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a b s t r a c t

Very recently, first-principle technique of full-potential linearized augmented plane-wave method, by
using for exchange-correlation potential the generalized gradient approximation (GGA), was employed
for the study of the lead chalcogenide semiconductors’ alloys PbSxSe1�x, PbSxTe1�x and PbSexTe1�x.
These density functional calculations led to the determination of structural, electronic and optical
properties, including the values of lattice constants and bulk moduli as a function of composition. Here,
we investigate the latter properties, but by employing a thermodynamical model which has been sug-
gested for the formation and migration of defects in solids including several recent applications in
semiconductors. The following crucial difference emerges when comparing the present results with
those deduced by density functional calculations: Among the alloys studied, GGA calculations identify
that PbSxTe1�x exhibits the most evident non-linear variation of the bulk modulus versus the compo-
sition, while according to the thermodynamical model such an evident non-linear behavior – and maybe
somewhat stronger – is also expected for PbSexTe1�x. A tentative origin of this diversity is discussed.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

A lot of experimental work has been done for the study of the
structural [1,2], electronic [3,4] and optical properties [5,6] of Lead
chalcogenide semiconductors that exhibit rock salt structure. The
fact that they have small fundamental energy bandgap [7,8] make
them very useful in optoelectronic equipments including lasers
and detectors [9-12]. For example, they have been extensively
used as thermoelectric materials, infrared detectors, in window
coating and in panels used for solar energy utilization. Further-
more, they are very promising for the photoinduced nonlinear
optics [13,14] and in all the cases their bulk properties are crucial
due to substantial contributions of anharmonic phonons.

These important materials have been also studied by various
theoretical techniques [15–18]. Very recently the structural, elec-
tronic and optical properties of PbSxSe1�x, PbSxTe1�x and
PbSexTe1�x ternary alloys have been studied by Naeemullah et al.
[19] by using first-principle technique of full-potential linearized
augmented plane-wave (FP-LAPW) method. In these density
functional calculations, Naeemullah et al. used the FP-LAPW
method with Wu-Cohen generalized gradient approximation

(GGA) [20] in order to solve Kohn-Sham equation [21]. The wave
function, potential and change density were expanded into two
different bases: The wave function was expanded in spherical
harmonics in the atomic spheres while outside the spheres (i.e.,
interstitial regions) it was expanded in plane wave basis. The po-
tential was also expanded in the same manner.

Naeemullah et al. [19] deduced results for the structural, elec-
tronic and optical properties of the alloys PbSxSe1�x, PbSxTe1�x

and PbSexTe1�x for x¼0.25, 0.5, 0.75 and 1. Here, we shall restrict
ourselves to the structural properties. In particular, Naeemullah
et al. calculated values of the equilibrium lattice constant (α), bulk
modulus (B), the pressure derivative of the bulk modulus

( ′ ≡ )B dB
dP T

and the minimum energy E for binary compounds. By

plotting their calculated lattice parameters versus the composition
x, Naeemullah et al. found the following: For PbSxSe1�x and
PbSexTe1�x alloys they exhibit tendency to Vegard’s law [22]
(which predicts almost linear variation versus x) with a marginal
upward bowing parameters equal to �0.032 and �0.079 Å, re-
spectively. On the other hand, for the PbSxTe1�x alloy, a large de-
viation from Vegard’s law with upward bowing parameter equals
to �0.2125 Å was observed [19]. As for the variation of the bulk
modulus versus composition, their results showed a significant
deviation from the linear concentration dependence with
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downward bowings equal to 6.673 and 4.08 GPa for PbSxTe1�x and
PbSexTe1�x, respectively. On the other hand, only a small deviation
from Vegard’s law was found for PbSxSe1�x alloy with a downward
bowing parameter equal to 0.983 GPa. In other words, as far as the
values of the bulk modulus of the aforementioned three alloys is
concerned, Naeemullah et al.’s density functional calculations
showed that the system PbSxTe1�x exhibited the strongest devia-
tion (i.e., 6.673 GPa) from linearity.

More recently, however, a pioneering experimental study of the
compressibility of Ir–Os alloys appeared by Yusenko et al. [23].
After preparing several fcc- and hcp-structured Ir–Os alloys Yu-
senko et al. studied these alloys up to P¼30 GPa at room tem-
perature by means of synchrotron-based X-ray powder diffraction
in diamond anvil cells and found that their bulk moduli increase
with increasing osmium content showing a deviation from line-
arity. This concentration dependence of bulk moduli was shown
[23] to be satisfactorily described by means of a thermodynamical
model [24] for the formation and migration of the defects in solids
[25] which has been successfully applied to a variety of solids in-
cluding metals [26], alloys [27], fluorides [28], mixed alkali halides
[29], semiconductors [30–33], actinide oxides particularly useful
for nuclear fuel applications [34,35] as well as complex materials
under uniaxial stress that emit electric signals before fracture [36],
which explains the signals detected before major earthquakes
[37,38]. It is therefore challenging to apply here this model to the
case of the three alloys PbSxSe1�x, PbSxTe1�x and PbSexTe1�x and
compare the results with those deduced from the density func-
tional calculations by Naeemullah et al. [19].

2. The model that interrelates the compressibility of an alloy
with the compressibilities of its end constituents

We consider for simplicity an alloy resulted from two pure
components (1) and (2). Let υ1 be the volume per “molecule” of the
pure component (1) and υ2 the volume per “molecule” of the pure
component (2), thus the molar volumes for the two end members
are υ=V N1 1 and υ=V N2 2, where N stands for Avogardos's number.
By considering the volume V of the alloy in which n “molecules”
have replaced n molecules of the pure body, the molar fraction x is
connected to n N/ by = ( − )n N x x/ / 1 . Then, upon assuming that
each replacement of a “molecule” constitutes a defect that affects
the volume of the system by the same amount independent of its
composition, we may write to a first approximation [24]

= ( − ) + ( )V x V xV1 11 2

By differentiating Eq. (1) in respect to pressure P and con-

sidering the compressibilities κ = −
V
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By inserting Eq. (1) into Eq. (2) we finally get [24]
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and the bulk moduli for the pure con-

stituents (1) and (2) and (= )
κ

B 1 for the bulk modulus for the alloy.
Note that Eq. (3) stems from Eq. (1), thus the applicability limits of
Eq. (3) depend on whether the assumption that led to Eq. (1) is
valid. The following comments are now in order:

First, Eq. (3) enables the direct evaluation of B at any desired

composition in terms of the elastic data of the two end members.
Second, Eq. (3) in general points to a non linear variation of the

bulk modulus of the alloy versus the composition x.
Third, in the latter case, i.e., when the measurements show a

non linear variation of B versus x, and in addition the values B1 and
B2 are not accurately known (e.g., due to experimental difficulties),
which was the recent case of Ir–Os alloys studied by Yusenko et al.
[23] mentioned above, Eq. (3) can be used as follows: the ex-
perimental bulk moduli for alloys can be fitted using Eq. (3), and
the best fit may lead to reliable estimates of B1 and B2. This was
followed by Yusenko et al. [23] who found the values 354(2) GPa
and 442(4) GPa for pure Ir and Os, respectively, which were in
good agreement with experimental values obtained
independently.

3. Application of the thermodynamical model to PbSxSe1�x,
PbSxTe1�x and PbSexTe1�x alloys

Our recent results are given in Tables 1–3 for the alloys
PbSxSe1�x, PbSxTe1�x and PbSexTe1�x respectively (x¼0, 0.25, 0.5,
0.75 and 1). Concerning these results we point out the following:

Eq. (1) can be alternatively written as

α α α= ( − ) + ( )x x1 43
1
3

2
3

where α is the lattice parameter for the alloy and α1, α2 the
lattice parameters for the pure constituents (1) and (2). On the
basis of Eq. (4) we can deduce of course an estimation of α for each
composition by using the experimental values of α1 and α2 which
have been reported by Denton et al. [39], Dalven et al. [7], Cohen
and Chelikowsky [3] and Delin et al. [15]. Although these experi-
mental values for each compound differ only slightly among the
various authors, we preferred here to use in our calculations in Eq.
(4) the average of their published values which are: 5.936, 6.1237
and 6.461 Å for PbS, PbSe and PbTe, respectively. (Note, however,
that our results are not practically affected if we use the experi-
mental values published by the same authors.) The same values
were also used for our calculations concerning V1 and V2 in Eq. (3).
Finally, concerning the bulk moduli B1 and B2 in Eq. (3) we used
the experimental values published by Denton et al. [33] which are:
52.9, 54.1 and 39.8 GPa for PbS, PbSe and PbTe, respectively.

In Tables 1–3 we give for each composition in the alloys
PbSxSe1�x, PbSxTe1�x and PbSexTe1�x the values of α and B ob-
tained by means of Eqs. (4) and (3), respectively. The corre-
sponding B values are also plotted versus the composition in Fig. 1.
In these Tables, for the sake of comparison, we also insert for each
composition the corresponding values of α and B deduced by
Naeemullah et al. [19]. This comparison reveals the following
striking difference: It is clear from an inspection of Fig. 1 that,
among the three types of alloys investigated here, PbSexTe1�x and

Table 1
Calculated lattice parameter α (Å) and bulk modulus B (GPa) from the present study
for PbSxSe1�x compared to the experimental works and GGA calculations [19].

Present study GGA [19] Experimental

α (Å) B (GPa) α (Å) B (GPa) α (Å) B (GPa)

PbSe 6.1237 54.10 6.095 55.7 6.117 [33] 54.1 [33]
6.124 [3,7], 6.130
[15]

PbS0.25Se0.75 6.077 53.82 6.05 56.60
PbS0.5Se0.5 6.030 53.53 6.00 57.80
PbS0.75Se0.25 5.987 53.20 5.958 59.74
PbS 5.936 52.9 5.895 60.7 5.929 [33] 52.9 [33]

5.939 [3,7]
5.940 [15]
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