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Theoretical calculations of the thermomechanical properties of PbS
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The thermomechanical properties of PbS have been calculated by applying the self-consistent-

field —Xa-scattered-wave technique to a Pb„S, cubic cluster. The total energy for the cluster is calculated

as a function of Pb-S separation and used to obtain equilibrium lattice constant, cohesive energy, equation, of
state, and bulk modulus for PbS. The results are in good agreement with the experimental data.

I. INTRODUCTION

The early theoretical studies of the thermomech-
anical properties of solids have; in general, been
highly approximate model calculations. With the
development of new theoretical techniques and
fasteI' and laI'gex' computersf lt has become pos-
sible to carry out accurate first-principles total-
energy calculations. The previous studies of this
type' ' have been limited to cubic elemental solids.
Since these calculations, in general, have required
a self-consistent. calculation of the energy-band
structure of the solid, they have involved consid-
erable computational effort. In order to reduce
the computational difficulties, it should be possible
to take advantage of the generally local nature of
the thermomechanical. properties, The feasibility
of this approach was already shown in the pre-

:liminary studies of PbS.' In this approach the
solid is represented by a cluster of atoms. The
total energy of the cluster is calculated using the
self-consistent-field Xn- scat tered-wave technique.
It is seen that accurate results can be obtained
using clusters of reasonable size. Moreover, in
the case of close-packed materials, the muffin-
tin potential model proves sufficient. for the pur-
pose of total-energy calculati. on.

II. THEORETKAL TECHNIQUES

PbS is a member of the cubic lead chalcogenide
family, possessing the rocksalt structure. The
cluster used in this study is cubic with four lead
and four sulfur atoms located at the corners and
thus has the T„symmetry. This Pb~S, cluster is
the smallest cluster that reflects the cubic sym-
metry as well as the charge neutrality of the solid.
The starting potential for the calculations is formed
by superposition of atomic potentials obtained from
self-consistent-field (SCF) Hartree-Fock-Slater
calculations. " The space is then geometrically
partitioned by placing touching spheres around the
atoms in the cluster and then enclosing the aton1ic

u,.*(r) [- V'z(. (F) ]dr

N 2g
+ g p(r) dr+~r:8'i

p(r)p(r') J,-d„-,
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where the terms represent electronic kinetic en-
ergy, electron-nuclear Coulomb interaction, elec-
tronic Coulomb interaction, the exchange-corre-
lation potential, and nuclear-nuclear Coulomb in-
teraction, respectively. Z is the nuclear charge
ofoth atoms at position R and p(r) is the electron
density given by

p(r) =Q n,.u,*. (r)u, (r),

where zt,. are electronic orbitals obtained from the
solution of the one-electron SchrMinger equation.
Vx is the local statistical exchange- correlation
potential'"'" given as

Vx = —Gn [(3/Bm)p(r) j'~'.

spheres within a touching but not overlapping outer
sphere. The potential is spherically averaged in-
side the atomic spheres and outside the outer
sphere. The interstitial potential is obtained
through volume averaging. This will be referred
to from here on. as a muffin-tin potential. The
one-electron Schrodinger equation is solved for
this potential u sing the SCF scattered- wave theo ry. '
This technique has been successfully appl. ied to
molecules, clusters of atoms, '*" solid surfaces
and chemisorption, "and localized states in sol-
ids. "' " The ground state total energy is then cal-
culated using the Xn theory, "''"' given by
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III. CALCULATED RESULTS AND COMPARISON

WITH EXPERIMENT

The calculations are carried out at seven Pb-S
separations, corresponding to from -0.90 to +1.25
of the measured equilibrium lattice constant of the
solid. " The radii of Pb and S spheres, for the
case corresponding to the experimental lattice
constant, a,re taken from the augmented-plane-
wave energy-band calculations for PbS. '" For the
remaining six cases, the radii are scaled up or
down by the same amount as the Pb-S separation.
The radius of the outer sphere is chosen as —,.'jccube
body-dlagoIIRI)+ I'Rcllus of Pb sphel'e. OIle-folll th

of the total energy of the cluster is fitted into a
Morse curve,

2

~E=b, 1-e ~2'" ~&) +b,„
I t, t l=E, +DE,

using a nonlinear lea.st-squares fitting procedure,
with the obtained parameters given in Table I.
Figure 1 shows the calculated total energy curve
as a function of the Pb-S separation. The calcu-
lated lattice constant. of 6.408 A is only 7.9% larger
than the measUred valUe of 5.936 A. The cohe-.
sive energy b, ls the least a.ccurate quantity re
suiting from the fit, due to the fa, ct that total en-
ergies are calculated for Pb-S separation close
to the equilibrium lattice constant. As a result,
the energy for the infinitely sepa, rated atoms is
not very accurate. Thus the theoretical cohesive
energy of 49.42 kcai/mol is considerably lower
than the measured value of 135.5 kcal/mol. The
experimental cohesive energy is obtained as the

sum of three quantities. The enthalpy of subli-
mation of PbS ls measul"ed to be 55.7+ 1.6 kcal/
mol, "using mass-spectro~~ietric techniques. The
dlssoclatlon enthalpy of PbS gaseous molecule into
Ptl Rllcl 2 8~ ls cle'tel'111111ecl to be 28 ~ 8 + 2 6 kcR1/nlol '

by the same technique. '" Fina, lly, the dissociation
enthalpy of. -'; S,, into a S atom is obtained through
a Knudson tol"sion-effUslon exper'lment to be 101.7
-12.9 kcal/mol. " Howevel. , it should be kept in

mind that the discrepancy between the calculated
and measured cohesive energy, i.e. , 0.275 Ry
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amounts to (7 &c 10 ')% of the total energy for the
PbS molecule. This is quite reasonable for an
ab initio calculation.

In the next step, the calculated total energy is
used to obta, in the equation of state using the re-
lationship

P= -0E/'4V .
Figure 2 shows the comparison of calculated and
measured var iation of pressure with volume. It
is seen that the experimental data of Bridgman"
and Wakabayeshi e/ nl. ,

"below 25 kbars, are in

good agreement with the theoretical curve. At

around this pressure PbS undergoes a phase
transition from the cubic Na. gl structure to a,

SnS-type structure, " and this is clearly shown

by the break in the measured data at this pressure
and the deviation of this data from the theoretical
curve at higher pressures.

The hulk modulus is then calculated using the re-
lationship,

, O'P8=-V—
fjV

TABIJE I P'1rall1efel s of fhe nonlinear leasf squal es
fif of fhe tofg1 energy for PbS fo a Morse curve,

50
bf .= 0, 1576
b. =0.676 7

b3 =-:6.054 7

bg =-' 0.482 9
Ej =- —,~9844

Ry/nlol cohesIve energy
(Bohr radius)
Bohr radius. Equilibriun1 separation
Ry/n101 Mlnjn'1un1 of AE
H,y jl'Bol

0.90.80.7 l.Q
v/vo

FIG. 2. variation of.pressure with volume for PbS.
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I'IG. 3. variations of the calculate. ed bull. modulus and

its pressure denvatxve with respect to pressure for PbS.

and the variations of .8 as well as ~IX',~r/P with
pressure are shown in Fig. 3. The calculated zero-
pressure bulk modulus of 1,94 & 10" dyn, 'cm' is in

good agreement with the experimental results of
5.9 x 10-", ' 6.22 & 10", and ~.29:&10, btasned
from elastic- constant measurement s.

IV. DISCUSSION

The comparison of the theoretical results with
experimental data clearly shows that a.n eight-
atom cluster is capable of furnishing reasonably
accurate results for the thermomechanical pro-
perties of solid PbS, even with a. muffin-tin po-
tential model. This is due to the local nature of
these properties in general, and the close-packed
structure of. PbS in. particular. Larger clusters
wi".l undoubtedly improve the results for PbS;
however, the large total-energy values, due to the
massjveness of the atoms, we'll br&ng such calcula-
tions nea. r the computat. ional accuracy limit of the
present computers. In the case of materials with
anisotropic and open structures, additional cor-
rection will be required to the total energy.
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