PHYSICAL REVIEW B

VOLUME 41, NUMBER 14

15 MAY 1990-1

Effect of pressure on the refractive index of Ge and GaAs
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We have measured the dispersion of the refractive index n(w) of Ge and GaAs between 0.6 and
1.4 eV for hydrostatic pressures up to 8 GPa. The frequency dependence of n (w) is extrapolated to
zero energy by using an oscillator model of the dielectric function. In this way, we obtain the varia-
tion with pressure of the electronic static dielectric constant €,. We find that for the volume
change of AV /V,~8% covered in this experiment the volume dependence of €., is well described
by a single scaling coefficient r =d lne,, /d InV with » =1.58(3) for Ge and 0.73(4) for GaAs. Re-
sults are discussed in relation to semiempirical theoretical models.

INTRODUCTION

The dielectric function €(w) at photon energies below
the direct optical gap is one of the fundamental proper-
ties in the optics of tetrahedral semiconductors. In par-
ticular, the dielectric constant in the low-frequency limit,
€., appears as an important parameter in related fields
like charge screening and other collective phenomena (ex-
citon formation, plasmons, etc.), and in lattice-dynamical
properties (Brillouin effect, polarons, and phonon -polari-
tons). Many of these phenomena are also studied under
external hydrostratic pressures and thus the pressure
dependence of €, enters into the analysis of the corre-
sponding experimental data. In addition, the pressure
dependence of the low-frequency dielectric constant plays
an important role in semiempirical models of semicon-
ductor properties under pressure.! * Experimentally, the
pressure-induced variation of €, of some important semi-
conductors such as Ge and GaAs has been obtained from
refractive-index measurements at photon energies below
the direct gap.>~® The available experimental data were
mostly obtained using large-volume pressure cells (except
those of Ref. 6) and thus are limited to the range below 1
GPa, which does not allow us to determine second-order
pressure coefficients. More recently, attempts were made
to calculate the volume dependence of €, from first prin-
ciples.!®!!

In this paper we report the pressure dependence of the
refractive index and its dispersion n(w) of Ge and the
isoelectronic compound GaAs for pressures up to 8§ GPa
and in the spectral range between 0.6 and 1.4 eV. We use
a simple two-band model of the dielectric function to fit
the experimental data, allowing us to obtain the values of
the static dielectric constant €, by extrapolation. The
pressure and volume dependence of €. is found to be
about three times weaker for GaAs than for Ge. This
difference is attributed to the partly ionic character of
GaAs. A preliminary account of this work has been pub-
lished in Ref. 12.

EXPERIMENT

The refractive index n(w) at T =300 K was measured
by an interference method, i.e., by analyzing the interfer-
ence pattern in the wavelength-dependent transmission of
samples with plane-parallel surfaces. The conditions for
constructive interference of light transmitted at normal
incidence through a plane-parallel sample are given by

2dn (A, )=mA,, , (1)

where d is the sample thickness, m the order of the in-
terference, and A,, the wavelength of the corresponding
interference maximum. Samples of about 200X 200 um?
size were prepared by mechanical polishing of Ge and
GaAs single crystals down to thicknesses ranging from 8
to 15 um. The samples were loaded into a gasketed
diamond-anvil cell using a 4:1 methanol-ethanol mixture
as a hydrostatic pressure medium.'’ Pressure was mea-
sured by the ruby luminescence method.'* A micro-
optical system was used to focus white light from a
tungsten lamp onto the sample and to collect the
transmitted intensity, focusing it onto the slits of a 0.25-
m single-grating monochromator. The light was detected
with a cooled PbS cell and the signal recorded by conven-
tional synchronous detection. Lines of a Kr discharge
lamp were used to ensure the reproducibility of the wave-
length calibration.

Representative transmission spectra of Ge measured at
two different pressures are shown in Fig. 1. The interfer-
ence pattern is clearly observed below the direct absorp-
tion edge at energy E,. The assignment of the order m
for each maximum was performed at ambient pressure
from the wavelength separation A,, —A,, ., between two
consecutive maxima and by using n (w) data tabulated in
Ref. 15. The sample thickness at ambient pressure was
then determined from the wavelengths of the interference
maxima in the zero-pressure spectra (about 15 maxima
for Ge and 50 for GaAs were evaluated). We kept track
of the numbering of each maximum during a whole pres-
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FIG. 1. Near-infrared transmission spectra of an 8.7-um-
thick Ge sample at two different pressures. The interference of
order m =45 is shown to shift to lower wavelengths with in-
creasing pressure (see text for details).

sure cycle by recording the number of maxima passing by
at a fixed wavelength, when the pressure was changed.
For this purpose an electric motor drive was used to
change the pressure in a continuous manner and at low
speed (by ~0.5 kbar/min).

In Fig. 1 the pressure shift of the interference max-
imum of order 45 is indicated. For the high-pressure
spectra we again use Eq. (1) to calculate n (@), but also
take into account the thickness reduction by scaling d us-
ing the Murnaghan’s equation of state:'

'
—1/3B,

d(P)/dy=(1+ByP/B) (2)
The values used for the isothermal bulk modulus and its
pressure derivative are B;=74.4 GPa, B,=4.76 for Ge
(Ref. 17) and B,=74.7 GPa, B;=4.46 for GaAs (Ref.
18), respectively. We took special care in always il-
luminating the same region of the sample to avoid possi-
ble errors due to changes in the thickness because of non-
parallelism of the sample surfaces. The effect of a possi-
ble small tilting of the sample in the pressure cell is negli-
gible, because the effective thickness of the sample when
tilted by an angle { changes like cosd and 3 is always less
than 0.1 rad. In this way, it was possible to determine
the refractive index at high pressure with an estimated er-
ror of less than 0.3%.

Some representative data for n(w) of Ge and GaAs
measured at several pressures are shown in Fig. 2 (solid
circles). The scatter of the data points is mainly caused
by uncertainities in the determination of the maximum
positions A,,, due to spurious interferences coming from
multiple reflections inside the pressure cell. It is clear
from Figs. 2(a) and 2(b) that the pressure effects on n (o)
are much stronger for Ge than for GaAs. Near 0.6 eV
this difference amounts to a factor of 3. In the case of
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Ge, n (w) decreases more drastically in the immediate vi-
cinity of the direct gap E, a consequence of the blue shift
of the E, band gap under pressure. '’

REFRACTIVE-INDEX DISPERSION

The refractive-index dispersion and its pressure depen-
dence in Ge and GaAs is described by a two-oscillator
model of the complex dielectric function e(w)=¢€(w)
+ie,(w), which is a slightly modified version of the mod-
el of Refs. 20 and 21. Below the E, gap the absorption
coefficient vanishes (the indirect absorption is negligible)
and _the refractive index is simply given by n(w)
=1/€(w). The main contribution to €;(w) below the
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FIG. 2. The refractive index of (a) Ge and (b) GaAs as a
function of photon energy at several pressures (solid circles).
Open circles are literature data (Ref. 15) of n (@) at normal pres-
sure. The solid curves represent the result of fitting a two-
oscillator model to the experimental data.
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direct optical gap is generated by a band of oscillators as-
sociated with the two-dimensional critical point (CP) at
energy E,, which corresponds to the energy of interband
transitions along the I'-L direction. A cutoff energy E, is
introduced in order to avoid unphysical extension of this
oscillator response to high energies. Furthermore, we in-
clude transitions at the three-dimensional interband
minimum at point I corresponding to the lowest direct
optical gap E,, with an additional 8-like Lorentz oscilla-
tor to account for the discrete exciton. Details are given
in the Appendix.

The oscillator model for e(w) of Ge at ambient pres-
sure is illustrated in Fig. 3. The function €,(w) is given
by the combination of Egs. (A1), (A3), and (AS5), while
€,(w) is obtained using Eqgs. (A2), (A4), and (A6). The
model has only two adjustable parameters C and B, cor-
responding to the oscillator- strength of transitions at en-
ergies E, and E,. The other parameters used are listed in
Table I. The main difference with respect to previous re-
ports?!28 is that we take into account sum-rule considera-
tions, such that the cutoff frequency E., which is of the
order of the valence-electron plasma frequency, is deter-
mined through the parameters C, and B by the €, sum
rule. For comparison, we also show in Fig. 3 the experi-
mental €,(w).?> The strong critical-point transition E,
(corresponding to interband transitions along the I'-X
direction) does not appear explicitly in the model, but its
contribution to €;(w) in the region below the direct gap is
retained due to the sum-rule constraints (see the Appen-
dix).

For the analysis of high-pressure data we take into ac-
count the experimental dependence of the E, and E,
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FIG. 3. Real and imaginary part of the model dielectric func-
tion used to describe the refractive-index dispersion in Ge at
ambient pressure. The dotted curve represents experimental
data from Ref. 22.
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TABLE 1. List of parameters used in fitting the oscillator
model (see text) to the experimental n (w) data of Ge and GaAs.
They are the energy positions of the oscillators, E, and E,, and
that pressure coefficients, the spin-orbit splitting A,, the cutoff
energy E. at zero pressure, the excitonic oscillator strength 4,
and the effective number of valence electrons, N.g.

Ge GaAs
E, (V) 0.8 1.43%
dE,/dP (eV)GPa™!) 0.1212 0.108°
A, (V) 0.29¢ 0.34°
E, (V) 2.14¢ 2.89¢
dE,/dP (eVGPa™!) 0.088¢ 0.074¢
E.(P=0) (eV) 17.5 14.5
A (a.u) 0.004 0.013
N.g 5t 4.3f

*Reference 19.
®Reference 23.
‘Reference 24.
dReference 25.
“Reference 26.
fReference 27.

band gaps on pressure (see Table I). By imposing the va-
lidity of the static sum rule [Eq. (A9)] at higher pressures,
the pressure coefficient of the cutoff frequency E, turns
out to be the same as for the E, gap. The results of
least-squares fits to the experimental n (@) data are shown
by the solid lines in Fig. 2(a) and 2(b). For all pressures

0 2 4 6 8
PRESSURE (GPa)

FIG. 4. The parameters B and C; obtained by fitting the
model dielectric function to the experimental data of n (w). The
lines correspond to least-squares fits using linear and quadratic
expressions.
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the model function provides an excellent description of
the experimental refractive-index dispersion.

In Fig. 4 we have plotted the values of the parameters
B and Cy, which give the best fit to the n(w) data. The
lines in Fig. 4 represents fits with linear or quadratic ex-
pressions giving the following coefficients:

[B(P))g.=14.24(3)—0.35(2)P —0.012(2)P? ,

(3a)
[Co(P)]ge=2.6(1)+0.068(7)P? ;
[B(P)]gaas=9-14(4)—0.07(1)P ,

(3b)

[CY (P)lgaas=3.1(1)—0.03(2)P .

Using these coefficients the set of Egs. (A2), (A4), and
(A6) and the band-gap parameters listed in Table I one
can obtain the refractive index of Ge and GaAs as a func-
tion of pressure for a given photon energy below the
direct optical-absorption edge.

The B values of Egs. (3a) and (3b) are roughly a factor
of 2 larger than the theoretical estimates for the E, tran-
sition (B =7.32 and 5.43 a.u. for Ge and GaAs, respec-
tively?!). This difference is a consequence of the Nz sum
rule [see Eq. (A8)] imposed on the model function. In
this way, the oscillator strength corresponding to the E,
peak is in part accounted for in the magnitude of B and
the cutoff E,. The strength C; of the oscillator at E, is
again a factor of 2 larger than the theoretical prediction.
In this case, we attribute the enhancement observed in
the experiment to the exciton formation, which steepens
the absorption edge at E;, an effect that is not completely
accounted for in our model by introducing a Lorentz os-
cillator.

PRESSURE AND VOLUME DEPENDENCE OF ¢,

We use the above-described model of the dieiectric
properties to extrapolate the frequency dependence of
n(w) to zero energy in order to obtain the variation of
€., ~n*(@—0) as a function of pressure, as shown in Fig.
5(a). The lines through the data points in Fig. 5(a) corre-
spond to the results of least-squares fits (P in GPa):

[€w(P)]g.=15.94(2)—0.36(2)P +0.014(2)P? ,
(€ (P)]gaas=10.92(2)—0.088(4)P .

At ambient pressure we obtain for €, the values given in
the literature!>?* to within 0.5%. A strong nonlinear
pressure dependence of €, is observed for Ge and the
corresponding linear coefficient is about four times larger
than that of GaAs.

Figure 5(b) shows the dependence of €, on volume.
The double-logarithmic plot demonstrates that a single-
scaling coefficient r =d lne_ /d InV is sufficient to de-
scribe the volume dependence of €,. The values of r ob-
tained here for Ge and GaAs are listed in Table II togeth-
er with other experimental and theoretical results.
Values of 7 from previous experiments (mostly studies up
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to 1.5 GPa) agree within 20% with our results obtained
for a larger range of pressures. The empirical dielectric
Phillips— Van Vechten theory"? and an empirical pseudo-
potential calculation* produce results that are close to the
experimental value. Recently developed first-principles
linear muffin-tin orbitals (LMTO) calculations, which
successfully reproduce the main features of the spectral
dependence of the dielectric function,'® give unsatisfacto-
ry results for the static limit. That might be due to the
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FIG. 5. (a) The static dielectric constant of Ge and GaAs as a
function of pressure obtained by extrapolation of the frequency
dependence of n(w) to zero energy. The lines represent fits to
the data points with linear and quadratic functions. (b)
Double-logarithmic plot of the static dielectric constant of Ge
and GaAs vs volume.
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fact that d electrons, which play an important role in the
optical properties of Ge and GaAs, are not taken into ac-
count.

The behavior of the dielectric function under pressure
differs drastically for ionic and covalent materials, as il-
lustrated by the examples of ionic crystals also listed in
Table II. In the case of ionic materials (NaCl), €, in-
creases with pressure. A simple way to explain this
difference starts from the Sellmeyer formula:*' €, =1
+4mNa,, which relates €,, to the microscopic polariza-
bility @, per primitive unit cell in the case of N delocal-
ized dipoles per unit volume. The volume derivative of
that relation gives®?

r=3dln€,/dInV~—(1—0dlna,/dIn¥) . (4)

In large-band-gap ionic materials like the alkali halides
a, changes very little with pressure. Consequently, the
changes of the macroscopic dielectric constant with pres-
sure are governed by the increase in the density of polar-
izable centers giving negative values for ». On the con-
trary, in covalent semiconductors the bond polarizability
depends strongly on bond length. In this case, large
changes in the polarizability a, are responsible for the
observed decrease of €, with pressure. This effect is ex-
pected to be less pronounced for materials with a partly
ionic character of the chemical bond which thus provides
a qualitative explanation for the smaller pressure depen-
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dence of €, in GaAs as compared to Ge.

Within the Penn gap model®® and the dielectric theory
of the covalent bond of Phillips and Van Vechten? the
static dielectric constant is given by

— 2 2 : 2_f2 2
€.=1+DAwl/E} with E}=E}+C?. (5)

Here, ), is the valence-electron plasma frequency and E,
is the average optical gap (or Penn gap), which splits into
a homopolar (covalent) contribution E, and a ionic con-
tribution C. The factor A4 is constant (4 ~1) and
D =N_;/4 accounts for the effects of occupied d states
on the interband transition probability. The plasma fre-
quency varies as w,~V ' and it is generally as-
sumed"? that dC /dP~0. The volume dependence of E,,
and D is estimated to be E,~V®3 (Ref. 2) and
D —1~V*3 (Ref. 1). The volume derivative of €, can be
then written in terms of the Phillips—Van Vechten ionici-
ty fi=C?/E} as

5(e,,—1)
dlne,/OInV=———
3e

©

According to Eq. (6) the borderline between a “‘covalent”
and “‘ionic” volume dependence of €, (corresponding to
a change in the sign of r) is given by f;=0.9. Using Eq.
(6) and the ionicities listed in Table II we estimate for Ge
and GaAs the values of r =d1ln€_ /0 In¥V =1.43 and 0.91,

TABLE II. Pressure and volume coefficients of the refractive index n(w=0) and static dielectric constant, respectively, for Ge,
GaAs, GaP, and NaCl. The bulk modulus B, is used to transform from pressure to volume coefficients. The Phillips ionicity (Ref. 2)

f, of each material is also listed.

Sample (f,) B 9o Olné _ Ref
ample (f, €. 0 P |, amy " eference
(GPa) (1072 GPa™))
Ge (0) 15.94(2) 74.4 —4.5(2) 1.58(3) Expt.: This work, transmission,
diamond anvil cell (DAC)
—5.6(5) 2.0(1) Expt.: Ref. 5, transmission (P <0.3 GPa)
—5.8 2.1 Expt.: Ref. 9, stress—birefringence (A=11 pm)
75.2 —2.8(8) 1.12) Expt.: Ref. 8
16 75.2 —4 1.50 Theor.: Ref. 1, dielectric theory
16 75.2 —3.56 1.34 Theor.: Ref. 4, empirical pseudopotential
21.9 74.4 1.6 Theor.: Ref. 11, Penn model
(Two Baldereschi special k points)
14.08 2.83 Theor.: Ref. 10, ab initio LMTO
GaAs (0.31) 10.92(2) 74.7 —1.3(1) 0.73(4) Expt.: This work, transmission, DAC
74.7 —1.9(2) 0.82(6) Expt.: Ref. 6, reflection, DAC
11.56 74.6 —2.4(3) 1.04(15) Expt. cited in Ref. 1
11.56 —1.70 0.75 Theor.: Ref. 1, dielectric theory
10.9 74.6 —1.45 0.66 Theor.: Ref. 4, empirical pseudopotential
15.3 1.20 Theor.: Ref. 11, Penn model
(Two Baldereschi special k points)
12.95 1.68 Theor: Ref. 10, ab initio LMTO
GaP (0.37) 9.50(1) 88.1 —1.1Q2) 0.63(8) Expt.: Ref. 21, transmission, DAC
9.0 88.5 —0.9 0.53 Theor.: Ref. 1, dielectric theory
NacCl (0.94) 2.25 24 1.17 —0.37 Expt.: Ref. 29
2.61 —0.88 Theor.: Ref. 30
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respectively, in reasonable agreement with the experi-
mental results (see Table II).

SUMMARY

In summary, the refractive index n(w) of Ge and
GaAs, measured in the energy range below the direct ab-
sorption edge E, up to 8 GPa, decreases monotonically
with increasing pressure. The relative change d In(n)/dP
is more pronounced for Ge than for GaAs. The static
dielectric constant €, is extrapolated from the frequency
dependence of n (©) to zero energy using an empirical os-
cillator model. For a 8% volume change covered in this
experiment we find that the volume dependence of €, is
well described by a single-scaling coefficient
r =3dlne_ /3 In¥V with r =1.58(3) and 0.73(4) for Ge and
GaAs, respectively. Theoretical estimates based on
semiempirical models"** are in good agreement with these
experimental results. The significant difference in the
volume coefficient of €, for Ge and GaAs is attributed to
the ionicity difference.
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APPENDIX

In this appendix we summarize the empirical model®!
of the dielectric function €(w) used to describe the disper-
sion of the refractive index of Ge and GaAs at energies

]

Aey(w)= .
0, otherwise ,

with X, =%w/E, and X =#w/(Ey+A4,), where A, is
the spin-orbit splitting of the valence band at the I" point.
For €, one gets

Ae(@)=Cy[f(Xy)+0.433f (X )] (Ada)
with
F(X)=X"2—V1+X —VI-XO(1—X)] (Adb)

(© is the unit-step function). The value of C; was calcu-
lated in Ref. 20 (without taking into account excitonic
effects) to be 1.9 for Ge and 1.6 for GaAs.

To account for the discrete exciton at the direct gap
energy E,, we add a 8-function-like Lorentz oscillator:

Aey(w)= AS(fiw—E,) , (A5)

A

Ae(w)= .
rOTT X3

(A6)

We assume for A the value predicted by the exciton
theory of Elliott*® which, in atomic units, is

A:—MPZ ’ i _1_

(A7)
36:;E8 m=1Mm
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below the fundamental direct optical gap E,. The main
contributions to €,(w) in tetrahedral semiconductors
arise from transitions related to Van Hove singularities at
critical points (CP) in the joint density of states in the I'-L
direction (E, gap) and near the X point (E, gap) of the
Brillouin zone.?>3* In our model these two contributions
are combined into a single oscillator at energy E ;.

The critical point associated with transitions at the E;
gap is of P, type.’> Because of the large difference be-
tween the longitudinal and the transverse effective
masses, one can treat this CP as two dimensional.®
Hence, the contribution to the imaginary part of the
dielectric constant is

wB /X% for E,<#w<E,

Aey(w)= .
0 otherwise ,

(AD)

with X, =#w/E,. The cutoff energy E_ is introduced to
fulfill optical sum rules (see below). The Kramers-Kronig
transformation of Eq. (A1) can be obtained analytically,?
leading to

1—x3

1—Xx?

)—1=—%ln
Xi

AE]((D

], X,=tw/E, . (A2

Transitions at E, produce strong dispersion of n () in
the vicinity of the direct gap. This CP is identified as a
three-dimensional interband minimum (M, type) and, as-
suming parabolic bands, €,(w) behaves as a square-root-
like edge:

| CE(Xe?V Xy —1+0.43X 2V X —1) for iw> Ey, Eq+Ag

(A3)

f

Here P=2m/a (a is the lattice parameter) is the momen-
tum matrix element, u is the reduce effective mass, and
the summation runs over all discrete exciton levels.
From Eq. (A7) we obtain 4 =0.004 for Ge and 0.013 for
GaAs.

The total oscillator strength, i.e., adding the contribu-
tions of all interband transitions with energies up to the
plasma frequency w,, must remain finite to fulfill the cor-
responding sum rule for the effective number N of
valence electrons contributing to the optical response: !>

(0]
Neﬁ(wp)=% [ 7 wew)do , (A8)
e 0

where m and e are the free-electron mass and charge.
Equation (A8) imposes a constraint to the two oscillator
strengths C¢ and B and the cutoff energy E., so that they
cannot be varied arbitrarily. In order to determine
uniquely the cutoff E, in terms of the two oscillator
strengths we also require the validity of the static sum
rule:

E. €)(w)
600——1:-2—-[ 2 do .
T Yo 5]

Now the interplay between B and the cutoff E, is given
by the application of both sum rules.

(A9)
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