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The effects of temperature and hydrostatic pressure on the static dielectric constant (e)
were investigated for a group of crystalline semiconductors chosen to be representative of
III-V compounds (GaAs and GaP), II-VI compounds (ZnS and CdS}„and group-IV (Si) ma-

terials. %hen combined with earlier results on the temperature and pressure dependences of
the high-frequency optical (i.e., electronic) dielectric constants (e„),the present results allow,
for the compound semiconductors, determination of the lattice contribution to these effects.
The results are discussed from both the microscopic and macroscopic points of view. For
all the crystals studied, the pressure effects are dominated by the change in polarizability
with volume, and the temperature effects by anharmonicities. The pressure dependences of
the lattice contributions to the dielectric constants (ei~ and @33) of hexagonal CdS are
anomalous in that they increase with pressure. This behavior is most likely due to coupling
between the appropriate TO modes and the TA modes which are known to soften on ap-

proaching the pressure-induced phase transition in this crystal. The transverse dynamic ef-
fective charge was calculated for the compounds, and its pressure dependence was deter-
mined for GaAs and GaP. The results and their implications are discussed.

I. INTRODUCTION

The dielectric constants of a semiconductor are
among its most important properties. Their magni-
tudes and temperature dependences are important
for both fundamental and applied considerations.
These properties enter in an important way into the
physics underlying the optical, transport, and
lattice-dynamical properties of semiconductors, and
they are also important in considerations of defect
and impurity states. It is thus necessary to under-
stand the dielectric properties and their temperature
dependences in terms of the various mechanisms of
dielectric polarization. Toward this end we have in-
vestigated the effects of temperature and hydrostatic
pressure on the low-frequency dielectric constants of
several crystals representative of III-V compounds
(GaAs and GaP), II-VI compounds (ZnS and CdS),
and group-IV (Si) semiconductors. Combined with
earlier results on the temperature and pressure
dependences of the high-frequency {or optical)
dielectric constants, the present results allow us to
evaluate, for the compound semiconductors, the lat-
tice contribution to these effects.

There appear to be no earlier pressure studies on
the static dielectric constants of GaAs, Gap, ZnS,
and CdS, but there are some results on Si.' Some
data on the temperature dependences of the dielec-
tric constants at atmospheric pressure have been re-
ported. These include results on GaAs in the tem-
perature range 100—300 K, ' on CdS in the range
4—300 K, on Si in the range 4—300 K,' and

values of the dielectric constant at a few tempera-
tures for GaP (Refs. 7 and 8) and ZnS. In the next
section we discuss briefly the experimental details,
and the following two sections present the results
and their interpretation.

II. EXPERIMENTAL DETAILS

High-resistivity single crystals of GaAs, Gap, cu-
bic ZnS, CdS, and Si were used in this study. GaAs,
Gap, and ZnS have the cubic zinc-blende structure,
CdS has the hexagonal wurtzite structure, and Si has
the cubic diamond structure. Samples were cut in
the form of thin plates about 0.5 mm thick by about
0.5 cm in area, and, for the cubic crystal, were
oriented with the thickness direction perpendicular
to the [100] face. For CdS both 0-axis —and c-
axis —oriented samples were used. Gold, chrome-
gold, or aluminum electrodes were vapor deposited
on the large sample faces. Only samples which had
bias-independent noninjecting contacts in the tem-
perature ranges of interest were selected for study.

The static dielectric constants were determined
from low-frequency (10—100 kHz) capacitance mea-
surements with the use of high-accuracy (& 0.1%)
three-terminal capacitance bridges and shielded
leads and sample holders. The details were similar
to those in earlier studies. " In some temperature
ranges the capacitance and dielectric loss tan5 were
strongly frequency dependent. All the data used for
the analysis in Secs. III and IV were taken under
conditions where the capacitance was frequency in-

QC1983 The American Physical Society



27 TEMPERATURE AND PRESSURE DEPENDENCES OF THE. . . 3495

dependent and tan5 &0.01.
Temperature and pressure measurements were

performed in a maraging steel pressure cell mounted
inside a conventional low-temperature Dewar. '

This cell is capable of containing pressures up to
—1.2 GPa (=12 kbar). Helium gas was the pres-
sure fluid and the pressure was measured to better
than l%%uo by a calibrated manganin gauge. Tempera-
ture changes were measured to better than 0.1 K
using Cu-Constantan and Cu-AuFe thermocouples.

The real part of the dielectric constant (e) and its
change with temperature and pressure were calculat-
ed from the measured capacitance by correcting for
changes in sample dimensions due to thermal expan-
sion and compression as described earlier. ' In the
case of CdS account is made of the fact that this
crystal is not cubic. Values of the needed axial and
volume compressibilities were taken from the litera-
ture or were evaluated from available elastic con-
stants, and the thermal expansivities were taken
from the literature. These values, which will also be
needed for the interpretation of the results, are sum-
marized in Table I. Owing to uncertainties in the
dimensions of samples and various small correc-
tions, the absolute accuracies of the dielectric con-
stants to be reported in Secs. II and III are limited to
only -+3%. Relative changes, including tempera-
ture and pressure derivatives, should, however, be
more accurate.

III. EXPERIMENTAL RESULTS

A. Gallium arsenide

Figure 1 shows the temperature dependences of
the real part of the static dielectric constant e, and

of the dielectric loss tan5, at atmospheric pressure.
The sample was a Cr-doped high-resistivity single
crystal. Below —150 K there is no frequency
dependence to these quantities between 1 and 100
kHz, but strong frequency dependence is observed at
higher temperatures. This is associated with dipolar
contributions which become activated at higher tem-
peratures. The e(T) response becomes frequency in-
dependent at 100 kHz up to -300 K and this
represents the true e( T) of the crystal. Between 300
and 350 K there is still a small frequency depen-
dence, and this is represented in Fig. 1 by the devia-
tion of the 100-kHz data (circles) from the dashed
curve.

The deviations of e(T) from the true response at
the higher temperatures are associated with large in-
creases in tan5(T), i.e., in sample conductivity (since
tan5=4mo /@co, where 0 is the conductivity and co is
the measuring frequency' ). This is depicted in the
lower portion of Fig. 1.

Earlier measurements of e of GaAs have yielded
widely different values ranging from 9.8 to 13.3 at
room temperature. " Our value of 13.19+3%at 300
K is in good agreement with the results of Strzal-
kowski et al. and of Champlin and Glover.

The temperature dependence of e of GaAs at at-
mospheric pressure has been reported earlier by
Champlin and Glover and by Strzalkowski et al. 3

for 100&T &300 K. Both groups report a nearly
linear e(T) response over this liinited temperature
range, but the e(T) slopes are markedly different.
Our e( T) results in Fig. 1 extend over a significantly
broader temperature range than these earlier studies,
and clearly show that the response is nonlinear. We

TABLE I. Room-temperature values of the axial compressibilities ~, = —(Gina /BP) T, axial
thermal expansivities P, —:(Gina/BT}p, and the long-wavelength (q=0} transverse- and
longitudinal-optic —mode frequencies for the various crystals of interest in the present work.

GaAs
GaP
ZnS
CdS (a axis)
CdS (c axis)
Ge
Si
C

Ktg

(10-' OPa-')

4.46
3.76
4.26
5.40'
5 80'
4.43
3.40
0.73

p b

(10 K ')

5.7
5.3
6.7
5.0'
2.5
5.7
2.5
1.1

Lo
(cm-')

292'
401'
350
307~
304g

To
(cm-')

269'

274'
243~
235g

'Calculated from the elastic constants listed in R. M. Martin, Phys. Rev. B 1, 4005 (1970).
Values taken from tabulations in Refs. 14 and 15.

'E. Gutsche, Naturwissenschaften 45, 486 (1958).
Values taken from R. R. Reeber, and B.A. Kulp, Trans. Metall. Soc. AIME 233, 698 (1965).

'Values from Ref. 25.
'Values taken from tabulation in Ref. 12.
values from R. J. Briggs and A. K. Ramdas, Phys. Rev. B 12, 5518 (1976).
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FIG. 1. Temperature dependences of the static dielec-

tric constant (e) and dielectric loss (tan5) of GaAs at dif-
ferent frequencies at atmospheric pressure. For clarity,
the actual data points at only one frequency (100 kHz) are
shown. Data have been corrected for dimensional

changes due to thermal expansion.

note that our results yield de/dT~ 0 as T~ 0 K as
is expected on thermodynamic grounds. Strzal-
kowski et al. extrapolated their high-temperature
data linearly to 0 K to obtain a 0-K value of
@=12.35. This linear extrapolation is incorrect and
leads to a too small a value of e.

Figure 2 shows the pressure dependences of e at
300 and 75.6 K for the same GaAs sample as in Fig.

FIG. 2. Hydrostatic pressure dependence of the static
dielectric constant of GaP at two temperatures. Dashed
lines represent the response corrected for the changes in

the dimensions of the sample due to the finite compressi-
bility of GaAs.

1. The circles reflect the actual measured changes in
sample capacitance, whereas the dashed lines
represent the response corrected for the changes in
the dimensions of the sample due to the finite
compressibility of the crystal. Note that the correc-
tions are substantial. (By comparison the correc-
tions for thermal expansion in Fig. 1 are relatively
much smaller. ) tan5 exhibits a small monotonic de-
crease with increasing pressure. The e(P) responses
in Fig. 2 are seen to be linear over the pressure range
covered. The logarithmic pressure derivatives at the
two temperatures are listed in Table II where they
are compared with similar results on some of the

TABLE II. Values of the real part (e) of the static dielectric constant and its logarithmic
temperature and pressure derivatives for various compound semiconductors deduced from the
present results.

GaAS

GaP

ZnS

CdS (c axis)
CdS (a axis)

300
75.6

300
75.7

300
75.6

300
300

13.18
12.74
11.11
10.86
8.3
8.1

10.21
8.99

(Bine/8T )
(10-' K-')

20.4+0.3
9.4+0.4

11.4+0.3
5.4%0.2

11.0'

22.0+0.5
18.7+0.5

(alnexaz)
(10 GPa ')

—17.3+0.3
—16.7+0.3
—10.8+0.2
—9.7+0.2

—10.8+0.6
—10.4+0.5

+ 13.2+0.5

+ 3.9+0.5

Estimated from Ref. 9. This value may be relatively inaccurate, but this is not expected to
affect the qualitative conclusions drawn in Sec. IV.
'See discussion in Sec. III.
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other crystals. The observed decrease in the e(P)
slope with decreasing temperature is characteristic
of all of the materials studied. There appear to be
no earlier data to compare the present e(P) results
with.

In view of the fact that e does not change appreci-
ably with T between 75 and 4 K (Fig. l), and the re-

sult that the pressure dependence of e is weakly tem-
perature dependent, we expect the pressure depen-
dence of e at 4 K to be approximately the same as
that at 75.6 K given in Fig. 2 and Table II.

B. Gallium phosphide

The temperature dependences of e and tan5 of
GaP at atmospheric pressure are shown in Fig. 3.
The results are qualitatively similar to those for
GaAs; however, the larger band gap of GaP and
higher resistivity ( & 10 0 cm at 300 K) of the sam-

ple used made it possible to extend these measure-
ments to higher temperatures than was possible with
GaAs. The frequency-independent range of the data
extends to -400 K, and even at 500 K the 100-kHz
data (circles) deviate only slightly from the true
response (dashed line). The dielectric loss tan5 of
this sample is much lower than that for the GaAs
sample. The origin of the unusually high resistivity
of the sample is not known but is believed to be
chromium and/or oxygen doping. Both substances
introduce deep centers in GaP.

At 295 K, m=11.2+3%. This is to be compared
with the value of 11.1 deduced from optical data by
Barker. The temperature dependence of e ap-
parently has not been reported explicitly, ' however, a
value of 10.75+0.1 at 1.4 K has been reported by
Patrick and Dean. Our results below 10 K agree
with this value within experimental uncertainties.

The pressure dependences of e of GaP at 298.4
and 75.7 K are shown in the inset of Fig. 3, where
the data have been corrected for dimensional
changes. These results are qualitatively similar to
those for GaAs in Fig. 2. The logarithmic pressure
derivatives are given in Table II. The decrease in
this derivative with decreasing T is similar to that
observed for GaAs.

C. Cadmium sulfide

Cadmium sulfide has the hexagonal wurtzitc
structure and thus two dielectric constants, the a-
axis (or e~~) and the c-axis (or @33) constants. Figure
4 shows the temperature dependences of both e»
and @33. These data were obtained in the range
76—320 K from measurements at 100 kHz. Under
these conditions tan5 was always less than 0.001. At
100 kHz the measured response reflected the true

11.S -~-0.0

-0.0

11.S — 0.1
taT

I

Z0
11.1—

Lt

1 1.0— 10

10 S

response of the crystal, whereas at lower frequencies
there were deviations (similar to those in Figs. l and
3) at temperatures above 260 K. The results in Fig.
4 are in good agreement with the recent results of
Kobiakov determined by a resonance technique.
The extension of our data in Fig. 4 from 76 to 4 K
(represented by the dashed lines) was guided by
Koblakov s results.

The pr'cssurc dcpcndcnccs of E) i and 633 at 300 K
are shown in the inset of Fig. 4, where the data have
been corrected for the known axial compressibilities.
Before this correction the measured e&&(P) response
(i.e., the capacitance) shows a slight linear decrease
with pressure whereas e»(P) shows a linear increase.
The responses in Fig. 4 are clearly anomalous when

compared with the other semiconductors studied in
that both e's increase (instead of decrease) with pres-
sure. &e shall analyze and discuss these results in
Sec. IV.

D. Zinc sulfide

The small sample of this material that was used
was quite lossy at room temperature (tan5=0. 15 at

10+ & ( ~ I & ( i ( l

0 100 100 S00 400 500
TKNPKRAYURK (K)

FIG. 3. Temperature dependences of the static dielec-
tric constant (e) and dielectric loss (tan5) of GaP at dif-
ferent frequencies at atmospheric pressure. For clarity,
the actual e(T) at only one frequency (100 kHz) are
shown. Inset shows the decrease of e with hydrostatic
pressure at two temperatures. For clarity, only the 75.7-
K data are shown.
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FIG. 5. Hydrostatic pressure dependence of the static
dielectric constant of cubic ZnS at two temperatures. At
atmospheric pressure a=8.30 at 300 K and 8.10 at 75.6
K.

I

0.2

in units of GPa ', may be somewhat too high be-
cause of the high loss (but it should represent the
upper limit of Bine/BP at 300 K). Based on the
75.6-K slope for ZnS, and by analogy with the
GaAs and GaP results, we shall use

FIG. 4. Temperature dependences of the a-axis (e»)
and c-axis (@33) static dielectric constants of CdS at at-
mospheric pressure. Data were taken at 100 kHz. Inset
shows the anomalous hydrostatic pressure dependences of
@i~ and @33 at 300 K. Results have been corrected for di-
mensional changes due to the finite compressibility of
Cds.

100 kHz) and the e(T) response was strongly fre-

quency dependent. At 75.7 K, tan5 had decreased
to 0.07. The e(T) response between 75.7 and 300 K
was nearly linear, but because of the high dielectric
loss the absolute accuracy of the data is uncertain
especially at the high temperatures. For this reason
we shall rely on results in the literature for the 300-
K temperature derivative of e used in the analysis in
Sec. IV.

The pressure dependences of e at 300 and 75.6 K
are shown in Fig. 5, where the data have been
corrected for the compressibility of the sample.
tan5 decreased monotonically with increasing pres-
sure at both temperatures. The logarithmic pressure
derivates of e are given in Table II. At 75.6 K the
dielectric loss was sufficiently low and the e(P) in
Fig. 5 should represent the true response of the sam-
ple. By analogy with GaAs, GaP, and other materi-
als, we expect the 300-K slope of the e(P) response
to be slightly larger than that at 75.6 K. This is re-
flected by the data in Fig. 5; however, the 300-K
slope,

aP
==—12.0X 10

= —(10.8+0.6}x10 '
aP

=

(in Gpa ') instead of the measured —12.0x10 '
GPa ' in the analysis of the data in Sec. IV.

E. Silicon

Several high-resistivity (&3X10 Qcm} Si sam-

ples were examined, and in all cases it was possible
to obtain the true e response only below -30 K.
Above this temperature the activation of residual
shallow impurities interfered. Below 30 K the tem-

perature dependence of e was negligibly small and
the pressure dependence was significantly smaller
than that for the other crystals studied. We ob-
served a small decrease in e with pressure compar-
able to that reported earlier, ' but the scatter in the
data was such as to render the results relatively inac-
curate.

Since Si is a homopolar semiconductor with a
center of inversion symmetry between the atoms, its
static dielectric constant (e) is simply the square of
the long-wavelength refractive index (n). The tem-
perature and pressure dependences of n of Si have
been measured using optical (interferometric) tech-
niques. ' These techniques yield higher accuracy
than is possible by the capacitance method. For this
reason we have made use of the n(T, P) data'2 to
evaluate the temperature and pressure derivatives of
e listed in Table III. These latter results, along with
the similar results on germanium (Ge) and diamond
(C) also listed, will be used for comparative purposes
in Sec. IV. For both Si and Ge we have selected for
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TABLE III. Room-temperature (300-K) values of the optical dielectric constant e„and its
logarithmic temperature and pressure derivatives for the various semiconductors of present in-

terest. Data are taken from the literature where the results were expressed in terms of the in-

dex of refraction n. Note that e„=n .

GaAs
GaP
ZnS
CdS (c axis)
CdS (a axis)
C
Si
Ge

10.89
9.11
5.20
5.38
5.31
5.71

11.97
16.00

(aln~„/ar),
(10 K ')

11.4
7.4
6.6
91
8.3
1.0
7.8

13.8

(aln~„/M ),
(10 GPa ')

—14.0
—6.0b

—2.6'
—11.0'
—10.8'
—1.1
—2.8~

—34.P
'Unless otherwise noted, these values were deduced from the tabulation of (d inn /dT) in Ref.
15.
From a tabulation of (d inn /dP) in Ref. 16.

'K. Vedam and E. D. D. Schmidt, Phys. Rev. 150, 766 (1966). The title of this paper mistak-

enly refers to a-ZnS which is the hexagonal wurtzite phase. However, the data in the paper
are on sphalerite which is the cubic or P-ZnS phase.
N. I. Vitrikhovskii, L. F. Gudymenko, and A. F. Maznichenko, Fiz. Tekh. Poluprovdn. 2,

882 (1968) [Soviet Phys. —Semicond. 2, 732 (1968}]. These derivatives were measured at
A. =6907 A and we assume they are valid in the long-wavelength limit.
'K. Vedam and T. A. Davis& Phys. Rev. 181, 1196 (1969). These derivatives and those for ZnS
were measured at A, =5893 A and we assume they are valid in the long-wavelength limit.
D. F. Gibbs and G. J. Hill, Philos. Mag. P, 367 (1964).

I'R. Vetter, Phys. Status Solidi A 8, 443 (1971).

IV. ANALYSIS AND DISCUSSION

A. Lattice and electronic contributions

Before considering the results it is useful to exam-
ine some theoretical considerations. The real part of
the dielectric function of a heteropolar semiconduct-
or such as the compounds in Table II can be written
as12

4mNe~
6'=6~ +

m Cgyp

=Coo+61 y

(&a)

(&b)

use in Table III and Sec. IV Vetter's2 n(P) data
which appear to be more accurate than the data in
Ref. 1.

We note here in passing that Smakula et al. have
reported the temperature dependence of e of Si ob-
tained from capacitance measurements. Their data
show a monotonic decrease of e with increasing T.
This is in disagreement with the n (T) data' which
yield an increase in n (and e) with increasing T. We
believe that the n (T} data represent the true
response of Si. Additionally, by analogy with the
behavior of Ge, C, and the other semiconductors in
Table II, an increase (and not a decrease} of e with
increasing T can be expected for Si.

where e is the static dielectric constant in the limit
of zero frequency, e„ is the high-frequency or opti-
cal (electronic) dielectric constant measured for fre-
quencies well above the long-wavelength longitud-
inal-optic —mode frequency but below the optical-
absorption edge, i.e., the dielectric constant in the
absence of lattice vibrations, N is the number of unit
cells per unit volume, m is the reduced mass of the
crystal, e~ is the transverse dynamic effective
charge, and e~p is the long-wavelength transverse-
optical (TO)-mode frequency. The second term on
the right-hand side of Eqs. (1) is the lattice contribu-
tion eI which arises because the longitudinal-optic
(LO) mode in heteropolar semiconductors produce a
macroscopic electric moment which separates it in
energy from the TO mode. The frequencies of these
modes are related to the dielectric constants by the
Lyddane-Sachs-Teller relation

6/E' =NLQ/co/P ~

2 2

With the use of the known values of co+Q co+Q t.',
and e given in Tables I—III, we find that this rela-
tion is very well obeyed for GaAs, GaP, and ZnS.
Appreciable deviations are observed for CdS.

For homopolar crystals such as Si and Ge where
there is a center of inversion symmetry between the
atoms, coLQ ——co~p, and the lattice vibrations make
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no contribution to e, so that

(3a)

(3b)

where n is the index of refraction.
e„ is the strictly electronic contribution to e. Ex-

pressions for e (q) have been derived for various
models of a semiconductor. The results are usually
quite complicated depending on a knowledge of the
energies of the allowed electronic states E(k) and of
the matrix elements for transitions between these
states. The situation is simplest for e„(0), i.e., in
the limit of long A,. van Vechten' has found that
E„(0)of covalent crystals can be treated successfully
by using a simple isotropic one-gap model {the Penn
model} for the electronic band structure. The result
is

e„(0)= I +D(co~/ros )2,

where co& is the plasma frequency of the valence
electrons, D is a parameter introduced by van
Vechten to take into account the effect of d-like core
electrons, and cog is the Penn gap. The temperature
and pressure dependences of e„(0}have been suc-
cessfully discussed in terms of the temperature and
pressure dependences of cus via Eq. (4), and they
have also been calculated using pseudopotential tech-
niques. ' ' For these purposes we note that
co& 4n(Ze) /rn——0, where Ze is the charge and 0 is
the atomic volume.

From Eq. (lb) it is evident that ei and its tem-
perature and pressure dependences can be readily ob-
tained from knowledge of e(T,P) and e„(T,P). It is
easily shown that

tives. The decomposition of e and its temperature
and pressure derivatives into their electronic and lat-
tice contributions are presented in Tables II—IV.
Reference to these tables shows that for the com-
pound semiconductors listed e is dominated by the
electronic contribution e„;the lattice contribution eI
is considerably smaller. The logarithmic tempera-
ture and pressure derivatives of eI are considerably
larger than the corresponding derivative of e and
e„, but this reflects in part the relatively small
values of eI. The results in the tables also clearly
show that the pressure dependence of eI is respon-
sible for the anomalous increases of e with pressure
for a- and c-cut CdS. e„exhibits a normal response
(decrease with pressure} for both orientations.

B. Macroscopic treatment

From the macroscopic point of view it is useful,
as is quite common, to discuss the dielectric con-
stants in terms of the electrical polarizability a of
the medium. Here it should be remembered that un-

like the case of ionic crystals where the effective
electric field E,rr=E+(4rr/3)9', for the semicon-
ductors of interest E,fq should be essentially equal to
the macroscopic field E, i.e., E,ff =E.' This is be-
cause for these materials the outer electrons of the
atoms have extended wave functions in both the
ground and excited states and are therefore acted
upon by the average macroscopic field. ' This form
of E,rr leads to the following expression for s {Ref.
19):

e 1=4m(a/—V),

Bine

aT
Bine

'C}T p

I+
r

n~I

'BT p

where V is the volume. The logarithmic pressure
and temperature derivatives of this expression are

with a similar expression for the pressure deriva-

r

e Bine Gina
(e—1) r)P t}ln V

TABLE IV. Room-temperature (300-K) values of the lattice contribution (eI) to the static
dielectric constant and its logarithmic temperature and pressure derivatives for the compound
semiconductors of present interest. Data were deduced from the information in Tables II and
III via Eqs. (I) and (5). Also listed are the calculated [using Eq. (I)] 300-K values of the trans-
verse dynamic effective charge e T expressed in units of the electronic charge e.

GaAs
Gap
ZnS
CdS (c axis)
CdS (a axis)

2.24
2.00
3.1

4.83
3.68

(Olney/8 T )

(10 K ')

64.4
29.6
18.6
36.6
33.6

(Bin@I/BP )T

(10 ' Gpa ')

—39.3
—32.7
—24.8

40.4
25.1

eT/e

2.32
2.06
2.02
2.61
2.35
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e Bine

(s —I ) dT
t)lna t)lna

t)ln V r)T

where a (—:—t)ln V/t)P) is the volume compressibili-
ty and P (:—BlnV/BT) is the volume thermal-
expansion coefficient. The left-hand sides of these
equations simply represent the fractional change in
the quantity (e—I} with pressure and temperature.
It is seen that the pressure dependence of e consists
of two contributions. The first contribution, K,

represents the effect due to change in density and it
makes e increase with pressure. The second contri-
bution is due to the change of the polarizability with
pressure, or volume, and its sign depends on the sign
of Gina/Bln V.

The temperature dependence of e consists of three
contributions; the first two constitute the total
volume effect whereas the third contribution is the
pure-temperature effect, i.e., the effect that would be
present when the volume of the crystal is held con-
stant. As we shall see later, this effect, which arises
from anharmonicities in crystal potentials, is by far
the most dominant contribution to the temperature
dependences of both the electronic and lattice dielec-
tric constants for the semiconductors in this paper.

This is very much unlike normal ionic and molecu-
lar crystals where the volume effects dominate. '

Table V shows the separation of the pressure
dependence of the dielectric constant into its two
contributions. First we examine e„ for the materi-
als of interest as we11 as for Ge and diamond. As
mentioned earlier, the pressure dependences of e„
are taken from the literature. Note that in all cases
the observed sign and magnitude of the pressure
dependence of e„are dominated by the change in
optical polarizability with pressure (or volume), a
fact that has not always been appreciated before-
a change which more than counterbalances the ef-
fect due to the change in density. The quantity
Gina/BlnV represents the fractional change in a„
with fractional change in volume, and it is a positive
quantity for all the materials in question, i.e., a„ in-

creases (decreases) with increasing (decreasing)
volume. This is what one expects intuitively: The
distortion of the electronic cloud of an atom in an
electric field (i.e., its electronic polarizability a „)be-
comes smaller when the space available for distor-
tion (i.e., the volume} becomes smaller.

A qualitatively similar result is found for the lat-
tice dielectric constants of GaAs, GaP, and ZnS
(Table V}. In these cases the decrease in et with

pressure results from the decrease in lattice polariza-

TABLE V. Separation of the pressure dependences of the electronic (e„)and the lattice (eI)
dielectric constants into their two contributions according to Eq. (7).

e Bine Gina=K—K
e—1 Bp Bln V

(10 ' GPa ') Gina

Bln V

GaAs
GaP
ZnS
CdS' (c axis)
CdS' (a axis)

—15.40= 13.38—28.78
—6.72 =11.28 —18.00
—3.22 = 12.78 —16.00

—13.53= 16.60—29.69
—13.33= 16.60—29.45

2.15
1.60
1.25
1.82
1.80

C
Si
Ge

—1.33=2.19—3.52
—3.05 = 10.20—13.25

—36.38= 13.29—49.67

1.61
1.30
3.74

GaAs
GaP
ZnS
CdS' (c axis)
CdS' (a axis)

—69.95= 13.38—83.33
—65.40= 11.28 —76.68
—36.70= 12.78—49.48
+ 50.90= 16.60+34.30
+ 34.40= 16.60+ 17.80

6.23
6.80
3.87

—2.07
—1.07

'Equation (7) is strictly valid only for cubic crystals and the separation for hexagonal CdS
should be viewed with caution [see P. S. Peercy, I. J. Fritz, and G. A. Samara, J. Phys. Chem.
Solids 36, 1105 (1975)].
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bility, or alternatively, from the stiffening of the lat-
tice, i.e., increase in coTO with pressure. This is the
usual behavior and is seen in many dielectrics. ' It
can be understood by reference to Eq. (la), where e(
is expressed in terms of N ( ~1/V), eT, and roTo.
As we shall see later, the pressure dependence of
To determines that of eI.

The behavior of CdS is clearly anomalous. Here
again the pressure dependence of eI is dominated by
the pressure dependence of the polarizability, but in
this case the polarizability increases with decreasing
volume —that is what the negative (t)lna/BlnV)r
means. This can be interpreted microscopically via
Eq. (la) as resulting frotn a decrease (i.e., softening)
of coTo and/or an increase in eT with increasing
pressure (see subsection C below) for each crystal
orientation. Unfortunately, the pressure depen-
dences of the long-wavelength TO modes in CdS ap-
parently have not been measured. A softening of
the TO modes with pressure could be related to the
presence of a pressure-induced phase transition in
CdS at -2.5 GPa. Earlier studies have shown that
all of the shear elastic constants of CdS soften with
pressure on approaching the transition. ' Since CdS
is piezoelectric, coupling can be expected between
the transverse-acoustic modes and the optic modes
of the same symmetry. Specifically then, the de-
crease in ei~ with pressure could result (at least in
part) from the associated TO mode being pulled

down in frequency by the C44 acoustic mode, as the
latter softens with pressure. e33 does not couple
piezoelectrically to any principal acoustic modes,
but its increase with pressure could also be partly
due to a softening of the associated TO mode
brought about by the phase transition.

Table VI shows the contributions to the isobaric
temperature dependences of e„and e~. We note
that in all cases the two volume contributions (that
due to the change in density P and that due to the
change of a with volume) are relatively small and
tend to partially cancel each other. In the case of eI
of CdS these two effects have the same sign for the
reasons discussed above. The most striking feature
of the results in Table VI is the overwhelming domi-
nance of the volume-independent, or pure-
temperature, contribution (t)lna/t)T)q for both E„
and eI. This has been recognized for Si and Ge
(Ref. 1) and a similar result is found for the tem-

perature dependence of many energy levels in semi-
conductors. 2' 3 The contribution (Gina/t) T)y is ab-
sent in standard (harmonic) theory, and it arises
from anharmonicities in crystal potentials. For e„
the anharmonicities are due to electron-phonon in-

teractions, while for el they are due to interactions
among phonons. These anharmonicities continue to
be topics of considerable interest, but their origin
and sign are not well understood on a microscopic
scale. For the electron-phonon interaction empirical

TABLE VI. Separation of the temperature dependences of the electronic (e„) and lattice
(el) dielectric constants into their various contributions according to Eq. (8). All quantities are
in units of (10 ' K ').

E Bins Blna Gina
s' 1 dT— Bin V r T

GaAs
GaP
ZnS
CdS' (c axis)
CdS' (a axis)

12.54= —1.71+3.68+ 10.57
8.29= —1.59+2.54+ 7.34
8.18=—2.01+2.51+7.67

11.20= —1.25+2.28+10.17
10.20= —1.25+2.26+9.19

C
Si
Ge

1.21= —0.33+0.53+ 1.01
8.50+ —0.75+0.98+8.27

14.77= —1.71+6.46+ 10.02

GaAs
GaP
ZnS
CdS' (c axis)
CdS' (a axis)

114.63= —1.71+10.65+ 105.69
59.20= —1.59+ 10.81+49.98
27.53= —2.01+7.78+21.76
46.00= —1.25 —2.59+49.84
46.00= —1.25 —1.34+48.59

'Equation (8) is strictly valid only for cubic crystals and the separation for hexagonal CdS
should be viewed with caution (see reference in footnote to Table V).
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pseudopotential calculations have had some suc-
ks 14, 15,22

Examination of Table VI reveals an interesting
quantitative feature. The pure-temperature contri-
bution (t)lna/t) T}~associated with e„(T)has nearly
the same value for GaAs and Ge which are isoelec-
tronic. This may be purely coincidental or it may
suggest that the electron-phonon interaction may be
similar for isoelectronic sequences in semiconduc-
tors of diamond and zinc-blende structure despite
large differences in their electronic and phonon
structure.

GaAs
GaP

'From Ref. 26.
From Ref. 27.

BlnE'I

aP
—2

BlncoToBine T=K+2
BP T

(10-' GPa-')

—39.3= 13.4—15.5 —37.2'
—32.7= 11.3—19.4—24.6

TABLE VII. Decomposition of the pressure depen-
dence of eI at 300 K into its various contributions accord-
ing to Eq. (9) for GaAs and GaP.

C. Effective charge and its pressure dependence

As can be seen from Eq. (1},from the micrascopic
point of view, the lattice contribution to the dielec-
tric constant eI is determined by the long-
wavelength (q=0) TO-phonan frequency raTa and
the transverse dynamic effective charge ez in addi-
tion to the density and the reduced mass of the crys-
tal. All of the quantities in Eq. (1} are either
measurable or known except e T. coTO values have
been reported for GaAs, GaP, ZnS, and CdS and are
given in Table I. These values, combined with the
present results on eI, allow us to calculate eT for
these crystals. Our calculated values of e T given in
Table IV agree well with earlier' ' determinations
of this quantity.

From Eq. (1}it follows that

Blnel

Bp T

Bine T=K+2
Bp z.

BlncoTO—2
Bp z.

(9)

The pressure dependence of coTO has been reported
far GaAs (Ref. 26) and GaP. Table VII analyzes
the room-temperature pressure dependences of eI of
these two crystals according to Eq. (9).

The results in Table VII show that whereas for
these crystals the decrease in eI with pressure is
dominated by the increase in coTo with pressure, the
contribution from the pressure dependence of e T is
quite substantial. For GaP this contribution is of
nearly the same magnitude as that from the mTp
term. We also note that e T decreases with pressure
for both crystals.

The increase in coTO with pressure is intuitively
expected since as the interatomic distances become
shorter with pressure the lattice should become
stiffer. The pressure dependence of e T, on the other
hand, is not so easily visualized. For highly co-
valent crystals such as GaAs and GaP, the static
ionic charge should be small. The relatively large
calculated values of e T ( &2e, where e is the elec-
tronic charge) are not a measure of this static

YTO = BlncoTO =1.8—2,0
Qln V

for the Gruneisen paraIneter of the TO mode of ZnS
appears to be for the hexagonal and not the cubic
phase of this crystal. s Use of this value in Eq. (9)
would yield an increase in e T with pressure which,
in view of the present results on GaAs and GaP and
earlier results on other crystals, is not likely. Ac-
cording to Eq. (9), yra for cubic ZnS would have to
be less than 1.47 to yield the expected decrease of e T
with pressure.

The pressure dependence of e T of GaAs has been
recently reported by TroInmer et al. based on their
measurement of the pressure dependences of coTO

and N I p (the longitudinal-optic-mode frequency)
and the known pressure dependence of e„. They
employed the expression

charge, but, rather, reflect the dynamic effective
charge which results from a redistribution or
transfer of charge between the two kinds of atoms in
the course of TO lattice vibrations. They are a mea-
sure of the highly polar character of the TO modes
in III-V compound semiconductors. These charges

2
are ——, of what the static charges would be were

these crystals fully ionic (the normal valence is equal
to 3 for III-V compounds}. The decrease of er with
pressure for GaAs and GaP implies less transfer of
charge for the compressed crystal, i.e., the character
becomes more covalent.

In ZnS, CdS, and other II-VI compound semicon-
ductors the bonding is less covalent (or more ionic)
than in III-V compounds. This is reflected in the
calculated values of e T for ZnS and CdS in Table IV
( & 2e) which are comparable ta (for ZnS} or greater
(for CdS) than what the static charges would be
were these crystals fully ionic (normal valence is
equal to 2 for II-VI compounds). Apparently the
pressure dependences of the coTO s for cubic ZnS and
hexagonal CdS have not been reported, and it is thus
not possible to calculate the pressure dependences of
the er's using Eq. (9). The often-quoted value
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Nl 2 2
~T

4 ~ + (Lo To) '
4m'

4

(10)

It is easily shown by using Eq. {2) that this form of
the expression for er is equivalent to that in our Eq.
{1}.Their results yield an initial slope

T

Bine T =—8.4X 10-'
'p

(in units of GPa '), which compares favorably with
our value of —7.8)(10 GPa

With the use of estimates of the pressure depen-
dence of e„, Weinstein and Zallen recently calcu-
lated the pressure dependences of eT for several
zinc-blende crystals on the basis of Eq. (10}. Their
results yield (t)incr. /t)p) = —6.7 and —5.7 ( X 10
GPa ') for GaAs and GaP, respectively. The value
for GaP is considerably smaller than our result in
Table VII.

Earlier Mitra and Namjoshi reported the pres-
sure dependence of the Szigeti effective charge e&

for GaP. Their result, based on the then available
pressure dependences of &To and NLo and assuming
de„/dP =0, yielded an increase in ez with pressure.
This increase in e~ with pressure was based largely

on the then believed increase in the LO-TO—mode
splitting with pressure. The more recent Raman
scattering results show that this splitting decreases
with pressure, and this factor, along with the de-
crease in e„with pressure, should lead to a decrease
in e& as well as in e T with pressure, as found in the
present work.

Recent theoretical approaches used to calculate e T
of tetrahedral semiconductors have included the
semiempirical bond-orbital model and a pseudopo-
tential model. ' In both approaches the details of
the calculations are quite complicated and strong
simplifying assumptions are necessary to obtain the
sign and order of magnitude of the observed effects.
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