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Abstract Fully relativistic pseudo-potential ab-initio calcula-
tions have been performed to investigate the high pressure
phase transition, elastic and electronic properties of lead-
chalcogenides including the less known lead polonium. The
calculated ground state parameters, for the rock-salt structure
show good agreement with the experimental data. PbS, PbSe,
PbTe and PbPo undergo a first-order phase transition from
rock-salt to CsCl structure at 19.4, 15.5, 11.5 and 7.3 GPa,
respectively. The elastic properties have also been calculated.
The calculations successfully predicted the location of the band
gap at L-point of Brillouin zone and the band gap for each
material at ambient pressure. It is observed that unlike other
lead-chalcogenides, PbPo is semi-metal at ambient pressure.
The pressure variation of the energy gap indicates that these
materials metalize under pressure. The electronic structures of
these materials have been computed in parent as well as in high
pressure B2 phase.

Keywords Elastic properties - Electronic structure -
Lead-chalcogenides - Narrow band-gap semiconductors -
Phase transition

Introduction

Lead chalcogenides (PbX : X=S, Se, Te, Po) exhibit a series
of electronic structure anomalies relative to other semiconduc-
tors (II-VI) that have attracted experimental and theoretical
attention due to the pressure and temperature dependence of
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the energy gap [1-3]. These materials possess interesting
structural, mechanical, optoelectronic and electronic proper-
ties [4] which make them better candidates for industrial and
technological applications [5, 6]. Synchrotron radiation and
XRD studies on these compounds show that they crystallize in
NaCl or rock-salt (RS) structure and their lattice parameter ‘a’
increases with increasing anion size. Lead chalcogenides
share many physical and chemical properties in common
and are isostructural [7]. These materials exhibit direct narrow
band gap, which gives an opportunity to use interband transi-
tion in detection or emission of radiation. This feature gives
much freedom in design of optoelectronic structures and
makes them simple to manufacture. Moreover, lead chalco-
genides have a lower Auger recombination rate than GaAs
based semiconductors [6]. The spectral detectivities of [II-V
and IV—VI materials are comparable [8, 9]. Therefore, IV-VI
semiconductor devices are of considerable interest for inves-
tigation of their radiation emission and detection properties.

Under high pressure, PbS, PbSe, and PbTe were observed
to transform into the eightfold-coordinated CsCl structure at
pressures of 25.3, 18.76, and 15.43 GPa [10—12], respectively.
Numerous theoretical calculations have been performed to
study the pressure-induced structural transformations, elec-
tronic, elastic and optical properties of PbS, PbSe, and PbTe
compounds using density functional calculations [10—14] and
potential models [15]. However, a very scant amount of
attention has been devoted to study the theoretical computa-
tion of energy band structure, phase transition and various
physical properties of these materials, particularly less studied
compound PbPo at both normal as well as high pressures.

A common phase transition sequence (RS— CsCl) is
expected in PbPo with pressure below that of PbTe. Bencherif
et al. [16] have theoretically predicted RS— CsCl transition in
PbPo at 8.5 GPa by generalized gradient approximation
(GGA) using both full-potential linearized augmented plane
wave (FP-LAPW) and plane wave pseudo-potential methods.
However, they have not computed detailed properties of PbPo
in high pressure phase.
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The aim of the present work is to perform a combined
study of the electronic, structural, phase transition and me-
chanical properties of lead-chalcogenides in parent (B1) as
well as in high pressure (B2) phase using OpenMX code
[17, 18]. Here, we have mainly concentrated on the study of
a variety of properties of high pressure phase of PbPo which
have not yet been reported. A brief description of the com-
putational method will be presented in the next section. In
section Results and discussion, we present the main calcu-
lated results and discuss them in the light of available data.
Finally, a summary is given in section Conclusions.

Computational methods
The calculations have been performed using Ceperly-Alder

[19] local density approximation (LDA) exchange-
correlation functional used in OpenMX package [20] based

Volume (a.un.’)

on DFT. ADPACK [20] is used to generate fully relativistic
pseudo-potentials with demanded number of valence elec-
trons. For all the systems, the pseudo-potentials have been
calculated using Troullier-Martins algorithm with Kleinmann-
Bylander factorization. An input structure file has been created
with a different set of parameters for each material. The pseudo-
potentials with the primitive basis sets have been considered for
Pb, Po, S and Te throughout the calculations of PbS, PbTe and
PbPo. However optimized basis sets (s2p2d1 and s2p1dl for
Pb and Se, respectively) have been used for PbSe. The cut-off
radii of confinement potentials were set to 8.0 a.u. for Pb and Po
and 7.0, 7.5 and 7.5 a.u. for S, Se and Te, respectively. We have
used cut-off energy of 100 Ry in every case with 4x4x4, and
3x3x3 k-point grids for PbS and PbTe, respectively and 4x3x3
for both PbSe and PbPo for the Brillouin zone (BZ) summation.
The higher cut-off energy of and a denser k-point grid does not
lead to distinguishable changes of band energies. The calcula-
tions were performed in both B1 and B2 phases for all the

Table 1 Values of the calculated

lattice parameter, the bulk mod- Rock-salt structure CsCl structure References
ulus and its pressure derivative . .
at equilibrium volume in RS and ~ Solids a(h) By (GPa) By a(A) By (GPa) By
CsCl phase
PbS 6.078 63.35 3.42 3.686 70.05 4.10 Present work
5.936 62.8 - - - - Expt. ref. [21]
6.012 52.0 438 - - - Theory [22]
PbSe 6.243 54.75 3.45 3.770 56.87 4.49 Present work
6.124 54.1 - - - - Expt. ref. [21]
6.226 44.5 3.64 - - - Theory [22]
PbTe 6.426 39.90 4.06 3.836 57.75 3.47 Present work
6.462 39.8 - - - - Expt. ref. [21]
6.582 37.5 4.27 - - - Theory [22]
PbPo 6.493 37.07 3.10 3.954 61.14 4.83 Present work
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Fig. 2 Enthalpy vs. pressure for Pb-chalcogenides

systems. The lattice constant at equilibrium is obtained compu-
tationally by minimizing the total energy as a function of cell
volume. The calculations were repeated several times at vary-
ing lattice constant to obtain optimized value of the total energy.
It was found that the optimized value of the lattice parameter
computed in the present case are quite close to the experimental
values. The Murnaghan’s equation of state which is given as

P =B [(9)"
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Fig. 3 Equation of state for lead chalcogenides
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was fitted to get the values of the equilibrium bulk
modulus (By) and its first pressure derivative (By)
which are defined as

oP . (3B
By=-V— d B, =|—
" <6V>T o ! <8P)T

Therefore, B effectively measures the curvature of the
energy versus volume curve at the relaxed volume (V=0).

(2)

C PbTe
— RS
0.9 1 — cscCl
0.8 | 1
i
0.7 | \\
0.6 |
0.5
0 5 10 Pr 15 20 25 30 35 40
1.0
d —RS
PbPo —CsCl
0.9 i
1
|
i
0.8
0.7 P
0 5 T 10 15 20 25
Pressure (GPa)

@ Springer



3484

J Mol Model (2013) 19:3481-3489

Table 2 Values of elastic constants (in GPa) and other properties for RS phase

Solids Ch Cia Cys Cs B CL G & A P Y o B/G References
PbS 137.50 2350 19.60 57.00 61.50 100.10 3456 032 0.34 195 8732 026 0.56  Present
124 33 23 - - - - - - - - - - Expt.[21]
PbSe 11450 16.00 1690 49.25  48.83 82.15 2984 029 034 045 7437 025 0.61  Present
123.7 19.3 15.9 - - - - - - - - - - Expt.[21]
PbTe 121.10 540 10.60 57.85 43.97 73.85 2950 0.19 0.18 —2.60 7232 023 0.67 Present
105.3 7.0 13.2 - - - - - - - - - - Expt.[21]
PbPo 84.63 2.10 540 4127  29.61 48.77 1975 0.17 0.13 -1.65 4846 023 0.67 Present
- - - - - - - - - - - - Expt.[21]

The optimized values have been used to compute the crystal
properties of present set of materials.

Results and discussion

The full structural optimizations, allowing simultaneous
variations of unit cells and atomic positions, were
performed and plotted in Fig. 1(a—d) for PbX in RS
and CsCl structures, together with the information
concerning the static equation of state (EOS) and the
phase stability data. By exploiting the curves of mini-
mization, it is found that the most stable phase at zero
pressure is B1, which has lowest total energy as com-
pared to CsCl structure for all materials.

The equilibrium lattice parameter, bulk modulus and
its first-order pressure derivative along with total energy
of PbX compounds in both the phases have been
presented in Table 1. It shows that our calculated values
for the RS phase are in agreement with experimental
and theoretical [21, 22] values. The trend of E-V
curves in Fig. 1(a—d) suggests the occurrence of phase
transition from the NaCl to the CsCl structure under
compression in each material. As is known, at zero
temperature, the thermodynamically stable structure un-
der hydrostatic pressure (P) can be obtained with the
lowest enthalpy, H=E-PV. Therefore, the static transi-
tion pressures (Pt) between the RS and CsCl structures
of PbX compounds can be estimated from the usual
condition of equal enthalpies, i.e., Hrs(P1)=Hcsci(Pr).

Figure 2(a—d) displays the enthalpy as a function of
pressure in Bl and B2 phases for all materials under
consideration. It may be seen from these figures that
PbX (X=S, Se, Te, Po) compounds undergo a pressure-
induced phase transition from RS to CsCl structure at
19.4, 15.5, 11.5 and 7.3 GPa, respectively. The values
obtained in the present case are in closer agreement
with the available values [15-23].

The variation of reduced volume (V(P)/V(0)) with
pressure has been plotted in Fig. 3(a—d) to get the
equation of state (EOS) and understand the mechanism
of transformation in these materials. It is clear from this
figure that the volume of these compounds decreases
smoothly up to P. At Py, an abrupt change in volume
is observed, which is associated with first-order struc-
tural transformation from B1—B2 phase along with the
percentage volume collapse of 7 %, 9 %, 12 % and
8 %, respectively.

The elastic properties of a solid define the strength and
compressibility of a material under the exerted amount of
external pressure and its ability to return to the original or
near original state after force is removed, and hence play an
important role in providing valuable information about the
binding characteristics between adjacent planes of atoms.
On the basis of elastic properties, anisotropic character of
binding and structural stability can also be predicted. In the
present study, due to cubic symmetry the materials have
only three independent elastic parameters (C;;, Cy» and
Cy44), which along with their combinations are calculated
and listed in Table 2.

Table 3 The calculated values

of longitudinal, transverse and Solids v 2 Vin 0p in K (present) 0p in K (others)

average sound velocities (V1, v,

and vy, in m/s) and Debye tem- PbS 3988.15 2313.19 2567.03 25137 222.2 (ref. 30)

perature (Bp in K) for lead-chal-  PbSe 3366.00 1953.21 2167.46 190.17 199.1 (ref. 30)

cogenides in B1 phase PbTe 3148.54 1873.69 2074.39 192.37 175.1 (ref. 29)
PbPo 2352.05 1397.44 1547.36 141.95 -
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Fig. 4 Band structure of Pb-chalcogenides in rock-salt phase (Fermi level is set to zero)

It is clear from this table that the unidirectional elastic
constant Cj;, which is related to the unidirectional compres-
sion along the principal crystallographic direction, is higher
than Cy4 in every case. This indicates that these materials
present a weaker resistance to the pure shear deformation
compared to the resistance to the unidirectional compression.

For cubic crystal structure the necessary condition of
existence in a stable or meta-stable phase depends upon
certain relationships of its elastic constants. The mechanical
stability criteria [24, 25]

Ci1>0;C12>0,C11—C12 > 0,Cy1 +2C12 >0 (3)

is satisfied well in lead-chalcogenides and hence these ma-
terials are mechanically stable in B1 phase.
The elastic anisotropy [26] of crystals which is given by
2C44

A= 4
C;—C12 )

Table 4 Calculated values of band gaps for RS phase (Fermi level is
set to zero)

Solids Present work Expt. [23] Others [22]
PbS 0.28 0.29 0.26
PbSe 0.18 0.17 0.16
PbTe 0.19 0.19 0.17

has an important implication in engineering science, to
study the possibility to induce micro-cracks in the materials
[27]. For an isotropic material, 4 is equal to 1, otherwise the
material is anisotropic. The magnitude of the deviation from
1 is the measure of the degree of elastic anisotropy. The
calculated values of 4 for lead-chalcogenides are listed in
Table 2 and it shows that these materials are anisotropic in
nature. We have calculated other important elastic constants
viz, Poisson’s ratio, Shear and Young’s moduli.

Shear modulus of a crystal is the measure of the resis-
tance to reversible deformation upon shear stress and it is an
important factor to predict the hardness rather than bulk
modulus. Another quantity to characterize materials is
Young’s modulus Y. The materials with higher value of Y
are stiffer than those with lower Y values. Hence, on the
basis of the present study, we can conclude that the stiffness
of lead-chalcogenides decrease when we move from S to Po.

There are many other factors which are very useful to
investigate the ductile and brittle nature of materials as
Cauchy’s pressure, which is given as

Cio—Cyy = 2P (5)

and Pugh’s index of ductility which is the ratio of G and B,
where

C—Cpp-3C
q=tn ;2 44 (6)
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Cauchy’s pressure is the difference between two par-
ticular elastic constants (Cj» — C44) and is one of in-
dicators of ductility [28]. The material with positive

pressure is ductile and if the pressure is negative, brittle
nature of the material is expected. In case of lead-
chalcogenides PbS has positive value of pressure and
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hence the material is expected to be ductile, while other
lead-chalcogenides are brittle due to negative pressure
as reported in Table 2.

The high G to B ratio is associated with brittle nature
while low value shows ductile nature of material [29].
The critical number which separates the ductile and
brittle nature is 0.57. We can classify the materials
accordingly from the deviation of 0.57. As predicted
from Cauchy’s pressure, Pugh’s index of ductility also
predicts the ductile nature of PbS in the present study in
B1 phase and the rest of the materials are expected to
behave as brittle.

To study the thermal properties, we have calculated
the Debye temperature Op for lead-chalcogenides using

0p = I B3n/4xV ) v, (7)
kg

where the constants have their usual meanings. Here, V,
is atomic volume while average speed of sound (v,,) in
the polycrystalline material is given as

v = [(1/3)(/3) + ()] (8)

with v; and v, as the longitudinal and transverse sound
velocities, obtained by using elastic constants.

The calculated sound velocities and Debye temperature
for present materials are reported in Table 3 along with other
experimental and theoretical values. The slightly higher
value of Op in the case of PbTe may be due to the fact that
density value for PbTe is more (8.4 gm/cm®) than the ex-
perimental (8.2 gm/cm®) value. However in the case of PbS
and PbSe the present results are close to the earlier theoret-
ical [30] results.

As shown in Table 1, the equilibrium lattice constant
is quite close to the experimental values. We have
calculated the electronic structure of the present set of

materials at computed lattice constants. The band gap is
located at L point of the Brillouin zone as shown in
Fig. 4(a—d). For the width of the band gap and overall
ordering of bands, the present study shows closer agree-
ment with the experimental data [23] as mentioned in
Table 4 and better than earlier calculated values [1, 31]
for PbS, PbSe and PbTe.

Figure 4(d) shows band structure of PbPo, the main
feature of the band structure is that the valence band max-
imum and the conduction band minimum occurs at L point
of the Brillouin zone as found for other compounds of this
family. Unlike other PbX compounds, PbPo is semimetal as
established earlier [32, 33]. In order to understand the con-
tribution to the electronic structure of these compounds, we
have computed total and partial density of states (DOS
and PDOS) as shown in Fig. 5(a—d). It is seen that in
each compound the bands just below the Fermi level
(Efp) are predominately p states of chalcogen atom with
a small contribution from 6p of Pb. The lowest bands
have exclusively chalcogen atom s character, while the
next bands are due to the s orbitals of Pb and lie far
below the gap. The conduction band originates mainly
out of p orbitals of Pb in PbS, PbSe and PbTe while
PbPo shows small contribution of the d states of Pb and
Po along with p of Pb.

To study the mechanism of transition, we have also
investigated the electronic structure at high pressures in
CsCl phase. It is found that these materials show met-
allization under pressure. The band structure of PbX in
high-pressure B2 phase is reported in Fig. 6 (a—d).

In order to understand the pressure dependence of
band gap of these materials, we have also studied the
electronic structure of these compounds near the transi-
tion pressure in Bl phase. The results are shown in
Fig. 7(a—c). It is clear from these figures that with
increasing pressure, the conduction band minimum fur-
ther approaches toward Fermi level. However, in B2
phase, no gap is observed, showing metallization. The

Energy (eV)

S—

Wave Vector

Fig. 7 Band structure of lead chalcogenides near Pt in B1 phase
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pressure dependence of band gap energies is plotted in
Fig. 8(a—c). It is found that the absolute conduction
band minimum does not change its location in the BZ
and remains at L-point. It is seen that the band gap
increases linearly with pressure at X, W and I points of
the BZ, however, it decreases with pressure at L point.
It can be concluded from pressure variation of band
structure that metallization occurs at L point in these
compounds. It is also seen from Fig. 8(c) that the gap
at W increases more rapidly than at I' and makes a
crossover at 8 GPa in PbTe.
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Fig. 8 Variation of band gap energies with pressure
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Conclusions

We have studied the electronic band structure, elastic and
phase transition properties of the lead chalcogenides (PbS,
PbSe, PbTe, PbPo) from ab-initio self-consistent calcula-
tions based on fully relativistic pseudo-potential method.
The present results show that the equilibrium lattice con-
stants are in good agreement with experimental and other
theoretical data. In general, our values of the mechanical
properties of these compounds in the RS phase give the
correct prediction of the experimentally observed values.
In addition, we found that unlike other lead chalcogenides,
PbPo is semi-metal in the parent (RS) phase. We have also
found the phase transition in lead chalcogenides and the
energy gap between conduction band and valence band
varies with pressure. At ambient pressure, they are semicon-
ducting, with increase in pressure, semiconducting behavior
starts disappearing and dominance of metallic behavior
eventually is observed at high-pressures.
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