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Calculated optical properties of semiconductors
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The complex dielectric functions, e(m) =e&(co)+ez(m), are calculated for the semiconductors Ge,
GaAs, InSb, and CdTe in order to explain new ellipsometric measurements. The dependence on

hydrostatic pressure of the dielectric functions of GaAs and Ge is also investigated. The band
structures and optical transition matrix elements are obtained from the relativistic self-consistent
linear mu5n-tin orbitals scheme. In order to correct for the too low values of the gaps as ob-

tained within the local-density approximation, shifts are introduced by adding external potentials
that are sharply peaked at the atomic sites, These external potentials are kept invariant under

pressure. In general, our calculation enables a consistent assignment of the structure in the experi-
mental spectra and also of the pressure dependence of the peak positions. Our band-structure cal-
culations show that the indirect band gaps of GaAs decrease under pressure at a rate of —1.15

eV/Mbar whereas in the case of Ge both direct and indirect band gaps increase with pressure.
These shifts of band gaps are in good agreement with experiment.

I. INTRODUCTIGN

The electronic structure of diamond- and zinc-blende-
type semiconductors has been extensively studied over
the last two decades. ' ' The nonlocal empirical pseu-
dopotential model (EPM) gives a satisfactory interpreta-
tion of the optical properties by fitting the pseudopoten-
tials to calculated energy bands' or to experimental
data. Efforts were also made during the last ten
years to accurately estimate the local-field. correc-
tion, ' ' the excitonic effects, ' and other many-
body effects' ' in the optical spectrum. It was found
that the local-field correction does not shift the peak po-
sitions bui reduces the intensity of the E& and E2 peaks,
leading to a poorer agreement in this energy range with
experimental. ' ' At higher energy the optical spec-
trum appears to be improved. ' ' The calculations of
the quasiparticle excitation energies of silicon by Wang
and Pickett have improved the direct and indirect band
gaps. The inclusion of the so-called dynamical effects to
the self-energy obtained with the Coulomb-hole-screened
exchange gives results for the gaps and band dispersion
for elemental semiconductors in good agreement with
experimental data' ' and also for some zinc-blende-

type compounds.
Recently, first-principles nonrelativistic calculations of

the optical properties for Si, Ge, Gap, GaAs, ZnS, and
ZnSe were reported by Wang and Klein. They used
the linear combination of Gaussian orbitals method to-
gether with a local-density formulation of the exchange-
correlation functional. In general, a good qualitative
agreement with experiment was obtained, but all peaks
are located too low in energy. This is the usual feature
of band structures derived within the local-density ap-
proximation (LDA). When, in addition, relativistic
effects are included, the comparison' to experiment is
even less favorable.

The relativistic reduction of the band gaps is due

mainly to the downshift of s states, due to the large
mass-velocity effects. In order to compensate for the too
low gap values, we add, in the present work, "false
Darwin shifts" by means of extra, sharply peaked poten-
tials, as described elsewhere. " The self-consistent band
structures are calculated with the inclusion of these ex-
tra potentials, which are chosen so that gaps at three
symmetry points (I',X,L) approximately match the ex-
perimental data. These extra potentials are kept pres-
sure independent. "

Our aim in this work is to interpret new ellipsometry
measurements of the complex dielectric function and to
predict the evolution of the optical spectra of semicon-
ductors under pressure. For this purpose we use the
linear muffin-tin orbitals (LMTO) approach in its scalar-
relativistic form. As a starting potential for the self-
consistency we use the LDA potential, at which we add
the previously described external potentials. Under
compression these external potentials are kept invariant.
The band schemes obtained are directly used to evaluate
the imaginary part of the dielectric function under hy-
drostatic pressure. The use of the external potentials is
justified by the fact that until now there has been no
first-principles calculation of the dielectric function of
the zinc-blende semiconductor type which satisfactorily
explains the evolution of the optical spectra under hy-
drostatic pressure. Although empirical in nature, our
correction method has some appealing features, in our
opinion. It is made within the spirit of the density-
functional theory in the sense that the adjusting poten-
tial is added as an external potential in the LDA func-
tional, and the full potential is allowed to adjust to self-
consistency.

The method of calculatiop of the dielectric function of
GaAs with and without the adjusting potentials is dis-
cussed in Sec. II. The results and discussions of the
dielectric functions of four semiconductors and the pre-
diction of the pressure dependence of the dielectric func-
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tions of GaAs and Ge are given in Sec. III. In Sec. IV
we draw the conclusions. I4-

II. METHOD OF CALCULATION

The linear mufitn-tin orbitals method (LMTO) which
we use in the present study of optical properties of
GaAs, Ge, InSb, and CdTe is described elsewhere, and
the details of its application to the calculation of the
electronic structure of the zinc-blende-type compounds
are presented in previous papers. " ' The self-
consistent potentials are generated by means of scalar-
relatiuistic calculations, i.e., all relativistic eFects except
the spin-orbit (s.o.) coupling are included T.he so-called
"combined correction term" is included, and in the
Snal band-structure calculation the s.o. is added as a
formal perturbation term in the Hamiltonian. The
band structures obtained with inclusion of adjusting po-
tentials are presented in Figs. 1-4 for GaAs, Ge, InSb,
and CdTe, respectively. The self-consistent energy ei-
genvalues and wave functions are used to determine the
complex dielectric function.

In the limit of vanishing linewidth the imaginary part
e2(ro) of the dielectric function is given by~

4m e 2e (Eo)= g J d'k
[ (nk! P!n'k)

(
3m cot „„(2n)

&&f„"(1 f„")5(E„"—E„—" —%co), (1)

where f„" is the zero-temperature Fermi distribution
function for the state ! n k ) with band index n and wave
vector k. The matrix elements (nk! P!n'k) are calcu-
lated with the wave function ! nk) expressed in terms of
the one-center expansion, except for InSb and CdTe,
where we have used the full wave function, as described
elsewhere. In the one-center expansion " we have
found that the intensity of the peaks of the dielectric
function of these two compounds is overestimated. The
reason for this is related to the fact that InSb and CdTe
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FIG. 2. As in Fig. 1, but for Ge.

are ionic semiconductors, and an accurate description of
the wave functions in the outer parts of the atomic po-
lyhedra is then particularly important.

Using the Wigner-Eckart theorem, the matrix
P=A/iV can be written in the form of an irreducible
tensor of order one. The imaginary part of e, e2(r0), is
calculated for photon energies ranging up to 1 Ry. The
k-space integration is performed by means of the
tetrahedron method based on 95 k points in the irre-
ducible part of the Briilouin zone (IBZ). The inclusion
of more k points in the IBZ does not produce any
significant changes in the spectrum. The real part,

(ere), is obtained by a Kramers-Kronig transformation
of et(co) in which a tail of the form (Pco) j(r02+y2)', as
used by Petroff et al. , is attached for energies greater
than 13.6 eV, where y is equal to 4.5 eV and P is deter-
mined by continuity of e2(co) at 13.6 eV.

The dielectric functions calculated for GaAs with and
without the extra potentials mentioned above are shown

f&00]

Lt

lEo
Io 4,,~—Ls

4 I

Go As,
Xp

Illltl

X
~It

ltt 'IIIII'I ~Itteetttt

0-

2
4P

CA

Ol
4

-8-

I ~ II
I

~ tt
I ~ I

I
I

I

,II, '
"I

ttl ~ ~

„e ~t

lnSb

~ee

„„,I~Iet ~IIII

12

-14
L A f h x K

FIG. l. Equilibrium relativistic self-consistent local-density
band structure of GaAs with external-potential correction.
Spin-orbit coupling is included. FIG. 3. As in Fig. l, but for InSb.



CALCULATED OPTICAL PROPERTIES OF SEMICONDUCTORS

2= ,a'
~0

pl

45 l I i
I

I
I

r
t

1

E~
GaAs

w-2-
4) CdTe 3

18 unad

~ I~ II'

~ ~If

FIG. 4. As in Fig. 1, but for CdTe.
30

I ) I i I

6 8 10 12

hindi (eV)

I '
I

'
I

'
I

in Fig. 5. We have also presented in this figure the ex-
perimental results of Lautenschlager et al. ~ (dash-
dotted curves). It is seen that the main structures E,
and E2 in ez(c0) calculated without correction are locat-
ed too low in energy when compared to experiment.
The inclusion of the extra potentials shifts all the
theoretical peaks towards higher energy and this correct-
ed spectrum agrees well with the experiment. In order
to illustrate the effects of the matrix elements we com-
pare, in Fig. 6, e2(co) (with matrix elements) and the
joint-density-of-states function (JDS) for GaAs. The
peaks present in the JDS at high energy are reduced
significantly in the e2(c0) spectrum because the transition
probability becomes small at higher energy. Hence, a
quantitative comparison to experiment is only meaning-
ful if the matrix elements of P are included in the calcu-
lation of the ez(c0) spectrum. We further compare, in
Fig. 7, our calculated ez(c0) of GaAs with the empirical
pseudopotential spectrum (EPS) obtained without any
s.o. coupling. It follows from Fig. 7 that the peaks E,
and Ez are in good agreement with the EPS, whereas the
peak E', in our curve is shifted to higher energy with
respect to the EPS. The magnitudes of the peaks in the
EPS are somewhat smaller, but at lower energies, ii)co &6
eV, our spectrum describes the experiment better, as fol-
lows from a comparison to Fig. 5(a).
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FIG. 5. Dielectric function of GaAs with extra-potential

correction EPC (solid curves) and without EPC (dashed curves)
compared to the experimental results of Ref. 29 (dash-dotted
curves). (a) Imaginary part e2(co)," (b) real part e&(~).

III. RESUI TS AND DISCUSSION

The imaginary and real parts of the dielectric function
between 0 and 13.6 eV for GaAs, Ge, InSb, and CdTe
are shown in Figs. 5 and 8—10. The solid lines are
theoretical results with the extra potentials added to the
band structures. The experimental results included for
comparison are the more recent ellipsometry measure-
ments obtained by Cardona and co-workers.

When the extra-potential correction (EPC) is included,
our calculated dielectric functions are in good agreement
with experim. ent. The calculated peak positions without
EPC are too low in energy, as Inentioned earlier, and
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FIG. 6. Imaginary part e2(m) of the dielectric function of
GaAs compared to the joint density of states (dashed curve)
(JDS). The JDS is divided by co and scaled arbitrarily (factor
A).
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FIG. 7. Imaginary part e2(~) of the dielectric function of
GaAs compared to the empirical pseudopotential spectrum
(dashed curve) {Ref.8). In Sb

they are even lower than those calculated by Wang and

Klein. This is due to the relativistic shifts which are
included in our calculations but not in those of Ref. 23.
It is a general feature of aB theoretical spectra, that the

intensity of the E2 peak is overestimated and more

sharply peaked than observed. This is so because e2(c0)

is calculated without inclusion of the efFects of the finite
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FIG. 9. As in Fig. 8, but for InSb. The experimental results

are from Ref. 32.
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FIG. 8. Dielectric function of Ge with extra-potential

corrections compared to the experimental results of Ref. 31
(dashed curves). (a) Imaginary part ez(m); (b) real part e&(~).

relaxation time (many-body and excitonic effects). Also,
surface effects may influence the peak heights in the ex-
perimental spectrum. Wang and Klein have empirical-
ly introduced the efl'ect of a finite relaxation time as a
Lorentzian broadening in order to adjust the E2 peak in-
tensity to the experiment. This caused, however, the in-
tensity of the EI peak to be too low.

The positions of all the peaks in ez(co), with a compar-
ison to the experiment, ' ' ' are given in Table I. In
Table II we list the energy gaps at some critical points
with comparison to the results from Chelikowsky and
Cohen's EPM calculation and also from the Srst-
principles quasiparticle band-structure calculations avail-
able. ' ' We have determined the regions in k space
giving the major contributions to the intensity of the
peaks of the e2(co). For that purpose we have examined
the variation of the momentum matrix elements with k,
and identifIed the tetrahedra where the contributions to
the peaks in e(co) are largest. For all four semiconduc-
tors studied here we And that essentially the same k
points give rise to the major part of the intensity of the
peaks. These regions will be specified below in the dis-
cussion of the GaAs data. We have also determined the
most important interband contributions to the imaginary
part of the dielectric function, which we show in Fig. 11
in the case of GaAs.
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FIG. 10. As in Fig. 8, but for CdTe. The experimental re-
sults are from Ref. 33.

A. Gallium arsenide

The onset of the absorption edge (see Fig. 5) in the
unadjusted ez(co) spectrum occurs at 0.20 eV, and at 1.51
eV in the adjusted one. This is the direct gap at I of
GaAs. A low increase of e2(co) with photon energy irao is
found as the band gap opens up away from I, but in the
case of the unadjusted band, this increase near the edge
is more rapid. This reflects the fact that the LDA band

structure is not only in error by a constant shift of the
conduction bands; the dispersion is also wrong. ' In Fig.
11 the most important interband contributions to the
peaks in e2(co) are shown. The e2(co) spectrum depicted
in Fig. 11 is obtained without s.o. coupling in order to
reduce the number of interband contributions to the
essential ones. From Fig. 11 it is clear that the most im-
portant contribution to the E, and E2 peaks is due to
the transitions from the last valence band to the first
conduction band. Ther is also a significant contribution
from transition of band three to the first conduction
band. The EI peak is split into two sharp peaks which
are close to each other, and they originate from transi-
tions from bands 3 and 4 to bands 5 and 6. In the I I.
direction near I., there is a large contribution to the E1
and El+6, peaks, but a region in the I LK plane [see
Fig. 12(a)] also makes a significant contribution to these
elements. The main peak, E2, is arising principally from
a region in the I XUI plane, where the bands are paral-
lel. This region is shown in Fig. 12(b). A region similar
to this was also found for germanium by Chelikowsky
and Cohen. We found also a contribution to the Ez
peak in the I E direction in the neighborhood of E (see
Fig. 1}. The contribution to the shoulder Ep is very
dificult to define exactly, but the main contribution
seems to come from a region in the vicinity of the I
point, I"8~1& transitions. At higher energy, the peak
E', is mainly due to transitions b, ~~A, 5 in the I X direc-
tion. The structure element E', is not present in the ex-

perimental ellipsometry data because of its limitation in

photon energy, but this peak is seen in the reQectivity
measurement as obtained by Philipp and Ehrenreich.
Our EI peak is somewhat downshifted in energy with
respect to the experiment and EPS. This is due to the
fact that our band gap at X is smaller than observed (see
Table II). At still higher energy the theoretical spec-
trum is without structures and decays very rapidly with
photon energy. This rapid decay agrees well with experi-
ment3 and allows the spectrum to satisfy the f-sum
rule.

The real part of e(co), e, (co), shown in Fig. 5(b) is in

TABLE I. Calculated peak positions {in eV) in e2(~) for the GaAs, Ge, InSb, and CdTe, with comparison to experiment.

Semiconductor

EI +hl

Theor.

1.51
3.16

0.22
3.38

5.60

Expt.

1.51'
3.04'

0.22'
3.26'

5.13'

6.20'

Theo r.

0.85
2.69

0.17
2.86

4.56

Expt.

0.89'
2.10'

0.19
2 30'

435

Theor.

0.24
2.24

0.45
2.69

4.28

4.62

InSb
Expt.

0.24'
1.98'
1.97g

0.50~

2.49~

2.48'
4.23'
4.18g

s.oob

5.22g

Theor.

1.51
3.16

0.48
3.64

4.83

5.76

CdTe
Expt.

1.SO"

3 35h

ssh

3 90h

'From Lautenschlager et a1. (Ref. 29).
Philjpp and Ehrenrejch (Ref. 34).

'Harrison (Ref. 9).
dVi5a et a1. (Ref. 31).

'Aspnes and Rowe (Ref. 35).
Zucca and Shen {Ref.36).
IILogothetidis et a1. (Ref. 32).
"Lautenschlager et al. (Ref. 33).
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TABLE II. Energy gaps (in eV) at critical points for GaAs, Ge, InSb, and CdTe with comparison to the empirical pseudopoten-
tial results and to the Srst-principles quasiparticle band-structure calculations. For Ge, I 6 and I 7 are inverted and X6 and X7 are
gathered into X5 by symmetry. (The numbers without labels are our calculations including the adjusting external potentials. )

Semiconductor

I 6-I 8

I 6-I p

r;-I,
L~-L 4, 5

L6-L6

X6-X7
X;-X,

1.51, 1.51,' 1.58
1.76, 1.86'
3.66, 4.55'
2.74, 3.02, 3.04b

2.95, 3.24'
0.21, 0.22'
4.69, 4.92' 4.83
4.77, 5.02'

0.85, 0.90,' 0.75'
1.16, 1.19' 1.05'
2.84, 3.01,' 3.04'
2.19, 2.19'
2.38, 2.39'
0.19, 0.20,' 0.18'
4.59, 4.45' 4.45'
4.59, 4.45' 4.45'

InSb

0.24, 0.25'
1.01, 1.07'
2.65, 3.16'
1.91, 1.99'
2.40, 2.47'
0.49, 0.48'
4.23„3.95'
4.40, 4.16'

1.51, 1.59'
2.35, 2.48'
4.29, 5.36'
2.92, 3.47'
3.45, 4.00'
0.53, 0.53'
4.63, 5.08'
4.96, 5.46'

'Empirical pseudopotential calculation of Ref. 8.
First-principles quasiparticle band-structure calculation of Ref. 19.
First-principles quasiparticle band-structure calculation of Ref. 18.

good agreement with the experiment when the EPC is
applied (solid curve). Our results are a one-electron cal-
culation, suggesting that deviations from the experimen-
tal amplitudes and peak positions can be attributed to
many-body effects. The empirical nature of our correc-
tions (EPC) to the band structure will of course be re-
sponsible for a large part of the difference between the
theoretical and the experimental spectrum. The calcu-
lated static dielectric constant is 12.95, and without EPC
this value is 14.90. The experimental value is 10.9.
The two calculated numbers reflect the fact that when
the peaks in ez(c0) are shifted to lower energies then the
e(0) is enhanced.

Hanke and Sham' (HS} and Louie et al. ' found that
local-field effects decrease the value of e(0) for sihcon by
1.87 (HS, Refs. 14) and 1.1 (Louie et al. ' },respectively.
Subtracting terms of this order of magnitude (1-2) from
our e(0) value, a result close to the experiment is ob-
tained. There are, however, several effects which are not
included in our calculation. Excitonic effects, electron-
phonon interactions, and other many-body corrections
may thoroughly influence e, also at zero frequency. At
Snite frequencies below 2.5 eV we And the same order of

magnitude of the difference between our calculated e,
values and experiments. This is seen, for example, in
Table III, where we compare our results at fico=1.5 to
the experimental data obtained by Aspnes and Studna.

8. Germanium

We discuss only briefly the results of Ge, since this
elemental semiconductor has previously been extensively
studied. ' ' ' ' ' ' The peak positions are compared
to experiment in Table I. The critical-point energy
differences are given in Table II and they are in good
agreement with the EPM results. The onset of the ab-
sorption occurs at 0.85 eV (calculated with EPC), corre-
sponding in our calculation to the direct band gap at I
(we include only direct transitions). The peaks Ei,
E&+4&, Eo, E2, and E

&
have their origin in the same re-

gion of k space as those of GaAs. It follows from Fig. 8
that the intensity of the calculated peaks is less than ob-
served. ' This is the only case among those examined
here where the E2 peak is lower than what is observed. '

The reason for that is the shift towards higher energy of
the calculated peaks with respect to the experiment. '

This also explains why our value of e(0), 14.08, is small-
er than measured (15.8). We would, as mentioned in
the preceding subsection, expect the calculated value to
be slightly larger than measured.

27-
3
P4

18-
L

Ij)i

hui (eV) EI peak E, peak

FIG. 11. The most important interband contributions to the
imaginary part of the dielectric function of GaAs. (Spin-orbit
coupling is not included. )

FIG. 12. Regions in the k space which contribute to the E„
E„(E,+6, ), and E& peaks of e2(ro) of GaAs. (a) E&, E&, peak
regions; (b) E2 peak region.
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Semiconductor

Expt.
Theor.

13.44
15.36

21.56
18.20

InSb

19.11
19.00

CdTe

10.66

TABLE III. Real part e&(~) of the dielectric function at 1.5
eV compared to experiment. Values in the row labeled "Expt."
are ellipsometry measurements from Ref. 38.

VedarD and So, ' for example, shows clearly the effects
of different surface treatments in the optical parameters
of silicon.

The calculated static dielectric constant e(0) of CdTe
is found to be 9.11, where the experimental value is 7.3.
As for the InSb, this difFerence is due mainly to the local
field not taken into account in our calculation.

K. Gallium arsenide under pressure

C. Indium antimonide

The dielectric function of InSb (see Fig. 9) is very
similar to that of GaAs. The positions of the peaks are
listed in Table I, with comparison to experiments. The
critical-point gaps (see Fig. 3) are close to those obtained
by means of EPM (Ref. 8) (see Table II). The real part
of e, e, (co), is shown in Fig. 9(b). It is seen that all the
experimental structure elements3 are present in the cal-
culated spectrum. Even the intensity of the peaks is in

good agreement with the experiment.
The static dielectric constant e(0) is found to be 17.87,

whereas the experimental vaIuc is about 15.7. This
difFerence is probably mainly due to the neglect of the
local-field effect. '

D. Cadmium telluride

The imaginary and real parts of the dielectric function
of CdTe are shown in Fig. 10. The experimental spec-
trurn is also depicted in the same figure. The peak po-
sitions are given in Table I, as for the other semiconduc-
tors. The critical-point energies shown in Table II for
CdTe are somewhat smaller than the EPM values. ~ The
identification of the regions in the k space where the
main structure elements occur is similar to that found
for the other semiconductors, including the E

&
peak. In

the high-energy part of the spectrum, two peaks, at 6.2
and 6.5 eV, are found near E', . We identify them with
those obtained by Chadi et a/. , in their measurement of
the reflectivity spectra, at 5.95 and 6.82 eV. Their
structure elements at 7.44 and 7.6 eV may correspond to
our shoulder near 8.5 eV. %e obtained also a small
structure at the higher part of the spectrum where no
experimental data are available. The calculated e, (co) is
compared in Fig. 10(b) to the experimental spectra of
I.autenschlager et al. The positions of the peaks are in
good agreement with experiment, but the intensity of the
Ez peak is somewhat overestimated. Since our e2(co)
spectrum satisfies the f-sum rule, we suggest that the ex-
perimental spectrum, which obviously cannot fulfill this,
msy be somewhat in error. Further, for all the semicon-
ductors that we have studied we find that thc intensity of
the E2 peak is higher than that of the E& peak. Even in
the EPM calculation the Ez peak intensity is higher
than that of the E

&
peak and in good agreement with the

amplitudes in our spectrum. In general the comparison
of theory snd experiment is further complicated by the
fact that the preparation and maintenance of samples of
high quality are difFicult, and imperfections may select
the experimental data appreciably. The study by
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FIG. 13. Dielectric function of GaAs for difFerent volumes
V. (Vo is the equilibrium volume. )

The imaginary part of the dielectric function of GaAs
for several values of the lattice constant are presented in
Fig. 13. From this figure we observe that all peaks move
towards higher energies when the pressure increases.
The positions of the peaks under pressure and their pres-
sure dependence compared to experiments are listed
in Table IV. Since their origins in k space remain un-
changed under hydrostatic pressure, the shifts of the
peaks to higher energy are due to the increase of the
band gaps, as illustrated in Fig. 14. This also explains
the increase of the optical gap under pressure. From
Table IV it is seen that e(0) decreases when the pressure
increases.

The logarithmic derivative d 1nEz/d lnd, where d is
the bond length, is found to be —1.85. This agrees well
with the value —1.5 predicted by Harrison for semi-
conducting III-V compounds. %e do not find that thc
susceptibility varies linearly with the bond length as sug-

gested by the same author for the elemental semiconduc-
tors. Our value of the logarithmic derivative
d inc(0)/d lnd of the static dielectric constant e(0) is
equal to 5.85. Measurements by Kastner support, to
some extent, our value for GaAs, since this author found
2.2 for diamond„2 for silicon, 4.6 for germanium, and
3.6 for GaAs.

Based on our bond-length scaling of E2, d ', and
e(0), d, and assuming that the main contribution to
e(0) comes from an energy region around the Ez peak, a
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TABLE IV. Calculated peak positions in the ez(~), static dielectric function e(0), and electronic
pressure P of GaAs for difkrent lattice parameters, a. The last column gives the linear pressure
coe%cients as calculated from the theoretical equation of state with a comparison to available experi-
mental data.

5.66
a (A)

5.49
dE/dP {eV/Mbar)

Theo r. Expt.

El (eV)

AI (eV)

EI, (eV)

E2 (eV)
F. ', (eV)
e(0)
P (kbar)

1.51

3.16

0.22
3.38

4.83
5.64

12.95
—1.17

2.06

3.50

0.27
3.77

5.00
5.92

11.51
46.16

2.36

0.30
4.01

5.13
5.92

10.87
81.79

2.86

4.05

0.34
4.39

5.34
5.92
9.96

157.7

12.3

7.76

0.77
8.53

3.96
6.89

11.1'
12.6'
10.8'
7.1'
7.5'
0.2'
7.3'
7 61

5.6'

'Thermomodulation (Ref. 42).
Transmission, diamond-anvil cell (Ref. 43).

'Optical absorption under pressure, diamond-anvil cell (Ref. 44).
dReflectance (Ref. 45).

crude estimate of e(0}could be obtained as

with

k, n, n'

Here k is limited to the region of reciprocal space such
that

E, 5E &E~ —E—„"&E,+5E,
where 5E is a small positive energy. %'e And that
d ln(P }"~ /d lnd is equal to 1.65. If, on the other
hand, we suppose that d lne(0)/d lnd is e ual to one, as
suggested by Harrison, then d ln(P )'~ /d lnd would
be equal to —I, in good agreement with the scaling ob-
tained recently by Brey et aI. But this is fortuitous
since e(0) is not just dependent on the contribution
around the E2 peaks. A careful analysis of our momen-
tum matrix elements for transitions in the regimes of E&,

E, +4&, snd E2 peaks shows that we found a scaling
similar to that of Ref. 48. %'e have defined an average
of the momentum matrix elements:

(P~)=— g /
(nk(P] k)n/

tlt;E zone; n, n
'

for the E&, E, +5&, and E2 peaks. Here "zone" stands
for the k-space region where peak E, or E2 originates, X
is the total number of transitions giving rise to the peak,
and n, n ' are the indices of the occupied and unoccupied
bands, respectively, having s difference in energy equal
to the photon energy. %'e 6nd that the matrix elements
increase with increasing pressure as shown in Table V

and it follows that d ln(P )'~ /d lnd is equal to —0.5
for the E, and the E, +5, peaks, and —0.91 for the E2
peak.

Characteristic energy gaps calculated for GaAs at four
difFerent lattice constants are given in Table VI. As
mentioned earlier, the parameters used in the EPC sre
kept pressure independent. Using the theoretical equa-
tion of state we calculate (Mth column of Table VI) the
pressure coeScients. The 6rst-order coeScients are in
excellent agreement with experiments. ' ' A
more-detailed test of the calculated equation of state in-
volves a comparison of theoretical and experimental
values of higher-order pressure coeicients. It is of
further interest to note the difFerences between the pres-
sure coefficients for the critical-point energies (Table VI)
and those of the peaks in e2(co) (Table IV), in particular
for E, and E&+5&.

F. Germanium under pressure

The imaginary part of the dielectric function of Ge for
several values of the lattice constant, chosen in the semi-
conducting phase, are presented in Fig. 15. From this
6gure, as in the case of GaAs, we observe that all the
peaks move towards higher energies when the pressure
increases. The positions of the peaks under pressure and
their pressure dependence compared to experiments
are listed in Table VII. As for GsAs, the change in
band structure which explains these shifts is illustrated
in Fig. 16. From Table VII it is seen that e(0) decreases
under compression of the lattice. %e found that
d inc(0)/1 lnd is equal to 1.38, which is far from the
value of 4.6 measured by Kastner but is in good agree-
ment with the linearity variation predicted by Harrison
for the elemental semiconductors. The pressure depen-
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FIG. 14. Band structure of GaAs in the gap regime for different volumes V. {Vo is the equilibrium volume. )

dences of the direct and indirect band gaps are found to
be 12.5 and 4.38 eV/Mbar, respectively, in good agree-
ment with experimental results of 12.5 and 3 eV/Mbar
obtained by piezoelectrore6ectance and piezotransmis-
sion, respectively. For the calculation of those pres-
sure coef5cients we did use the experimental bulk
modulus as obtained by Bruner and Keyes because we
did not calculate the pressure volume relation for Ge. In
Table VIII we present our calculated band gaps for Ge

40—

30-

TABLE V. Average values of the square of the momentum
matrix elements {in atomic units) for the E& and E2 peaks of
GaAs at diferent lattice parameters, a.

10—

0.570
0.610

0.581
0.631

5.49

0.596
0.641

5.38

0.596
0.667

o
0 2 4 6 8 10 12

h~ (eVj

FIG. 15. Dielectric function of Ge for diff'erent volumes V.

{Vo is the equilibrium volume. )
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TABLE VI. Energy-band gaps (in ev) in GaAs for different lattice constants, a. The fifth column
gi~es the linear pressure coef6cients as calculated from the theoretical equation of state. Experimental
available values of pressure coef6cients are also given in the last column. The coeScients for E& and
E„should be compared to our calculated values for L&-1.& & and I-6-L6, respectively. {The same pa-
rameters of the correcting potentials were used at all four volumes. )

5.55
a (A)

5.38
dE/dP (eV/Mbar)

Theo r. Expt.

I 6-I 7

I v-Is
L 6-L 4, s

X6-X7
X;-X,"
X;-I "s

1.51
1.43b

1.76
3.66
2.74
2.95
0.21
4.69
4.77
1.91
1.93

2.06
1.95'

2.31
3.69
3.06
3.27
0.21
4.84
4.92
1,86
1.S3'

2.36
2.25

2.61
3.70
3.25
3.47
0.22
4.94
5.02
1,83
1.7Sb

2.86
2,S3'

3.13
3.71
3.59
3.82
0.23
5.11
5.19
1.68
1.52'

12.2
0.50
7.10
7.20
0.1

3.40
3.40

—1.15

11.1'
12.6'
1O.S'
12.7d

7.1'
73'
02'

—1.35
—1.8'

'Thermomodulation (Ref. 42).
Optical absorption under pressure, diamond-anvil cell (Ref. 44).

'Transmission, diamond-anvil cell (Ref. 43).
dLuminescence average, diamond-anvil cell (Ref. 49).
'Electrore6ectance (Ref. 50).

TABLE VII. Peak positions in the e2(~), static dielectric function e(0) of Ge for difFerent lattice
parameters, a. The last columns give the linear pressure coefBcients with a comparison to available
experimental data.

5.66 5.62
a (A)

5.57 5.51
dE/dP (eV/Mbar)

Theo r. Expt.

Eo (eV)
E& (eV)
4g (ev)
E„(eV)
E2 (eV)
E& (ev)
e(0)

0.85
2.69
0.21
2.90
4.56
5.40

14.08

1.05
2.80
0.24
3.04
4.66
5.54

13.71

1.40
2.99
0.30
3.30
4.76
5.70

12.30

1.73
3.19
0.34
3.54
4.86
5.92

11.49

12.5
6.89
1.88
8.77
6.27
8.77

12.5'
7.5'

5 6b

'Piezoelectrore6ectance (Ref. 52).
Reflectance (Ref. 45).

TABLE VIII. Energy-band gaps in Ge for difFerent lattice constants, a. The sixth column gives the
linear pressure coeScients; experimental available values of pressure coeScients are also given in the
last column.

5.66 5.62
a (A)

5.57 5.51
dE/dP (eV/Mbar)

Theor. Expt.

I 7-I s

I 6-I"s
L 6-L 4, 5

1.6-L 6

X)-X5
L 6-I s

0.85
o.so'
1.16
1.OSb

2.84
2.19
2.38
0.19
4.59
0.82

1.05
O.99'
1.37

2.86
2.30
2.50
0.20
4.70
0.89

1.40
1.32'
1.72
1.70
2.88
2.50
2.70
0.20
4.82
1.04

1.73
1.72'
2.05
2.O6'

2.90
2.69
2.89
0.21
4.93
1.17

12.5

1.25
6.89
7.52
0.63
3.76
4.38

1$.5'
12.1'
12.3b

7.5'

3.O'

'PiezoelectroreNectance (Ref. 52).
Optical absorption under pressure, diamond-anvil cell (Ref. 55).

'Reflectance {Ref.45).
dPiezotransmission (Ref. 53).
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FIG. 16. Band structure of Ge in the gap regime for difkrent volumes V. (Vo is the equilibrium volume. )
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FIG. 17. Evolution of the E& and E&+5& band gaps of Ge

under compression of the lattice. (ha is the change of the lat-
tice parameter a.) The experimental results (solid curves) are
from Ref. 56.

and their first-order pressure coefficients compared to
the available experimental results, ' ' ' and we also
compare in the same table the direct gap and the s.o.
splitting b,o at I for several values of the lattice constant
with the data obtained by Goiti et a/. As we can see
from Table VIII, a good agreement with experiment is
obtained.

The evolution of the E, (L 6 L4 5 ) and-
Ei+b, i(L6 L6) critical-—point energy differences under
compression, with comparison to the results of
Kobayashi et al. as obtained from their
thermoreAectance spectra of Ge, is depicted in Fig. 17.
The calculated E, gap is slightly larger than measured
but their evolution under compression is linear and has
the same slope as observed. In general, there is a good
agreement of the pressure dependence of the calculated
gaps and optical peaks with experiment (see Table VIII)
but the absolute values of the calculated E, and E, +6,
optical peaks are slightly larger than measured.

IV. CONCLUSION

The dielectric functions of GaAs, Ge, InSb, and CdTe
have been obtained by means of the LMTO method.
The relativistic e8'ects drastically reduce the optical band
gaps and shift all peak positions to lower energy with
respect to nonrelativistic calculations and experi-
ments. ' ' External potentials are added to the
local-density potential in order to introduce "artificial
Darwin shifts" for adjusting the band gaps to the experi-
ment. Self-consistent band structures obtained in this
way give satisfactory results when used to calculate the
optical spectra of semiconductors. A11 the peak posi-
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tions and the spin-orbit splitting 5& are in good agree-
ment with the experimental data. The diS'erence in the
intensity of the peaks calculated and observed is due
mainly to the many-body effects not taken into account
in our calculation.

%e predicted the effect of hydrostatic pressure on the
electronic structure and optical properties of GaAs and
Ge, and found that the structures in the dielectric func-
tion shift towards higher energies when the pressure in-
creases. The static dielectric constant decreases with
pressure. The scaling with interatomic distance of the
E2 peak, static dielectric constant, and average momen-
tum matrix element are in good agreement with the
available theoretical and experimental results .The cal-
culated pressure coefficient for band gaps is in good

agreement with the experimental data. The pressure
coefficients for the peaks in ez(co) are in some cases
signi6cantly difterent from those of the critical-point
band gaps. Thus an accurate extraction of pressure
coeScients of band gaps from experimental data must
involve a careful line-shape analysis.
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