a slight upward bowing parameter equal to
−0.066 Å obtained by fitting the calculated val-
ues with a polynomial function (Fig. 1). This fact
suggests that there is a good agreement between
the DFT predictions and the linear Vegard’s law.
The lattice parameter increases with increasing Ba
composition because the atom of Sr is smaller than
that of Ba.

The overall behavior of the variation of the bulk
modulus as a function of the composition for the
BaxSr1−xS alloys is presented in Fig. 2, and com-
pared to the results predicted by linear concentra-
tion dependence (LCD). A weak deviation from the
LCD is observed with the downward bowing equal
to 1.909 GPa. This might be mainly due to the weak
mismatch between the bulk modulus of the binary
compounds constituting the alloy.

3.2. Elastic properties

The elastic constants of solids provide a link be-
tween the mechanical and dynamic behaviors of
crystals and provide important information con-
cerning the nature of the forces operating in solids.

In particular, they provide information on the
stability and stiffness of materials. The elastic con-
stants Cij are obtained by calculating the total en-
ergy as a function of volume conserving strains
that break the symmetry, using the method devel-
oped by Charpin and integrated in the WIEN2k
code [16]. For the cubic crystal, there are only
three independent elastic constants: C11, C12 and
C44. A set of three equations is needed to deter-
mine all the constants. This means that three types
of strain must be applied to the starting crystal.

Fig. 1. Composition dependence of the calculated lat-
tice constants (solid squares) of BaxSr1−xS al-
loys compared with Vegard’s prediction (solid
line).

Fig. 2. Composition dependence of the calculated bulk
modulus (solid squares) of BaxSr1−xS alloys
compared with the predicted linear composition
dependence (solid line).

The first type involves calculating the bulk mod-
ulus B which is related to the elastic constants by
B = (C11+ 2C12)/3. The second type, which per-
mits to obtain C11 – C12, involves performing
volume-conserving tetragonal strains. The last type
of deformation, which yields C11+ 2C12 + 4C44,
is a rhombohedral distortion. The calculated PBE-
GGA elastic constants for the BaxSr1−xS ternary
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Table 1. Calculated lattice constant a, bulk modulus B and its pressure derivative B’ for the BaxSr1−xS alloys,
compared with available experimental measurements data and previous theoretical calculations.

BaxSr1−xS (0 6 x 6 1) Present work Experiments Other calculations
PBE-GGA

SrS
a(AÅ) 6.061 6.024a 6.064b, 5.972b, 5.774c, 6.023e,6.05f, 6.076d,g, 6.065h

B(GPa) 48.25 58a 48.24d, 47.94b, 62c, 51.103e, 48.30f, 47g, 46.263h

B
′

4.358 4.34b, 4.19g

Ba0.25Sr0.75S
a(AÅ) 6.168 6.119e

B(GPa) 45.91 57.271e

B
′

4.589
Ba0.5Sr0.5S

a(AÅ) 6.266 6.208e

B(GPa) 44.28 55.215e

B
′

4.340
Ba0.75Sr0.25S

a(AÅ) 6.353 6.310e

B(GPa) 42.65 49.341e

B
′

4.346
BaS

a(AÅ) 6.436 6.38i 6.41e, 6.469j, 6.444k, 6.44l, 6.446m, 6.27n, 6.407o

B(GPa) 41.14 39.42i 37.299e, 42.36j ,40.93l, 40.28m, 52.39n

B
′

4.194 5.81j, 4.92n

a[13], b[20], c[21], d[22], e[23], f[12], g[7], h[11], i[24], j[9], k[25], l[26], m[27], n[8], o[28]

alloys are listed in Table 2. The requirement of
mechanical stability in a cubic structure leads to
the following restrictions on the elastic constants:
C11− C12 > 0, C11 + 2C12 > 0, C11 > 0, C44 > 0
and C12 < B < C11.

For each composition x, these criteria are sat-
isfied, indicating that these compounds are elas-
tically stable. For the binary compounds SrS and
BaS, the obtained elastic constants values agree
with those given in other theoretical works, hence,
it is reasonable to expect that elastic constants of
the alloys can be described with similar accuracy
in our calculations. On the other hand, the rela-
tion B = (C11+ 2C12)/3 provides a useful internal
consistency check between the various computa-
tional procedures. As Table 2 shows, the bulk mod-
ulus values calculated using this relation agree well
with those obtained from the total energy fitting to

Murnaghan’s equation of state. One can remark
that C44, which reflects the resistance to shear de-
formation, is lower than C11, which is related to
the unidirectional compression along the principal
crystallographic directions, which means that the
cubic cell is more easily deformed by a shear in
comparison to the unidirectional compression.

3.3. Electronic properties

We have calculated the band structures for the
BaxSr1−xS, alloys along the high directions in the
first Brillouin zone at the calculated equilibrium
lattice constants. The calculated band gaps for all
studied compositions (x = 0, 0.25, 0.50, 0.75,
1) are given in Table 3, along with the avail-
able experimental and theoretical results. It is clear
that for the binary compounds SrS and BaS, the
band gap values given by the mBJ scheme are in
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Table 2. Calculated elastic constants Cij (in GPa) for the BaxSr1−xS alloys compared with other theoretical works.

This work Other calculations

SrS
C11 100.4 141a, 113.9b, 130.1c

C12 15.75 17.2a, 19.4b

C44 26.88 62.5a, 30.3b, 49.8c

B* 43.96
Ba0.25Sr0.75S

C11 107.5
C12 17.93
C44 24.82
B* 47.78

Ba0.5Sr0.5S
C11 96.48
C12 20.77
C44 20.68
B* 46.00

Ba0.75Sr0.25S
C11 95.65
C12 17.76
C44 21.00
B* 43.72

BaS
C11 80.14 115d, 94.57e, 86.80f, 107.48g

C12 24.51 17d, 19.61e, 16.90f, 24.83g

C44 18.30 18d, 18.60e, 31.60f, 30.26g

B* 43.05
a[7], b[30], c[31], d[9], e[32], f[33], g[8]
B* = (C11 – 2C12)/3

better agreement with the available experimental
results in comparison with the values calculated
by PBE-GGA. The modified Becke-Johnson poten-
tial (mBJ) as proposed by Tran and Blaha repro-
duces very well the step structure of the exact ex-
change potential, which is an important result be-
cause only the semi local quantities are used [41].
The agreement with experiment is very good for
solids and it is of the same order as the agreement
obtained with the hybrid functionals or the GW
methods. Fig. 3 shows the composition dependence
of the calculated band gaps using PBE-GGA and
mBJ schemes. The band gap decreases non-linearly

with increasing of Ba content. We calculated the
total bowing parameter by fitting the non-linear
variation of calculated band gaps versus concentra-
tion with quadratic function. The results obey the
following variations:

EPBE−GGA
g (x) = 2.517−0.515x+0.248x2 (1)

EmBJ
g (x) = 3.644−0.628x+0.356x2 (2)

The quadratic terms in equation 1 and equation 2
are refereed to be the band gap bowing parameters.



884 S. CHELLI et al.

Table 3. Band-gap energies (in eV) of BaxSr1−xS alloys at various concentrations x.

Alloy x This work Experiments Other calculations
mBJ PBE-GGA

BaxSr1−xS 0 3.663 2.535 4.32a 2.15b, 2.53c, 2.30d, 2.29e, 2.45f

0.25 3.469 2.365 2.316e

0. 5 3.426 2.331 2.316e

0.75 3.404 2.297 2.316e

1 3.356 2.235 3.88g, 3.9h 2.084e, 2.26i, 2.17j, 3.07k, 2.30l

a[34], b[35], c[11], d[36], e[23], f[37], g[38], h[39], i[9], j[28], k[9], l[40]

Fig. 3. Composition dependence of the calculated band
gap using PBE-GGA and mBJ approximations
for BaxSr1−xS alloys.

To analyze the physical origins of the band gap
bowing, we followed the procedure of Bernard and
Zunger [42] and decomposed the bowing parame-
ter into three physically distinct contributions:

b = bV D +bCE +bSR (3)

The effect of volume deformation causes the
first term of the bowing parameter, bVD in equa-
tion 3. The notional response of SrS (BaS) to hy-
drostatic pressure describes this term via the effect
of the contribution of balanced lattice constant aSrS
(aBaS) in relation to the lattice constant of the alloy
value a(x):

bV D = 2[εSrS(aSrS)− εSrS(a)+ εBaS(aBaS)− εBaS(a)]
(4)

The charge transfer in SrS and BaS at a = a(x)
indicates the second term, bCE, of the total band gap
bowing parameter:

bCE = 2[εSrS(a)+ εBaS(a)−2εBaSrS(a)] (5)

The third term, bSR refers to the structural relax-
ation which measures the changes in passing from
the unrelaxed to the relaxed alloy:

bSR = 4[εBaSrS(a)− εBaSrS(aeq)] (6)

ε is the energy gap which has been calculated
for the indicated atomic structures and lattice con-
stants. The calculated gap bowing contributions of
the band gap are presented in Table 4. We note
that the calculated quadratic parameters of the gap
bowing are very close to those calculated using
Zunger approach. The charge transfer contribution
bCE dominates the total gap bowing parameter in
the BaxSr1−xS alloy, which is related to electroneg-
ativity mismatch between the constituting atoms:
Ba(0.89), Sr(0.95) and S(2.52).

3.4. Thermodynamic properties
In this part, we investigate the phase stability of

ternary alloys BaxSr1−xS. At finite temperature, the
thermodynamic stability of a solid system can be
determined by Gibbs free energy model as detailed
in references [43, 44].

Using this approach, the Gibbs free energy is
calculated using the following expression:

∆Gm = ∆Hm−T ∆Sm (7)

where

∆Hm = Ωx(1− x) (8)



Ab-initio study of structural, elastic, electronic and thermodynamic properties of BaxSr1−xS. . . 885

Table 4. Decomposition of the bowing parameter into
volume deformation (VD), charge exchange
(CE) and structural relaxation (SR) contribu-
tions, compared with the typical bowing ob-
tained by a quadratic fit.

Zunger approach Quadratic fit
Alloy x mBJ PBE-GGA mBJ PBE-GGA

BaxSr1−xS bVD 0.014 −0.029
bCE 0.375 0.300
bSR −0.056 −0.052
b 0.333 0.218 0.356 0.248

∆Sm =−R [x lnx+(1− x) ln1− x] (9)

∆Hm and ∆Sm are the enthalpy and entropy of mix-
ing, respectively, Ω is the interaction parameter
which depends on the material, R is the gas con-
stant, and T is the absolute temperature. The mix-
ing enthalpy of alloys can be obtained as the differ-
ence in energy between the alloy and the weighted
sum of the constituents:

∆Hm = EABxC1−x− xEAB− (1− x)EAC (10)

where EABxC1−x , EAB and EAC are the respective
energies of ABxC1−x alloy and the binary com-
pounds AB and AC. By rewriting expression 8 as
Ω = ∆Hm/x(x−1), we can calculate, for each x, a
value of Ω from the above DFT values of ∆Hm.
The interaction parameter increases almost linearly
with increasing x. By a linear fit we obtained:

Ω(Kcal/mol) = 3.131−0.506x (11)

The average value of x-dependent Ω in the range of
0 6 x 6 1 derived from this equation for BaxSr1−xS
alloy is 2.878 Kcal/mol. By calculating the free
energy of mixing ∆Gm at different concentrations
using equations 7 to 9, we can determine the T-x
phase diagram which shows the stable, metastable,
and unstable mixing regions of the alloy. At a tem-
perature lower than the critical temperature Tc, the
two binodal points are determined as those points
at which the common tangent line approaches the
∆Gm curves. The two spinodal points are deter-
mined as those points at which the second deriva-
tive of ∆Gm is zero; ∂ 2 (∆Gm)/∂x2 = 0.

Fig. 4 shows the calculated phase diagram in-
cluding the spinodal and binodal curves for the
alloy of interest. We observed a critical tempera-
ture Tc of 702 K for BaxSr1−xS. We have calcu-
lated the phase diagram by using the average value
of the x-dependent Ω, hence, the phase diagram
looks symmetric. The spinodal curve in the phase
diagram marks the equilibrium solubility limit, i.e.
the miscibility gap. For temperatures and composi-
tions above this curve, a homogeneous alloy is pre-
dicted. The wide range between the spinodal and
binodal curves indicates that the alloy may exist as
a metastable phase. Hence, our results indicate that
the alloy BaxSr1−xS is stable at high temperature.

Fig. 4. T-x phase diagram for BaxSr1−xS alloys. Red-
dish line: binodal curve; gray line: spinodal
curve.

4. Conclusion
In summary, using the FP-LAPW method, we

have investigated the structural, elastic, electronic
and thermodynamic properties of BaxSr1−xS al-
loys. Our main results are as follows:
(i) The calculated lattice constants and bulk modu-
lus for the binary compounds (SrS and BaS) are in
reasonable agreement with the experimental data
and previous theoretical results; this might be a
confirmation of the reliability and accuracy of the
predicted lattice parameters for the studied ternary
alloys.
(ii) The elastic constants have been predicted.
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(iii) The gap bowing is mainly caused by the
charge-transfer effect, while the contribution of
volume deformation and the structural relaxation is
less important.
(iv) The calculated phase diagram indicates that the
BaxSr1−xS is stable at high temperature.
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