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The electronic band structures for zinc-blende and wurtzite CdS are calculated within the local-
density approximation with the use of first-principles pseudopotentials. Incorporating the d state
into the valence band improves substantially the main-valence-band width, and yields valence-band
features in good agreement with experiment. The maximum effect of the d band occurs at I » for
zinc-blende CdS and at I «, I 6 for wurtzite CdS. We find that the local-density approximation does
not predict accurately the position of localized Cd 4d state.

I. INTRQDUCTIQN

Recent experimental work' on hexagonal CdS using
angle-resolved photoemission spectroscopy (ARPES) has
provided important information in elucidating the
valence-band structure of this material and wurtzite com-
pounds in general. As a result of ARPES, previous
theoretical calculations ' have been shown to give an
inadequate description of the valence-band features of
hexagonal CdS.

The cubic and hexagonal phases of CdS have been
studied experimentally. Investigations of the electronic
structural properties of CdS, and the ultraviolet (uv) re-
Aectivity spectra observed in bulk hexagonal and in epit-
axially grown cubic CdS, have shown that the fundamen-
tal band gaps in both structures differ by less than 0.1 eV.
X-ray photoemission spectroscopy' (XPS) has been per-
formed to study the valence-band features of hexagonal
CdS, and an upper valence-band width of 5.0 eV has been
reported. Recently Stoffel and Margaritondo' have mea-
sured valence-band energies of CdS in the wurtzite struc-
ture at the high-symmetry points using ARPES. This ex-
periment assigns a main valence-band width of 4.5 eV, in
good agreement with the XPS data. The position of the
CdS d band has been reported to be located within the
valence bands of this material about 9.64—16.7 eV below
the top of the valence band.

On the theoretical side, there have been many re-
ports' "on cubic CdS whereas only two band-structure
calculations * were done for the wurtzite structure over
15 years ago. The difficulty in the theoretical determina-
tion of the wurtzite band structure compared to the cubic
modification results from the fact that this structure has
twice the number of atoms per unit cell and lower symme-
try because of the hexagonal anisotropy. For cubic CdS
the calculations' ' using the orthogonalized-plane-wave
(OPW) method, ln whtch the d band ls 1ncluded as a
valence state, have seriously underestimated the upper-
valence-band width. With the use of linear combination
of atomic orbitals (LCAO) method' including the d band,
Zunger and Freeman reported the main-valence-band
width of 5.1 eV for cubic CdS, but the band gap was un-
derestimated by 0.5 eV. For CdS in the wurtzite struc-

ture, the OPW (Ref. 2) and the empirical pseudopotential
method' (EPM) have predicted the band gap and the opti-
cal transition spectra in good agreement with the experi-
ments. However, both calculations seriously underes-
timated the main-valence-band width (3.3 eV in the OPW
and 3.0 eV in the EPM), and there are additional differ-
ences between these caluclations and the ARPES results in
the upper-valence-band region at high-symmetry points.
Further, the d band has not been predicted accurately.
The EPM did not include the d electrons and the OP%'
calculation placed the d band 7 eV below the recently
measured values. This error is probably caused by poor
calculational convergence.

Most recent electronic band-structure calculations have
employed the local-density approximation (LDA). ' The
LI3A has been shown to be a good approximation for cal-
culating the ground-state properties. However, this ap-
proach fails to describe accurately localized core and ex-
cited states. ' Nevertheless, since this first-principles
theory usually provides good qualitative descriptions of
these states, we have used the LI3A in the present calcula-
tion. The purpose of this work is to calculate the self-
consistent electronic band structures for CdS in both the
cubic and hexagonal structures, and to make detailed corn-
parisons with previous calculations and with experiments.

In Sec. II we briefly describe the method generating the
relativistic pseudopotentials and the results of the tests for
accuracy. In Sec. III the atomic structures of Cd and S
are compared for several different formulations of the
exchange-correlation functional. The calculated results
for the band structures, including the relativistic and the
d-band effects, are presented and compared with experi-
mental and other theoretical results. A discussion of the
effects of the d-p and d-s interactions on the band struc-
ture is also given. Finally, Sec. IV contains a summary of
this work.

The calculations are based on the local-density-
functional theory. ' For the exchange and correlation
functional, we use the formulation of Hedin and
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TABLE I. Nonrelativistic and relativistic valence orbital energies E„I(j)for the Cd and S atoms are
calculated self-consistently for the exchange-correlation functionals of HL, Xa {&x=1), and the density-
gradient-expansion correction {DOC). SIC eigenvalues are obtained using Eq. (16) in Ref. 30. Values in
parentheses are differences in energies between two adjacent average levels. Energies are in eV.

Exchange
correlation
Relativistic

effect

Cd E„(—,')
Non rel.

—5.65

HL
(Ref. 18)

Rel.

—6.03

Xo. (a=1)
(Ref. 19)

Rel.

—7.29

DGC
(Ref. 29)

Non rel.

—6.03

SIC
{Ref. 30)

Rel.

—9.33
(1.56) (1.18) (2.25) (1.73) {2.33)

S E ( —)

( —, )

—7.21

(5.65)

—7.17
—7.25

—9.41
—9.51

(7.26)

—7.76

(5.63)

—11.63
—11.73

(7.34)

—12.86

(4.39)

—11.71
—12.41

(5.25)

—16.26
—17.03

(3.38)

—13.39

(4.44)

—18.67
—19.48

(3.75)

S E„ —17.25 —17.25 —20.18 —17.83 —22.75

Lundqvist (HL). ' We also test the exchange-"only" po-
tential (Slater exchange with' a= 1) for the atomic and
electronic structure calculations, and compare it with the
experimental results. This exchange-only potential has
been shown (for the CuC1 band-structure calculation ) to
provide better agreement with the observed band gaps
than does the more correct local-density-functional treat-
ment with a =—', for exchange.

To represent the effect of the core states, relativistic
norm-conserving pseudopotentials are used. Relativistic
effects, i.e., the mass velocity and Darwin terms, in heavy
atoms, have been shown to affect significantly the
behavior of the valence electrons. ' Hence it is necessary
to consider these effects in generating pseudopotentials for
heavier atoms. To generate the relativistic potentials, we
use the method proposed by Bachelet and Schluter,
which basically follows the formulation of Kleinman. 3

The l- and s-dependent pseudopotentials are written as

V~',
"

( r ) = g ~

I ) [ VI'"( r ) + Vi"( r )L S]( I ~,
I

where

[IUl, !—i /2 ( r ) + ( I + 1»t I + I /2 ( r ) 1

(21+1)

2[Ul,~l+ i /2 ( r ) —Ul ~l —& /& ( r ) ~
Vso( ~)

(21+1)

For bulk calculations, we use the "j-averaged" potentials
Vi'"(r) in Eq. (1), and neglect the spin-orbit term Vi"(r).
The spin-orbit splittings can be expected to affect the S 3p
and Cd 4d states, but not the Cd 5s and S 3s levels. Ex-
perimentally, these splittings for CdS are observed to be

0.065 eV ( Ref. 24) for the p-derived and 0.76 eV (Ref. 10)
for the d-derived bands. These are close to the atomic
splittings (refer to Table I). Since these effects are small,
especially for the p state, we ignore the spin-orbit term for
the bulk calculation.

To ensure the transferability of the potentials from the
atom to the bulk, we require first that the nonrelativistic
pseudopotentials reproduce the all-electron energy levels
and the wave functions outside the core for several excited
configurations for each element. Then, for the heavier Cd
atom, the relativistic j-averaged potentials are generated
using the same reference configuration as that used in the
nonrelativistic case. The pseudoatom calculations are
compared with all-electron calculations for excited config-
urations ranging over 1 Ry for Cd and 2 Ry for S atoms.
These pseudopotentials, nonrelativistically generated from
the atomic states 5s'5p '5d for Cd and 3s 3p 3d
for S atoms, reproduce the atomic ground-state and the
excited-state energies within 15 rnRy for the Cd and 10
mRy for the S atoms.

To investigate the effect of the d states, we include the
Cd 4d electrons as a valence state. The Cd 4d pseudopo-
tential generated from the configuration of 4d' 5s'5p '

shows highly localized behavior. In order to make bulk
calculations with plane waves easier to converge, we
smooth out the peak of the wave function by relaxing the
transferability requirement for the pseudopotential as
described in Ref. 26. Despite the smoothness of the Cd d
potential, it reproduces the atomic ground-state eigen-
values and the excited energies over a 1-Ry range to
within 15 mRy.

In the bulk calculation for CdS the Schrodinger equa-
tion is solved self-consistently (except for the d-band cal-
culation for the wurtzite) in momentum space. The
wave functions without the d electrons in reciprocal space
are expanded in terms of plane waves with kinetic energies
of up to 13.5 Ry (290 plane waves) for the zinc-blende and
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FIG. 1. Electronic band structure for zinc-blende CdS based

on the HL functional (not including the d band). Energies are

measured from the valence-band maximum I
& 5 in units of eV.

Numbers refer to the conventional indices for symmetry-group

representations.

12 Ry (480 plane waves) for the wurtzite structure, respec-
tively. Convergence test for the zinc-blende calculations
has been made by increasing the kinetic-energy cutoff up
to 19 Ry (470 plane waves), and the energy eigenvalues
changed by less than 0.1 eV. In the d-band calculations,
convergence is obtained with a kinetic energy cutoff of 19
Ry for the zinc-blende CdS; the changes in the energy
eigenvalues are within 0.1 eV when 230 more plane waves
are included (see Table VI). Then the bulk charge-density
obtained self-consistently is similar to that of free atoms.
For wurtzite CdS including the d band, energies at high-
symmetry points are calculated non-self-consistently using
940 plane waves with kinetic energies up to 19 Ry using
the residual-minimization method (RMM). Two special
k points are used for the Brillouin-zone integration. We
also tested the energies for 6 k points, but the results only
changed by less than 0.03 eV. The band-structure calcula-
tions were performed using experimental values for the
lattice constants of a =7.8 a.u. and c =12.66 a.u. in the
wurtzite structure, and using a lattice parameter of
a = 10.96 a.u. in the zinc-blende structure.

may expect the proximity of these two states to lead to
non-negligible d-p interaction. Often, however, the d
states are left out of pseudopotential calculations. Rela-
tivistic effects do not affect the S valence states, but de-
crease the Cd 5s level by 0.4 eV whereas they increase the
Cd 4d energy level by 0.9 eV, compared to the nonrela-
tivistic case. Net relativistic effects thus may be expected
to yield a reduction of the band gap (difference between
the edges of the Cd 5s —derived and S 3p —derived bands)
by 0.4 eV. Moreover, the motion of the d state closer to
the S 3p will increase the d-p mixing. For Slater exchange
and the SIC, the energy differences between the Cd 4d and
the S 3p are found to increase by about 2.5 eV. This will
later be compared to the experimental value for the posi-
tion of the d bands.

These calculations for the various exchange and correla-
tion functionals are motivated by failures in the LDA in
predicting excited and localized states. In particular, this
theory underestimates the band gap by 40—50% for
solids. In recent years, there have been several attempts to
improve the LDA. In Table I we show how two of these,
the DGC (Ref. 29) and the SIC, ' ' affect the results. In
the calculation for the SIC orbital energies, we use the
simple formulation suggested by Perdew and Norman.
We find that the local-density energy levels are substan-
tially changed; the difference in energies between the Cd
Ss and the S 3p increases by 1.1 eV and the Cd 4d state is
lowered in energy by about 2.5 eV relative to the S 3p. It
is interesting to note that the exchange-only energy differ-
ences are quite close to those from the SIC calculation.
Since the SIC energy eigenvalues have been reported to be
close to the electron removal energies in atoms, ' we see
that the LDA (HL) poorly estimates the localized Cd 4d
state. Hence, one ~ould expect more d-p interaction to be
involved in the valence-band calculation based on the
LDA. The inclusion of the DOC in the local exchange-
correlation functional (we used the formulation of von
Barth and Hedin ') increases the difference in energies be-
tween the Cd Ss and the Cd 4d by 0.13 eV and affect
slightly the position of the 4d state, compared to the non-
relativistic calculation with the HL functional. So one
may not expect substantial changes in the band gap and
the valence-band width. This arises from the fact that the
eigenvalues for Cd and S shift by approximately the same
amount. This behavior has also been found in a previous
calculation for other atoms.

III. RESULTS AND DISCUSSIONS

A. Atomic structures of Cd and S

Table I summarizes the results for the atomic energy
levels of Cd and S atoms. Our relativistic and nonrela-
tivistic calculations are performed using several different
formulations for the exchange and correlation functional:
the local-density functional of HL, ' the exchange only
with a = 1 (Slater exchange), the density-gradient-
corrected (DCxC) exchange and correlation, and the sim-
ple formula for the self-interaction-corrected (SIC) eigen-
values. ' The atomic energy levels show that the Cd 4d
states lie only about 6 eV below the S 3p states. Thus we

B. Band structures of CdS

The semirelativistically calculated band structure of
zinc-blende CdS is presented in Fig. 1 and that of the
wurtzite in Fig. 2. Both exhibit band structures which are
similar in shape, bandwidth, and band gap. As expected,
the dispersion along 1 —I in zinc blende is very close to
that along I —A —I in wurtzite. The small discrepancies
may be caused by the nonideal wurtzite crystal structure
that is used. The topology of the zinc-blende band struc-
ture is similar to the previous one obtained by the LCAO
method. ' For the wurtzite CdS, the calculated valence-
band structure without the d band is presented and com-
pared with the results determined using' ARPES in Fig. 3
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FICz. 3. Upper valence band (solid lines) of wurtzite CdS in
Fig. 2 is compared with the ARPES measurements; open circles
have uncertainties of +0.2 eV and closed circles have larger un-
certainties as indicated.

FIG. 2. Band structure for wurtzite CdS based on the HL
functional (not including the d band). Energies are measured
from the valence-band maximum I I, I 6 in units of eV. Num-
bers refer to the conventional indices for symmetry-group repre-
sentations.

and Table II. The general features are similar to the
ARPES results. If the zero of energy is taken as the bot-
tom of the valence band, i.e., I 3, in Fig. 3, the overall en-
ergies are in good agreement with the ARPES results
within experimental error except for points at and near
I 6, i.e., the band edge. Energy differences at and near the
band edge probably result from freezing the d state in the
valence-band calculation. Further, the topology of our
wurtzite valence-band structure is similar to that of the
EPM calculation rather than that of the OPW results.
For the wurtzite conduction band we compare the present
results with those using the OPW method in Table III.
Our calculations resemble the OPW results if all the unoc-
cupied states are shifted up by about 1 eV.

In Table IV, the numerical results for the CdS band
structures are presented and compared with other theoreti-
cal and experimental values. Although the calculated

direct gaps (I ],I 6 to I ] in the wurtzite and I ] 5 to I ] in
the zinc blende) are found to be at the proper points in k
space, their energy values are underestimated by about
30% (including relativistic effects but without the d band)
compared to the experimental value of 2.55 eV. This is
consistent with results for other band-structure calcula-
tions using the LDA. As expected from the atomic
structure calculations, relativistic corrections reduce the
band gap by 0.3—0.4 eV and increase the p-derived
valence-band width by 0.2 eV. However, the p-derived
valence-band widths keeping the d band frozen (4.2 eV for
the zinc blende and 4.1 eV for the wurtzite) are underes-
timated by 0.3—0.4 eV compared with the ARPES mea-
surement and by 0.8 eV compared with the XPS (Ref. 8)
result. In comparison with other wurtzite calculations,
using the OPW (3.3 eV) method and the EPM (3.0 eV),
our valence-band width of 4.1 eV is substantially im-
proved. Moreover, we find that this valence-band width is
drastically improved when the d band is included as a
valence state. We will discuss the effects of the d states
on the valence band in the next section.

TABLE II. Comparison of the p-derived valence-band energies with the ARPES results (Ref. 1) for
hexagonal CdS. Self-consistent (SC) calculation includes relativistic effects but not the d band. Non-
self-consistent (NSC) energies are obtained by including the d band but not relativistic effects. Energies
are in eV from the I 3 point. Experimental errors are +0.2 eV.

k point SC NSC ARPES k point SC NSC ARPES

r,
r,
Is
13
L
L24
L
M4
M3
Mp
Mf

4.1

4.0
3.4
0
2.9
2.9
0.1

3.5
2.9
2.4
1.6

5.1

5.0
4.0
0
3.3
3.3
0.5
4.0
3.4
2.6
1.8

4.5

3.7
0
3.1

3.0
0.2
3.8
3.4
2.8

M3
M1

S,6

Al 3

H3
H)p
H3
K2
K3
Kl
K3

0.8
0.2
3.7
1.7
3.1

1.8
0.3
2.6
2.4
1.3
0.7

1.1
0.5
4.5
2.3
3.5
2.0
0.6
3.0
2.7
1.2
1.0

1.5
0.6
4.0
1.9
3.2
2.0(+0.2, —0.4)
0.3
3.1(+0.2, —0.3)

1.7+0.3
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TABLE III. Comparison of the eigenvalues for the unoccupied band energies with the OPW (Ref. 2)
results for hexagonal CdS. Calculation includes relativistic effects but not the d band. Energies are in
eV.

k point

I )

13
r,
r,
A)3
A)3
K2
K3

OPW

2.50
4.27
7.70
8.01
4.19
7.35
6.05
6.80

LDA (HL)

1.77
3.29
6.80
7.11
3.34
6.51
5.00
5.58

k point

H3
H)p
M3
M)
M3
L)

OPW

5.82
7.25
5.12
5.44
6.36
4.78
6.91

LDA (HL)

4.84
6.39
4.19
4.27
5.42
3.89
5.76

AE(s)

Cubic CdS

TABLE IV. Comparison of the electronic structures with experimental and other theoretical results
for cubic and hexagonal CdS. Eg, AE(p), and b,E(s) denote the band gap, the p- and s-derived band-

widths. b,E„, EEL, and (Fr Ed ) —denote the valence-band width, the d-band width, and the average
position of the d band at the I point relative to the main valence-band edge. Energies are in eV.

AE(p) EE„AE(di (Er Ed )—
Present results
HL (Nonrel.

without d)
HL (Nonrel.

with d)
HL (Rel.

without d)
HL (Rel.

with d)
Xa (Rel.

without d)
Xa (Rel.

with d)

1.93

0.67

1.65

0.30

2.25

1.01

4.0

5.06

4.17

5 ~ 30

4.41

1.3

0.70

1.4

0.84

1.0

0.44

11.76

12.84

11.80

13.00

11.77

12.68

1.18

1.19

1.06

8.38

7.78

9.72

Other calculations
LCAO (Ref. 15)
OPW (Ref. 12)

2.01
2.6

5.11
2.2

0.57
0.1

12.27
12.30

0.9 9.9
10.0

Present results
HL (Rel.

without d) 4.1

Hexagonal CdS

1.32 11.69

Other calculations
OPW (Ref. 5)
EPM (Ref. 6)

Experiments

2.5
2.6

2.55'

3.3
3.0

4.5+0.2'
5.0+0.4'

0.99 11.49

12.5d

16.5

9.64'
10.10'
10.00'
10.7O'

9.20g

'UPS (Refs. 6 and 7).
bARPES (Ref. 1).
XPS (Ref. 8).
XPS (Ref. 37).

'XPS and UPS (Ref. 9).
UPS (Ref. 10).

gUPS (Ref. 11).
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FIG. 4. Effects of the d band (dashed lines) on the upper
valence band for zinc-blende CdS based on the HL functional
(including relativistic effects). Energy scales are arbitrary.

C. d-p and d-s interactions

We have investigated the role of the d band in the for-
mation of the CdS band structures by treating the d state
as a valence state. In previous calculations for hexagonal
CdS both the OPW and EPM methods have been reported
to underestimate the p-derived bandwidth despite the suc-
cessful predictions of the fundamental gaps and the opti-
cal spectra. This underestiinate has also been found in
other calculations' for cubic zinc- and cadmium-based
compounds compared to the experimental data. Since
the d band in these material has localized behavior and
thus a narrow width, one may neglect the d interaction
with the valence state to make the plane-wave convergence
easier. Recently the modified tight-binding approxima-
tion for cubic AgI has shown that the d-p interaction
tends to improve the p-derived bandwidth. Experimental-
ly the low-binding-energy peak in the photoemission spec-
trum of the d level of CdS(1120) (Ref. 35) indicates more
possible mixing of the d band with the valence electrons.

This weak peak has not been observed on the metallic d
core level. It appears that the d state must be incorporat-
ed into the valence-band calculation if a reliable band
structure is to be expected.

In Fig. 4 the effects of the d band on valence-band for-
mation are shown. We find that inclusion of the d-p in-
teraction drastically affects the energies near the band
edge I &5 and at L3 whereas it changes slightly the lower
energies located at the points 8'i, L&, X3, and E&. The
maximum effect of the d band occurs at the I i5 point.
The d-p hybridization shifts the I &5 point to higher ener-

gy, but it only causes a slight change in the conduction-
band edge. Thus, the d band induces an improved
valence-band width and a smaller band gap. The same
behavior has also been found in the AgI band-structure
calculation by Smith. The values quoted here are all ob-
tained using the local-density exchange-correlation func-
tional (HL), however, the effect of the d bands is similar
for the exchange-only functional. The self-consistent
value of 5.3 eV for the valence-band width of cubic CdS is
in good accord with the hexagonal XPS data within ex-
perimental error, but is larger than that derived from
ARPES. ' This calculated value is close to the LCAO
(Ref. 15) result of 5.1 eV. The position of the d band is
found to be 7.8 eV below the valence-band edge. This is
about 2 eV above the experimental value for hexagonal
CdS, i.e., 9.2—10.7 eV. " A similar error has also been
found in a previous cubic ZnS band-structure calculation
based on the LDA. The d-band width of 1.2 eV obtained
here is close to the LCAO result of 0.9 eV. Non-negligible
d-s hybridization has also been found to reduce the
s-derived bandwidth from 1.4 to 0.8 eV, which is close to
the LCAO result of 0.6 eV. Our calculated value for the
valence-band width, i.e., 13 eV, is in better agreement with
the experimental value of 12.5 eV (Ref. 37) when com-
pared to 11.8 eV obtained by excluding the d band.

For wurtzite CdS, the self-consistent calculations are
computationally impractical at this point because they re-

TABLE V. Non-self-consistent electronic structure including the d band for wurtzite CdS. For the
zinc-blende structure, non-self-consistent results are compared with the self-consistent case. The
exchange-correlation functional of HL is used. Energies are in eV.

Cubic Cds

AE(p) 2!E(s) (Er E~ )

Self-consistent
nonrelativistic
Self-consistent
relativistic
Non-self-consistent
nonrelativistic
Non-self-consistent
relativistic

0.67

0.30

0.60

0.25

5.06

5.30

5.18

5.49

0.70

0.84

0.81

0.93

12.84

13.00

12.99

13.41

1.18

1.19

8.38

7.78

7.21

Hexagonal CdS
Non-self-consistent
nonrelativistic
Non-self-consistent
relativistic

0.77

0.30

5.07

5.37

0.80

0.91

12.88

13.07

6.86

6.50
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TABLE VI. Comparison of the non-self-consistent (NSC) p-derived valence-band energies with the
self-consistent (SC) ones for cubic CdS. Self-consistent energies are obtained with kinetic-energy cutoffs
of 19 and 25 Ry. Energies are in eV from the L I point.

k point

Ils
X3
X5
LI
L3
O'I

NSC
(19 Ry)

5.49
0.90
2.83
0
4.34
0.69

SC
(19 Ry)

5.33
0.52
2.84
0
4.25
0.55

SC
(25 Ry)

5.27
0.61
2.79
0
4.21
0.55

k point

8'2

KI
KI
K2

NSC
(19 Ry)

2.26
2.74
0.65
2.18
3.30

SC
(19 Ry)

2.30
2.62
0.53
2.12
3.23

SC
(25 Ry)

2.29
2.61
0.53
2.12
3.22

quire twice the number of plane waves as that used for
zinc blende. However, we have obtained the non-self-
consistent energies by diagonalizing the secular matrix us-
ing the RMM. In the comparison with the results for
cubic CdS (see Tables V and VI), non-self-consistent
eigenvalues are close to the self-consistent ones. By con-
sidering the equivalence of two axes, I L(zinc -blende)
and I -A (wurtzite), we can expect an equivalent effect for
the d band along the I -A axis as that obtained for the I L-
axis. The energy at I'3 (wurtzite), which corresponds to
L

&
(zinc blende), will be unaffected whereas the I'i will be

shifted to higher energy by approximately the same
amount as that obtained at I » (zinc blende). As dis-
cussed before, the inclusion of the d band in the wurtzite
structure improves the main-valence-band width by about
1.2 eV. The improved value is almost equal to the XPS
result. Non-self-consistent valence-band energies (without
relativistic effects) are given in Table II and compared
with the ARPES results. We find that the discrepancies
in the energies are reduced by incorporating the d band
into the valence states. Small errors of 0.3—0.4 eV in the
lower energies at 1.

& 3, A
& 3, and H3 result from the non-

self-consistent effect because for cubic CdS the lower en-
ergies non-self-consistently obtained at X3, S"i, and K&
are slightly higher than the self-consistent ones (see Table
VI).

The fact that the d band is not narrow indicates non-
negligible d-p interaction, and is in good agreement with
the experimental evidence of a broad d band. The un-
derestimation of the position of the d band in the LDA
may be interpreted to indicate that more d-p interaction
and thus a larger valence-band width is needed. This is
the reason why the main-valence-band width calculated
using the LDA is larger by 0.8 eV compared to the
ARPES measurement and by 0.3 eV to the XPS result.
This fact can be verified by examining the exchange-only
calculation. In fact, this functional yields the atomic en-
ergy levels closer to the SIC calculations. In the band-
structure calculation with +=1, the main-valence-band
width of 4.4 eV, the position of the d band of 10.0 eV, and
the valence-band width of 12.7 eV are in better agreement

with the hexagonal experimental data, compared to those
obtained from the local-density functional. Clearly, accu-
rate positioning of the d band remedies some errors in the
valence-band features based on the local-density
exchange-correlation functional. However, the band gap
is still significantly underestimated because the calculation
is based on the LDA. In recent years, corrected local-
density-functional theories have been reported to improve
the band gaps and localized states. In the nonlocal-
density approximation to exchange correlation the con-
duction bands are shifted to higher energies with respect
to the Fermi level, and thus is in reasonable agreement
with experimental data for Rh (Ref. 38) and Si. The ap-
plication of the SIC LDA to LiC1 (Ref. 40) substantially
improved the band gap and core levels. The use of these
corrections may be expected to improve our band gap and
the position of the d band.

IV. SUMMARY

We have obtained reasonably accurate band structures
for wurtzite and zinc-blende CdS based on the LDA even
without including the effects of the d band. Inclusion of
the d state as a valence state has been found to improve
some valence-band features in the wurtzite and zinc-
blende structures. We find that the maximum effect of
the d-p interaction occurs at the valence-band edge, and
the non-negligible d-s interaction reduces the s-derived
bandwidth in both structures of CdS. However, the inac-
curacies in describing the localized d states using the LDA
produces systematic error in the valence-band properties.
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