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The energy-band structure of the high-pressure (NaCl) phase of CdS has been calculated using a fully-
relativistic symmetrized augmented-plane-wave method. The results have been used to obtain density-of-state
histograms over a 30-eV range. Our results indicate that CdS, in this phase, is an indirect-gap semiconductor.
The calculated forbidden band gap of 1.5 eV is in good agreement with experimental data. There is, however,
no experimental information on the location and nature of the gap for further comparison. The valence band
has two nearly degenerate maxima at L and at (7/a)(l,1,0) in the ¥ directions. The conduction band,
similarly, has one minimum at I"' and another set at X with almost the same energy.

I. INTRODUCTION

Cadmium sulfide (CdS) occurs naturally in the
hexagonal wurtzite structure and occasionally in
the cubic zinc-blende structure under stress; how-
ever it undergoes a phase transition to a rock-salt
polymorphat high pressures of the order of 30
kbars as shown in Fig. 1. The existence of this
phase was originally discovered by Edwards and
Drickamer! through measurements on the shift of
the absorption edge with pressure. Subsequent
electrical measurements? and x-ray diffraction
studies® have confirmed the existence of the phase
transition and identified the new phase to be of the
rock-salt structure. Recently, experimental in-
terest in this phase of CdS has intensified owing to
the prospect of retaining this structure in a meta-
stable form even at atmospheric pressures.*

In this work, we present the results of an elec-
tronic-energy-band structure calculation of the
rock-salt phase of CdS, using the symmetrized
relativistic augmented-plane-wave (SRAPW) tech-
nique. Our motivation for this calculation has
been twofold: First, the results obtained should
provide us with a model to interpret the increasing
number of experimental data being compiled on
this phase of CdS; second, the understanding
achieved here will hopefully aid us in correlating
recent experimental data on the Pb,_, Cd, S pseudo-
binary alloy system. It is found experimentally
that near the Pb-rich end, this alloy system is in
the rock-salt structure, but as the Cd concentra-
tion x is increased, it initially develops two
phases and eventually crystalizes in the wurtzite
structure. With the use of epitaxic thin-film tech-
niques, the rock-salt phase of the alloy has been
preserved up to x=0. 38.°

II. METHOD OF CALCULATION

The augmented-plane-wave (APW) technique for
solving the one-electron Schrédinger equation in a
crystalline solid was first proposed by Slater. ©

When relativistic effects were recognized to be
substantial in certain solids, Conklin et al.” intro-
duced a symmetrized perturbation scheme to ac-
count for the spin-orbit interaction and other cor-
rections due to the mass-velocity and Darwin
terms. The relativistic formulation of the APW
technique based on Dirac’s equation originated
with Loucks® and a symmetrized version, as for-
mulated by Koelling, ® serves as the basis for the
present calculation.

The use of symmetrization, besides identifying
states with the proper symmetry labels, also re-
duces the size of the basis sets necessary for
achieving convergence and thus leading to greater
computational economy. Our studies in IV-VI
compounds'® have shown that, provided identical
crystal potentials are employed, the above two
schemes for relativistic calculations yield results
identical within the accuracy of the numerical
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FIG. 2.

methods, although the latter approach is more
convenient in practice. For an extensive review
of the RAPW technique, the reader is referred to
the article by Dimmock.

The crystal potential used in our calculation is
of the muffin-tin type, which is expected to give
reasonable results in view of the close-packed
nature of the rock-salt structure. The total Cou-
lomb potential at a given site is given, in the
manner of Mattheiss, ' by a superposition of the
potentials due to the atom at that particular site
and the contributions from atoms on several
neighboring shells. The atomic charge densities
used in constructing the muffin-tin potential are

Energy bands for the NaCl polymorph of CdS in the [010], [111], and [110] directions.

TABLE I. Numerical values for some of the constants
used in the calculation,

Lattice constant 10. 04345 Bohr radii

(5.32 A)
Radius of APW 2,4765 Bohr radii

spheres

Potential in the —0.8967 Ry
interstitial region (-12.2 eV)

Exchange factor 0.70088
within Cd sphere

Exchange factor 0,72475
within S sphere

Exchange factor 0,71176

for the interstitial region
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TABLE II. Calculated energy levels for the NaCl polymorph of CdS in units of Ry. The wave vectors are in units of m/a. The energy levels are listed with their
symmetry labels for the irreducible representations to their left, except for levels at K and along Z, where they are all understood to be K5 and =5, respectively.

Additional labels have been put in only where crossing of levels occurs.
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the self-consistent Dirac-Slater relativistic
atomic charge densities of Liberman et al.'* The
Xa statistical exchange of Slater and Johnson!*
has been used and numerical values for the ex-
change constants of S and Cd are taken, respec-
tively, from the work of Schwarz!® and an extrap-
olation of his results. The lattice constant was
chosen to be 5. 32 f&, which corresponds to a
pressure of 33 kbars, just beyond the phase
transition. The parameters used in the calcula-
tions are summarized in Table I.

III. RESULTS

A. Energy bands

We have calculated the energy bands over a
range of more than 30 eV at twelve points of high
symmetry in the Brillouin zone. Figure 2 shows
the energy bands in the three high-symmetry di-
rections [100], [111], and [110]. CdS remains a
semiconductor even after the pressure-induced
phase transition. To test the convergence of the
energy levels, we have selected a group of levels
near - 13.5 eV, which are formed mainly from
the 4d electrons of cadmium. Their convergence
is expected to be slower than that of other levels.
It was found that by using between 50 and 55
SRAPW'’s, a convergence of better than 0. 04 eV
has been achieved even in the Z direction, which
has the lowest symmetry in this group (Fig. 3).
For levels of higher symmetry, fewer basis func-
tions were necessary to achieve the same or bet-
ter convergence. The energy levels in the
— 21.5-3. 6-eV interval calculated at these twelve
high-symmetry points are given in Table II. The
symmetry notation for points in the Brillouin zone
of the face-centered cubic lattice are those of
Bouckaert ef al. ,® while the notation for the
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FIG. 3. Convergence of the cadmium 4d levels as a

function of the number of SRAPW’s used in the expan-
sion of the wavefunctions.
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FIG. 4. Variation of the energy levels in the vicinity of
the gap, (a) with changes in the interstitial potential rela-
tive to the calculated value, (b) as a function of the ex-
change-correlation factor.

double-group representations are due to Elliot. !’

The constant potential in the interstitial region
between the APW spheres is a calculated quantity
that results from the volume averaging of the ac-
tual crystal potential in the interstitial region.
Sometimes this quantity is used as an adjustable
parameter to match one of the calculated results,
such as the minimum gap, to the experimental
data. Although we have found no need to do so in
our calculation, we have varied the constant po-
tential by a relatively large value of 1 eV (0.0735
Ry) on each side of the calculated value in order
to determine its effect on a few selected energy
levels about the forbidden gap. The results are
shown in Fig. 4(a). One observes that the shift
in energy levels is linearly proportional to the
shift in the constant potential. In the range under
consideration, there is no change in the symmetry
labels of the fundamental band gap, which re-
mains indirect. For a typical adjustment of the
constant potential (i. e., a few tenths of an elec-
tron volt), the corresponding change in the calcu-
lated forbidden gap is less than 5%.

In order to study the effect of the particular
choice of the exchange-correlation factor on our
results, the same set of energy levels, used in the
constant potential shift studies, were also calcu-
lated using two other prescriptions for the ex-
change, ranging from the Slater!® exchange factor
of a=1 to the Kohn-Sham'® exchange factor of «
=%, The results are shown in Fig. 4(b). Ex-
cept near the band edges, the shift in energy
levels is roughly proportional to the value of the

exchange factor. As expected, the results using
the Kohn-Sham exchange are closer to our Xa re-
sults than those with the Slater exchange. The
band gap with the Kohn-Sham exchange is 11%
lower than our Xa results.

B. Density of states

We have also extended our energy-band calcu-
lations to ten more points of lower symmetry in
the Brillouin zone. The projection operators
needed in symmetry determination were readily
obtained for these additional points by using the
method of ray representations of Hurley.?® The
group of the Kk vector for seven of these ten points
consists of only two operations and the corre-
sponding one-dimensional irreducible representa-
tions are degenerate by time-reversal symmetry.
Although we do not expect their convergence to be
quite as good, our studies on the compatibility re-
lations and the connecting of the levels along all
symmetry lines in the Brillouin zone indicate that
it is satisfactory. Altogether, we have taken 20
points in £ of the Brillouin zone giving the equiva-
lent of 256 regularly spaced points in the full
Brillouin zone; with these results, we have con-
structed an energy density of states by a common-
ly used histogram method. ?!

Table III lists all 20 symmetry points con-
sidered. In the calculations of the histograms, we
have introduced a three-point smoothing to reduce
scattering of the data and to make the density of
states less sensitive to location of the bins rela-
tive to the energy bands. In the choice of the
proper energy bin size, we have to optimize be-
tween resolution of the bands and the stability
against small shifts in the relative location of the
bins. With an energy bin size of 0.04 Ry, we find
that the shape of the histograms is still not too
stable with respect to shifts in the location of the
mesh points relative to the energy eigenvalues.
After testing a series of other bin sizes, we be-
lieve that the final choice of 0. 01 Ry gives a real-
istic representation of the density of states, as
shown in Fig. 5. This bin size is sufficiently
large so that the statistical fluctuations appear
still to be within reasonable limits.

IV. DISCUSSION

We find that CdS in the rock-salt structure with
a lattice constant of 5. 32 A is indeed a semicon-
ductor with an indirect band gap of 1.5 eV. The
valence band has two nearly degenerate sets of
maxima, at L and in the [110] direction, while the
conduction band has nearly degenerate minima at
T and at X. Near the bottom of the first conduc-
tion band, a Xg level is nearly degenerate with a
I'; level, while near the top of the valence band,
a T level is nearly degenerate with a Lg level and
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TABLE III. Listing of the 20 points in 3% of the first Brillouin zone used to construct the
density-of-states histogram. The wave vectors are listed in units of 7/a,

Order of . Order of -
Wave vector the group of K Multiplicity =~ Wave vector the group of K Multiplicity
r,o,0) 48 1 =(1,1,'0 4 12
X0,2,0) 16 3 U@,2,3) 4 8
L@,1,1) 12 4 Z(3,2,0) 4 12
a0,%,0) 8 6 c@,1,3) 2 24
A(0,1,0) 8 6 J(3,1,3) 2 24
a(0,3,0) 8 6 JG,3,1) 2 24
w(,2,0) 8 6 0(,1,0) 2 24
AG,3,3) 6 8 0(,3,0) 2 24
K(3,3,0 4 4 0(1,%,0) 2 24
=(,3,0 4 12 Q@1,3,%) 2 24

the Ly, s level near by. The calculated minimum
band gap of 1.5 eV is half-way between the exper-
imentally measured thermal gap of ~1. 3 eV of
Samara and Giardini? and the optical gap of ~ 1.7
eV of Edwards and Drickamer.' About 5.3 eV
above the top of the valence band, there is a sec-
ondary gap of 0.8 eV in width.

Wave functions calculated in our earlier nonrel-
ativistic symmetrized APW calculations® on CdS
have been used to identify the principal compo-

nents of selected energy-band states. In the den-
sity-of-state histogram, the cadmium d levels show
up clearly asaband withawidthof 1. 6 eV centered

at - 13.5 eV. The peaks due, respectively, to the
T;(Ty,) and T (T,5) levels and to the T} (Tys) level
have been resolved. Over 90% of this band comes
from the cadmium 4d levels. The lower isolated
band centered at — 20.5 eV, near the T} (T)) level,
is s-like with 75% of the contribution coming from
the sulfur 3s levels. The peak centered at — 11,2
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FIG. 5. Density-of-States histogram for the NaCl polymorph of Cds.
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eV is due mainly to a clustering of energy eigen-
values along the line joining point A at (7/a)

(0, 2, 0) and point K at (7/a)(%, 2, 0) in the first
Brillouin zone. Examination of the wave functions
of the Ag(A,) and the K, levels indicates that this
peak consists of roughly equal contributions from
the cadmium 4d levels and the sulfur 3p levels.
Near the top of the valence band, almost 70% of
the density of states comes from the sulfur 3p
levels with 20% cadmium 4d levels mixed in. The
bottom of the first conduction band is found to be
mainly s-like in the Cd and S spheres with about
half of the charge in the interstitial region. We
observe that the gaps in the density of states are
slightly smaller than those shown in the energy

band diagram. This is due to the fact that the
energy levels in the low-symmetry directions
“spill” into the gap resulting in narrower effective
energy gaps. However, this narrowing effect may
be partly due to poorer convergence of the energy
levels in the low-symmetry directions and partly
due to the smoothing process in the calculation of
the histograms.
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