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The high-pressure structural phase transition of semiconductor PbS has been investigated, using the three body potential (TBP)
model. Phase transition pressures are associated with a sudden collapse in volume. The phase transition pressures and related
volume collapses obtained from this model show a generally good agreement with available results. Moreover, the elastic properties
of PbS are also investigated.

1. Introduction

In current years, IV–VI semiconductors are one of the
most important narrow gap materials in electronics. These
semiconductors are widely applied in fundamental infor-
mation of solid-state electronic device fabrication. In this
group of semiconductors, lead chalcogenides PbX (X = S,
Se, and Te) are primarily semiconducting materials [1].
Lead chalcogenides are well known to be good materials for
thermoelectric due to their low thermoconductivity. Lead
chalcogenides remain one of the basic materials of modern
infrared optoelectronics [2].

The structural high pressure behaviour of lead chalco-
genides has paid considerable interest from both theoret-
ical and experimental works [3–10]. Among these lead
chalcogenides the lead sulphide PbS is useful as detector in
infrared radiation. PbS crystallizes in the rocksalt (NaCl)
type (B1) structure at normal condition. First-order phase
transition of PbS has been studied using high-pressure X-ray
diffraction [4–7]. The ab initio electronic study of pressure
induced structural phase transition of lead sulphide has been
carried out by Bencherif et al. [8]. Phase transformation
and conductivity in nanocrystal PbS under pressure have
been investigated by Jiang et al. [9]. Zhang et al. investigated
the elastic properties of PbS [10]. First-principles study of
B1 to B2 phase transition in PbS has been performed by
Bhambhani et al. [11].

It seems from the above literature that the present com-
pound is less studied; we applied the three-body potential

(TBP) model to the present compound for studying the high-
pressure phase transition and volume collapse. The need of
inclusion of three-body interaction forces was emphasized
by many workers for the betterment of results [12, 13]. The
model and calculation is given in Section 2 and the result and
discussion is given in Section 3.

2. Model and Calculation

Application of pressure directly results in compression lead-
ing to the increased charge transfer (or three body interaction
effect [14]) due to the deformation of the overlapping
electron shell of the adjacent ions (or nonrigidity of ions) in
solids.

These effects have been included in the Gibbs free energy
(G = U + PV −TS) as a function of pressure and three body
interactions (TBI) [14], which are the most dominant among
the many body interactions. Here, U is the internal energy
of the system equivalent to the lattice energy at temperature
near zero, P is pressure,V is volume, and S is the entropy. The
Gibbs free energies for rock salt (B1) and CsCl (B2) structures
at temperature T = 0 K are given by the following equations:

GB1(r) = UB1(r) + PVB1(r),

GB2(r′) = UB2(r′) + PVB2(r′).
(1)

With VB1(= 2.00r3) and VB2(= 1.54r′3) as unit cell volumes
for B1 and B2 phases, respectively. The first terms in (1)
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are lattice energies for B1 and B2 structures and they are
expressed as follows:
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Here, αm and α′m as the Madelung constants for NaCl and
CsCl structure, respectively. C(C′) and D(D′) are the overall
van der Waal coefficients of B1 (B2) phases, βi j (i, j = 1, 2)
are the Pauling coefficients. Ze is the ionic charge and b (ρ)
are the hardness (range) parameters, r (r′) are the nearest
neighbour separations for NaCl (CsCl) structure f (r) is the
three body force parameter.

These lattice energies consists of long-range Coulomb
energy (first term), three-body interactions corresponding
to the nearest neighbour separation r (r′) (second term),
vdW (van der Waal) interaction (third term), and energy
due to the overlap repulsion represented by Hafemeister and
Flygare (HF) type potential and extended up to the second
neighbour ions (remaining terms).

3. Results and Discussion

The input data of the crystal are listed in Table 1. The Gibbs
free energies contain three-model parameters (b, ρ, f (r)).
The values of these parameters have been estimated using the
first- and second-order space derivatives of the lattice energy
(U) given as follows [15–20]:

[
dU

dr

]

r=r0

= 0,

[
d2U

dr2

]

r=r0

= 9kr0BT.

(3)

The values of computed model parameters have been
given in Table 1. With these model parameters and the

Table 1: Input and model parameters for PbS.

Solid
Input parameters Model parameters

r0 (Å) BT (GPa) b (10−12 ergs) ρ (Å) f (r)

PbS 2.9645a 62.2a 4.5637 0.339 0.01479
a
Reference [3].

0 5 10 15 20 25

0

10

20

30

40

50

Pressure (GPa)

−10

Δ
G

(K
J/

m
ol

e)

Pt

Figure 1: Variation of Gibbs free energy with pressure for PbS.

minimization technique, the phase transition pressure of the
present compound has been computed.

3.1. Structural Properties. The present compound is stable
in NaCl structure at normal condition and high pressure it
transforms to body centre CsCl structure. We have followed
the technique of minimization of Gibbs free energies of NaCl
and CsCl phases. We have minimized GB1 (r) and GB2 (r′)
given by (2) at different pressures in order to obtain the
interionic separations r and r′ corresponding to B1 and B2

phases associated with minimum energies. The phase tran-
sition pressure (Pt) is the pressure at which ΔG approaches
zero. At Pt these compounds undergo a (B1-B2) transition
associated with a sudden collapse in volume. Figure 1 shows
our present computed phase transition pressure for NaCl-
type to CsCl-type structures in PbS at 19.8 GPa. The present
phase transition pressure pointed up by arrows in Figure 1.
The value of phase transition pressure has been listed in
Table 2 and compared with experimental [4] and other
theoretical results [8]. It is remarkable to note from the
Table 2 that the phase transition pressure (Pt), obtained from
present model is in closer agreement with experimental than
others theoretical results [8].

In addition, the pressure volume behaviour of the present
compound has also been studied. At the phase transition
pressure there is a sudden collapse in volume has been
occurred. This type of transition shows the first-order phase
transition. The computed value of volume collapse for lead
sulphide has been given in Table 2. The compression curve
has been plotted in Figure 2 for PbS. The NaCl and CsCl
phases have been shown in this figure.
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Table 2: Phase transition and volume change of PbS.

Solid
Phase transition pressure (GPa) Volume collapse %

Present Expt. Others Present

PbS 19.8 21.5 25.3a, 8.13b 5.63
a
Reference [4], breference [9].

3.2. Elastic Properties. Elastic constants supply useful infor-
mation concerning with the change in the character of
covalent and ionic forces induced in the crystal as it is sub-
jected to the phase transformation. We have calculated the
second-order elastic constants, bulk modulus, and pressure
derivative of bulk modulus for lead sulphide. The informa-
tion of second-order elastic constants (SOECs) and their
pressure derivatives are important for the understanding of
the interatomic forces in solids. The expressions of second
order elastic constants are expressed as [14–19] follows:
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Using model parameters (b, ρ, f (r)), pressure deriva-
tives of bulk modulus have been computed whose expres-
sions are as follows:
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The values of Ai, Bi, and Ci(i = 1, 2) have been evaluated
from the knowledge of b, ρ, and vdW coefficients.

The calculated values of second order elastic constants
and pressure derivative of bulk modulus have been given in
Table 3. We have compared our results with experimental
[7] and other theoretical results [10]. The present calculated
values are in good agreement with experimental results than
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Figure 2: Variation of volume change VP/V0 with pressure for PbS.

Table 3: Calculated values of elastic constants (in GPa) and pressure
derivative of bulk modulus and Cauchy discrepancy (δ) of lead
sulphide.

Solid Present Experimental Others

C11 131.62 124.0a 135.1b

C12 30.45 33.0a 16.9b

C44 19.86 23.0a 20.4b

dBT /dP 3.2 — 3.8c

δ 10.59 10 −3.5

S 50.58 — —
a
Reference [7], breference [10], creference [11].

others theoretical calculation [10]. In addition, to reproduce
the correct sign of the elastic constants, the value of Cauchy
discrepancy (δ = C11–C12) have also been calculated. Due
to including the charge transfer effect, the present model
able to explain the Cauchy discrepancy (δ). The two-body
potential model failed to explain the Cauchy discrepancy
(δ). The value of pressure derivative of bulk modulus has
been compared with the first principle calculation [11]. The
present value of dBT/dP is comparable with the others result
[11]. The value of shear modulus (S) has also been calculated
by the present model for PbS. The value of S is given in
Table 3.

4. Conclusion

In conclusion, we have applied Three Body Potential (TBP)
model (including the charge transfer effect) to investigate the
structural and mechanical properties of PbS. The results are
summarized as follows.

(1) The present compound crystallizes in six-fold-
coordinated NaCl-type structure (B1) at normal
conditions and under pressure, they transform to the
eight-fold-coordinated CsCl-type structure (B2).

(2) During the NaCl to CsCl phase transition, the volume
discontinuity in pressure volume phase diagram
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identifies the occurrence of first-order phase transi-
tion.

(3) The present calculated phase transition pressure and
volume collapses are in general in good agreement
with the available data.

(4) The calculated values of second-order elastic con-
stants, their pressure derivatives, and Cauchy discrep-
ancy (δ) are in general better than theoretical results
and good agreement with the available experimental
results.

(5) Our model able to explain the previous drawbacks
of Cauchy discrepancy (δ) in the second-order elastic
constants.

Finally, it may be concluded that there is generally a good
agreement of three-body potential (TBP) model with the
available experimental data than others theoretical values.
Consequently the present model has successfully predicted
the compression curves and phase diagrams giving the phase
transition pressure, associated volume collapse correctly
for the present compound. The present approach may
also applied for other semiconductors of the same group.
Moreover, the present model is able to explain the Cauchy
discrepancy. The calculated values of Cauchy discrepancy (δ)
have been given in Table 3 for the present compound.
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