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Large increase of the low-fretluency dielectric constant
of galhum sulfide under hydrostatic pressure
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The pressure dependence of the low-frequency dielectric constant of layered gallium sulfide, parallel to
the c axis, is investigated through capacitance measurements. The measured pressure coeScient

6(inc~~)/hP is found to be (80+5)X 10 GPa '. This large and positive pressure coeflicient is shown to
be coherent with models of charge transfer from the Ga-Ga intralayer bond to the interlayer space under

pressure.

I. INTRODUCTION

The pressure dependence of the dielectric constant in
most tetrahedrally coordinated semiconductors has been
shown to be dominated by the decrease of both the elec-
tronic and lattice polarizabilities under pressure, yielding
relatively low and negative pressure coefBcients. ' Cadmi-
um sulfide exhibits an anomalous behavior, with a posi-
tive increase of the low-frequency dielectric constant,
that has been attributed to the occurrence of a phase
transition at relatively low pressure. ' Silicon carbide '

has also been shown to exhibit a small increase of the
transverse dynamic effective charge under pressure that
should lead to an increase of the lattice contribution to
the low-frequency dielectric constant.

However, III-VI layered semiconductors are character-
ized by a strong crystal anisotropy, affecting both optical
and transport properties. Recent measurements in galli-
um selenide (GaSe) (Ref. 4) and indium selenide (InSe)
(Ref. 5} have shown that the binding energy of the exci-
ton strongly decreases under pressure. According to
Gauthier et al. , this effect is due to an increase of the
low-frequency dielectric constant parallel to the c axis,
which is explained through a model of charge transfer
from intralayer to interlayer bonds, increasing the overall
ionicity of the crystal under hydrostatic pressure.

In this paper we report direct measurement of the
low-frequency dielectric constant under hydrostatic pres-
sure in a layered compound, gallium sulfid (GaS},closely
related to GaSe and InSe.

II. EXPERIMENT

GaS crystals were grown by the Bridgman method,
without any purposely added doping agent. Samples for
capacitance measurements were cleaved from the ingot
with a razor blade and cut into slabs 4-10 pm thick and
1.5X1.5-3X3 mm in size. Gold electrodes were depos-
ited in both faces of each slab, parallel to the c axis, by
vacuum evaporation, either as 1.2-mm-diameter circles or
2X2-mm squares. The devices so prepared were mount-

ed in sample holders and soldered to electric leads with
silver paste. Electric resistance of these capacitors was
higher than 100 MQ, which corresponds to a resistivity
higher than 10 Qcm, in accordance with the semi-
insulating character of GaS samples here used.

The capacitance was measured as follows. A 1000-Hz
ac voltage is applied to the capacitor and the current is
measured with a current sensitive preamplifier and a
lock-in amplifier, which gives the complex impedance of
the capacitor, from the in-phase and in-quadrature com-
ponents of the ac current. In order to calibrate the ca-
pacitance meter, a series of standard capacitors with ca-
pacitances from 2 to 40 pF were measured in the same
conditions as the GaS capacitors, i.e., they were mounted
on the electric leadthroughs of the pressure obturator and
measured inside the pressure cell.

Measurements under pressure were made in a conven-
tional maraging steel vessel, with pentane used as the
pressure transmitting Quid. Pressure was measured with
a calibrated manganine gauge.

III. RESUI.TS

Given the geometry of the GaS capacitors studied
here, the electric field between the gold electrodes is
parallel to the c axis, and with the size being much
greater than the thickness, one can neglect the border
effects. The capacitance C at a given pressure I' is then
given by

C(P) =
(~(P)

A (P)
d P

where e~~ is the GaS low-frequency dielectric constant, A

is the area of gold electrodes, and d is the slab thickness.
Even if the aim of this work was not to obtain a precise
value of the low-frequency dielectric constant at room
pressure, but only its pressure coeScient, we have mea-
sured e~~

from the capacitance of several devices at 1 bar.
The slab thickness was obtained from the transmission
interference fringe pattern in the 500-1000-nm region,
by fitting the position of all maxima and minima to the
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refractive index spectrum given by McMath and Irwin.
The result of that measured was e~~(1 bar)=5. 2+0.3.
This value is in good agreement with the lowest ones re-
ported in the literature (as measured from far-infrared
reflectivity experiments) that range from 5.44 to 6.6.

e'~~(P} can be obtained from C(P) through Eq. (1), pro-
vided one takes into account the pressure dependences of
the GaS capacitor area and thickness:

A (P)= A (0)(1 2yi—P),
(2)

5.7

GaS
3OOK

IV. DISCUSSION

In a polar semiconductor, the low-frequency dielectric
constant has both an electronic and a lattice contribution
e=e„+a&. Then its pressure dependence can be separat-
ed in the following way

e„Binc„
(3)

eI 8 in@+-
T c dP

8 inc
aP

In the case of III-VI semiconductors, this equation
must be written for each polarization condition (perpen-
dicular and parallel to the c axis). The absolute values
found in the literature for the electronic and lattice con-
tributions to the GaS low-frequency dielectric con-
stant "exhibit a small dispersion. Nevertheless, the rel-
ative contribution of each mechanism is essentially the
same in all references. As our discussion is based in rela-
tive contributions and relative changes under pressure,
the choice of a set of room pressure values is irrelevant
and we use in our discussion those closer to ours in which
concern e~~, i.e., those of Refs. 8 and 9: 6 g=6. 31,

Il
.95, and @Ill

Let us first discuss the electronic contribution. In that
regard, the most complete results in the literature refer to
the pressure dependence of the refractive index perpen-

d (P)=d (0)( 1 —
yllP )

where hz=4. 7 GPa ' and y~~=23. 6 GPa ' are the GaS
compressibilities perpendicular and parallel to the c axis,
respectively. ' Figure 1 gives the GaS low-frequency
dielectric constant parallel to the c axis as a function of
pressure. From that figure, one can obtain the pressure
coefficient 6(inc~~)/bP=(80+5)X10 GPa '. By con-
trast to results reported by Samara, ' for III-V and II-VI
compounds, it is positive and five times higher than the
highest one there reported ( —17.3X10 Gpa ', for
GaAs}. This result confirms the specificity of chemical
bonding in III-VI layered semiconductors, by contrast to
tetrahedally coordinated semiconductors.

0 2 4 6 8
P ( kbar)

I I

10 12

FIG. 1. Pressure dependence of the low-frequency dielectric
constant of GaS parallel to the c axis, as obtained from capaci-
tance measurements, with the correction for the echange of
capacitor area and thickness under pressure. Experimental
points correspond to results from two samples with diferent
contact geometry: 1.2-mm-diameter circle (~ ) and 2X2-mm2
square (L).

8 }n[e~(E)—1] 2EO~ dEO~

dP E~~~ —E~ dP
(5)

where y=y~~+2y~ is the volume compressibility, whose
contribution arises from the volume dependence of the
plasma frequency. Table I summarizes the results of

dicular to the c axis. Results for GaSe (Refs. 4 and 14)
and GaS (Ref. 15) can be found in the literature. In both
cases, the dispersion of the electronic dielectric constant
perpendicular to the c axis, can be described through a
van Vechten model

E2
e~(E)=nf =1+

OL

where E~/h is the plasma frequency of the valence-band
electrons and Eo~~ is the Penn gap of the semiconductor
for polarization parallel to the c axis. The pressure
coeScient of the electronic dielectric constant is then
given by

TABLE I. van Vechten model parameters for GaSe and GaS, for polarization perpendicular to the c axis, experimental pressure
coefficient of the refractive index, and pressure coefficient of the electronic low-frequency dielectric constant, decomposed according
to Eq. (5) for E =0.

GaSe
GaS

Ep (eV)

12.27
12.84

Ep (eV)

4.842
5.S8

7.418
6.31

0 inn&
(10 GPa ')

10
9

a(~„,—1) aE„
(10 GPaE„aa

31=34.9—3.9
20= 33—13
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TABLE II. van Vechten model parameters for GaS, for polarization parallel to the c axis, experimental pressure coeScient of the
refractive index, and pressure coefficient of the electronic low-frequency dielectric constant, decomposed according to Eq. (5} for
E =0.

AS

Ep (eV)

11.8

Eo (eV)

5.95 4.95

8 inn (10-' OPa-')

36

B(e„~~—1) 2 BED~~
(10 Gp ')

Eoll ap

84=33+51

eZ¹~)(
Ma)TQll

(6)

where N is the number of unit cells per unit volume, eT'I~ is
the transverse dynamic efFective charge, M is the reduced
mass of the polar mode, and coTQ)( is the frequency of the

Refs. 14 and 15, showing that, for both materials, an in-
crease of the Penn gap must be assumed in order to ac-
count for the experimental pressure coefficient of the re-
fractive index. It means that, in layered III-VI semicon-
ductors, the increase of the electronic dielectric constant
perpendicular to the c axis is due to the large value of the
volume compressibility at low pressure, the electronic po-
larizability having a negative pressure coefficient like in
III-V semiconductors. '

As regards the refractive index parallel to the c axis,
Polian and co-workers' ' have measured the refractive
index difFerence (ni —

n~~) in GaS as a function of pres-
sure, through Brillouin effect experiments at A, =657. 1

nm, yielding B(ni —n~~)IBP= —58X10 GPa '. From
this result, along with those of Rannou, ' one can obtain
the pressure coefficient of the refractive index parallel to
the c axis, B(inn~~)/BP=36X10 GPa '. According to
results of Ref. 7, the dispersion of n~~ in the visible region
cannot be described through a simple van Vechten mod-
el, due to the presence of an allowed direct transition at
3.1 eV. Nevertheless, if one fits the experimental results
of Ref. 7 to a model with two gapa (one in the ultraviolet
and the other at 3.1 eV), the contribution of the lower-
energy transition to the electronic dielectric constant
turns out to be lower than 5%%uo and can be neglected.
Then we use Eqs. (4} and (5} (for polarization parallel to
the c axis) to calculate the electronic contribution to the
pressure coefficient of e~~. Table II summarizes the results
of this calculation. In that case, the compressibility con-
tribution is not enough to account for the large increase
of the electronic dielectric constant and the Penn gap for
polarization parallel to the c axis must be assumed to
shift to lower energies with a pressure coefficient
BE~/BP= —0. 152 eVGPa

With this result, and our experimental result of
the previous section, Eq. (3) yields B(inc~~~)/aP
=(200+50)X 10 3 GPa '. This result is also to be com-
pared to those of Samara' for III-V semiconductors, in
which that pressure coefficient is negative and the largest
absolute value occurs for GaAs, B(in@'i)IBP= —40
X 10 GPa

In order to give account of that result, let us decom-
pose this pressure coefficient in each of its contributions:
The lattice contribution to the dielectric constant can be
written

long wavelength transverse-optical mode. The pressure
coefficient is then given by

81nei~~ Blnezi Bine)To~~

aP
'+

aP aP

the pressure coefficient of coTo~~ is not known. We can as-

sume it to be close to that of polar modes in GaSe, i.e.,
20X10. GPa '. With that value, the Grst and third
term in the left side of Eq. (7}nearly compensate and the
main contribution turns out to be that of the transverse

dynamic effective charge, B(lnezi)/BP=(100+25) X 10 '
GPa. '.

Gauthier and co-workers 's have proposed a model in

which this large increase of ez'i in III-VI semiconductors
is due to a charge transfer from the Ga-Ga interlayer
bond to the interlayer space, as the strength of the inter-
layer bonds increases under pressure. Along the layers,
III-VI semiconductors behave as tetrahedrally coordinat-
ed III-VI semiconductors and er*~ has a negative pressure
coefficient. In the case of GaSe, the decrease of eT'i has

been calculated from the pressure dependence of polar
mode frequencies perpendicular to the c axis. These au-

thors have assumed that this decrease is compensated by
an equivalent increase of ez'~~ ~ With this assumption, they
have calculated the pressure coefficient of the low-

frequency dielectric constant parallel to the c axis, that
turns out to be B(lnEi}/BP=90X10 GPa '. Given
the similarity between GaSe and GaS, this interpretation
is fully compatible with our results.

V. CONCLUSION

From capacitance measurements under hydrostatic
pressure, we have shown that the low-frequency dielectric
constant of GaS parallel to the c axis strongly increases
under pressure. By subtracting the electronic contribu-
tion, we have calculated the pressure coeScient of the
lattice contribution and have shown that its large positive
value can be accounted for by the increase of the trans-
verse dynamic effective charge parallel to the c axis.
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