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Effects of pressure and temperature on the dielectric constant of GaS, GaSe, and InSe:
Role of the electronic contribution
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In this work we report on direct measurements of the temperature and pressure dependences of the low-
frequency dielectric constant alongc axis (« i) of GaS, GaSe, and InSe. The temperature dependence of both
the ordinary and extraordinary refractive indexes is also presented. A large increase of« i under pressure has
been observed. In the framework of a rigid ion model, the lattice contribution to« i is shown to increase slightly
under pressure, due to the change of the angle between the anion-cation bond and the layer plane. Conse-
quently, the pressure behavior of« i is proposed to arise from a large increase of the electronic contribution to
« i . This fact is explained through a decrease of the Penn gap for polarization parallel to thec axis, whose
energy and pressure coefficient are shown to scale with those of the indirect band gap in these compounds. A
supplementary and reversible step increase of« i is observed at 1.6 GPa in GaS, which is associated with a
phase transition that has been already observed by other authors.@S0163-1829~99!11547-9#
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I. INTRODUCTION

The pressure~P! and temperature~T! dependences of th
dielectric constants of semiconductors are of current inte
in semiconductors research. In principle, the study of th
properties is an important issue because they enter in a
trivial way into the underlying physics of transport, optica
and lattice-dynamical properties. Since the early work
Samara,1 the effects of pressure and temperature on the l
frequency dielectric constant~«! of tetrahedrally coordinated
semiconductors are well known. In particular, the tempe
ture dependence of« has been shown to be controlled b
anharmonicities in crystal potentials, yielding positive te
perature coefficients.1 Moreover, in the most representativ
semiconductors, it has been observed that« decreases with
increasing pressure, this phenomenon being a consequ
of the reduction of both the electronic and latti
polarizabilities.1

Nevertheless, in III-VI layered semiconductors a differe
behavior under pressure is expected. These semicondu
consist of two types of chemical bonding, depending on
crystallographic orientation. This strong crystal anisotro
affects both optical and transport properties.2–10The applica-
tion of pressure provides then a means to tune the degre
anisotropy in bonding. This leads to strong nonlinearities
the pressure dependence of physical properties.8–13 In par-
ticular, a large decrease of the excitonic binding energy
been observed in indium selenide9 ~InSe! and gallium
selenide10 ~GaSe! under compression. It was attributed to t
increase of the low-frequency dielectric constant paralle
the c axis (« i). This behavior of« i has been verified up to
1.2 GPa by direct measurements in gallium sulfide~GaS!.14

Two models have been developed to explain it.10 One is the
charge transfer hypothesis, which relates the variation o« i

to a charge transfer from intralayer to interlayer space.
PRB 600163-1829/99/60~23!/15866~9!/$15.00
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the other hand, the second model, which will be referred
as isotropy hypothesis, assumes that at about 5 GPa inte
intralayer forces become of the same order resulting i
nearly isotropic behavior of all physical parameters.

In this paper we study, by capacitance measurements
pressure and temperature dependences of« i in GaS, GaSe,
and InSe. The maximum pressure was limited to 3 G
Furthermore, we have measured the temperature depend
of the refractive indexes of these materials. The experime
arrangements are briefly described in Sec. II and the follo
ing two sections are devoted to present and discuss the
sults. On the basis of these data and earlier results, we ev
ate the influence of the lattice and electronic contributions
the behavior of« i .

II. EXPERIMENTAL DETAILS

Single crystals of semi-insulating GaS and GaSe w
grown by the conventional Bridgman technique without a
purposely added doping agent. High-resistivity InSe sin
crystals have been obtained by introducing phosphorus in
nonstoichiometric melt In1.05Se0.95, whose related acceptor
compensate the native donor levels.15,16 Samples were pre
pared by cleaving the ingots parallel to the layers~perpen-
dicular to thec axis!. For capacitance measurements t
samples were cut into slabs 5–30mm thick and 434 mm2 in
size. The thickness of the slabs was measured by mean
the interference fringe pattern in the near-infrared regi
Gold electrodes were vacuum evaporated in the large sam
faces. Ohmic contacts were made by soldering silver lead
the electrodes with high-purity indium. The capacitance
the samples was measured by using a high-accuracy ca
tance meter and shielded leads.

Hydrostatic pressure measurements were carried out u
1.2 GPa by using a piston-cylinder Unipress copp
15 866 ©1999 The American Physical Society
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PRB 60 15 867EFFECTS OF PRESSURE AND TEMPERATURE ON THE . . .
berylium cell with a 4:1 methanol-ethanol mixture as pre
sure transmitting fluid. In addition, measurements un
quasihydrostatic conditions up to 3 GPa were carried
using a Bridgman cell which has been described in Ref.
In the present case, we have used tungsten carbide anvi
mm in diameter. Gaskets were made of pyrophyllite p
treated at 720 °C during one hour in order to get suita
mechanical properties,17 and the pressure-transmitting m
dium was sodium chloride. The pressure was determined
calibration of the oil pressure of the 150-ton press u
against known fixed points.18 Temperature measurements
the capacitance were performed in a helium closed cy
Leybold Hereaus cryogenic system.

Afterwards, to determine the temperature dependenc
both the ordinary (n') and the extraordinary (ni) refractive
indexes, the samples were heated in a system implement
the laboratory. For these measurements, the thickness o
used samples was between 10 and 30mm. The thickness was
obtained from the interference fringe pattern in a large sp
tral range by assuming the curves ofn' as a function of
wavelength~l! given by Refs. 19 and 20. The ordinary r
fractive index as a function of temperature was measu
from the shift of the interference fringe pattern in the ne
infrared (l>1000 nm! transmission spectra at normal inc
dence. The extraordinary refractive index was determi
from transmission spectra at oblique incidence with polari
tion parallel to the plane of incidence. Under these con
tions, fringe minima are given by21

m5
2n'd

l S 12
sin2 u

ni
2 D , ~1!

where u is the incidence angle andm is the interference
order, which is identified at RT and normal incidence a
can be easily followed in a temperature run. Note that
order to determineni from Eq. ~1!, it is necessary to know
n' for which we have used the results previously est
lished. Finally, fringe pattern spectra were taken at sev
angles of incidence, andni(l) curves were obtained for eac
run; these curves were averaged in order to give the fi
one.

III. RESULTS

The capacitance~C! at a given pressure and temperatu
is given by

C~P,T!5« i~P,T!
A~P,T!

d~P,T!
, ~2!

whereA is the area of the gold electrodes andd is the slab
thickness. Then, by means of Eq.~2!, we have determined
the value of« i , at ambient conditions, from the capacitan
measurements in ten to twelve samples with different thi
ness. In Fig. 1, we have plottedC/A as a function of 1/d.
The linear behavior obtained indicates that our results are
affected by the activation of native shallow impurities.
addition, by performing measurements with the sample e
bedded and not embedded in the pressure medium, we
verified that the presence of this medium does not prod
substantial changes in the capacitance of our samples.22 The
value of « i obtained for GaS, GaSe, and InSe is sho
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in Table I. In all cases, it lies in the wide range of values th
can be found in the literature,14,20,21,23–31 as measured
through several techniques, specially infrared reflectivity.

A. Pressure dependence of« i

We first examine the effects of pressure on« i . To obtain
« i(P) from C(P) we have used Eq.~2!. One must take into
account the pressure changes in the sample dimens
through the parallel (x i) and perpendicular (x')
compressibilities.10–12 Figure 2 shows the pressure depe
dence of the parallel low-frequency dielectric constant o
tained under hydrostatic conditions for three differe
samples of GaSe. In this figure, it can be seen that« i has a
similar behavior to that observed previously in GaS.14 Figure
3 gives« i as a function of pressure up to 3 GPa for Ga
GaSe, and InSe. Notice that, in the range of pressure u
1.2 GPa, these results confirm those obtained under hy
static conditions~see Fig. 2 and Ref. 14!. In addition, from
Fig. 3, one can observe that, in the three layered compou
studied here, the pressure coefficient](ln «i)/]P is positive
within the whole range of pressures, quite in contrast w
the case of tetrahedrally coordinated semiconductors.
values of this coefficient atP50 and 3 GPa are listed in
Table II.

FIG. 1. C/A vs 1/d for GaS, GaSe, and InSe.

TABLE I. Value of « i at ambient conditions for GaS, GaSe, a
InSe as obtained from capacitance measurements.

Material
« i

Present work
« i

Literature References

GaS 5.360.3 5.2–6.6 14, 29–31
GaSe 6.160.3 6.1–7.9 27, 28
InSe 7.660.4 6.8–8.5 20, 21, 23–26
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15 868 PRB 60D. ERRANDONEA, A. SEGURA, V. MUÑOZ, AND A. CHEVY
In Fig. 3, it can be also seen that in GaSe, the behavio
« i is nearly linear up to around 1.8 GPa; above this press
a reduction of the slope takes place. These results are
between those expected from the isotrope and the ch
transfer hypothesis proposed by Gauthieret al.10 For InSe
the same kind of pressure dependence has been observe
the change in the slope occurs at around 1 GPa. Thi
coherent with the higher ionicity of InSe, which can b
viewed as inducing an inner pressure via Coulo
interactions32 making the InSe analogous to the pressuriz
GaSe.

Regarding GaS, between 1.5 GPa and 1.8 GPa, an ab
increase in« i has been observed. However, above 1.8 G
its pressure dependence is almost the same as that obs
below 1.5 GPa. It is important to notice that upon deco
pression, the strong change of« i observed between 1.5 GP

FIG. 2. Piston-cylinder measurements of the low-frequency
electric constant parallel toc axis for three different samples o
GaSe.

FIG. 3. Pressure dependence of the low-frequency dielec
constant parallel toc axis as obtained from capacitance measu
ments in a Bridgman cell.
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and 1.8 GPa seems to be reversible~see Fig. 3!, besides a
hysteresis of 0.4 GPa. A similar behavior has been obtai
previously in the pressure dependence of the ordinary ref
tive index at around 1.6 GPa.33 These changes in the optica
constants are related with a pressure-induced revers
phase transition that occurs without destruction of sin
crystals.34 This phase transition leads to a more compact n
phase in which an enhancement of the charge density is
pected. This enhancement causes the observed increa
« i . The fact that the change of« i is not so abrupt, as the on
observed inn' ,33 is due to the presence of uniaxial stress
our measurements which were carried out in a solid medi

B. Temperature dependence of« i , n' , and n i

We next consider the effects of temperature on« i and the
refractive indexes. To obtain« i(T) from C(T) we have used
again Eq.~2!, but now the correction for the thermal expa
sion of the samples has been neglected, bearing in mind
it leads to a correction several orders of magnitude low
than the experimental errors. Figure 4 shows the tempera
dependence of« i , that turns out to be nonlinear. In particu
lar, a reduction in the temperature coefficient](ln «i)/]T, as
the temperature decreases, has been observed~see Table II!.

The n'(l) andni(l) spectra of GaS sample at differe
temperatures are shown in Fig. 5~a!. Similar spectra have
been obtained for GaSe and InSe@see Figs. 5~b! and 5~c!#,
respectively. Figure 6 shows the temperature dependenc
the ordinary and extraordinary refractive indexes in the th

i-

ic
-

FIG. 4. Temperature dependence of the low-frequency dielec
constant parallel toc axis as obtained from capacitance measu
ments.

TABLE II. Values of the logarithmic pressure and temperatu
derivatives of« i as deduced from the present results.

Material
](ln «i)/]P

@1023 GPa21#
](ln «i)/]P

@1023 GPa21#
](ln «i)/]T
@1025 K21#

](ln «i)/]T
@1025 K21#

P51 atm P53 GPa T5300 K T540 K
GaS 8565 5565 8365 5065
GaSe 135610 5765 7465 4565
InSe 120610 3265 7265 3665
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compounds studied here. In all of them we have observe
increase of bothn'(l) and ni(l) with increasing tempera
ture. Their temperature coefficients](ln n')/]T are summa-
rized in Table III and agree with the data found in t
literature5–7 in the wavelength region where comparison
possible.

FIG. 5. The refractive indexes of~a! GaS, ~b! GaSe, and~c!
InSe at 30 °C and 100 °C as obtained from fringe measuremen

FIG. 6. Temperature dependences of both the ordinary~empty
symbols! and the extraordinary~full symbols! refractive index for
GaS~o!, GaSe~▫!, and InSe~n!.
an

IV. DISCUSSION

Before entering into the discussion of the present exp
mental results, we will briefly bring forward some theoretic
considerations. The low-frequency dielectric constant o
heteropolar semiconductor can be written as

«5«`1«L , ~3!

where«`5n2 is the electronic contribution to the dielectr
constant and«L is the lattice contribution, which arises be
cause the longitudinal-optical~LO! mode produces a macro
scopic electric moment in these semiconductors. These
tributions are given by35

«`511
EP

2

E0
2 , ~4!

whereEP is the plasma energy of valence electrons, andE0
is the Penn gap, and

«L5
NeT*

2

«0MvTO
2 , ~5!

where«0 is the vacuum permitivity,N is the number of unit
cells per unit volume,eT* is the transverse dynamic effectiv
charge,M is the reduced mass of the polar mode, andvTO is
the frequency of the transverse-optical~TO! mode. Notice
that a simple one-gap model36 has been assumed for«` .
From Eq.~3! it can be shown that

F] ln «

]P G
T

5
«`

« F] ln «`

]P G
T

1
«L

« F] ln «L

]P G
T

~6!

and a similar expression can be deduced for the tempera
derivatives. In the case of III-VI semiconductors Eqs.~3!–
~6! must be written for both polarizations, perpendicular a
parallel toc axis. The electronic and lattice contributions
« i have been measured by several authors.10,23,29 Unfortu-
nately, the reported values of«`i and «Li exhibit a large
dispersion, which explains the large errors attributed to th
in Table IV. In spite of the dispersion, all results agree in t
small value of the lattice contribution to« i .

A. Electronic and lattice contributions to « i and their
pressure dependences

In order to explain the large increase of« i , the charge
transfer model10 focuses on the lattice contribution and pr
poses an increase of the effective chargeeTi* due to a charge
transfer from the cation-cation bond to the interlayer spa
That mechanism is suggested by the pressure behavior o

.

TABLE III. Temperature coefficient of the ordinary and extrao
dinary refractive index atl51400 nm ~1800 nm for InSe!. The
temperature coefficient of«`i and«Li are also given.

Material
](ln n')/]T
@1025 K21#

](ln ni)/]T
@1025 K21#

](ln «`i)/]T
@1025 K21#

](ln «Li)/]T
@1025 K21#

GaS 3.560.3 10.160.5 2061 620680
GaSe 4.360.3 13.860.5 1761 8506110
InSe 5.860.5 14.560.5 1861 600670
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15 870 PRB 60D. ERRANDONEA, A. SEGURA, V. MUÑOZ, AND A. CHEVY
phonon modes whose frequency critically depends on
force constant associated with the cation-cation bond. In
man experiments under pressure, a frequency decreas~or
very weak increase! of those modes is actually observed10

indicating a weakening of the cation-cation bond.
Nevertheless, the existence of such charge transfer

not necessarily lead to an increase of the dynamic charge
polarization parallel to thec axis. From the point of view of
the band structure, this charge transfer could be seen a
increase of the weight of the Ins antibonding or the Sepz
nonbonding states in the valence bands. In a rigid
scheme, the first possibility would have little effect on t
overall charge associated with them, as one would expec
electron density associated with In related states to fol
the In atoms movement~that vibrate in phase in the LO pola
mode!. The second possibility would result in an increase
the electron density around the anions and, consequentl
an increase of botheTi* and eT'

* . This is hardly compatible
with the observed decrease of the effective charge per
dicular to thec axis eT'

* .10 Quantitative predictions of the
charge transfer hypothesis10 are based on the assumption th
the total dynamic charge remains constant under press
However, an increase of the crystal ionicity under press
could result in an overall change of the dynamical effect
charge, as there is no physical principle stating the consta
of this quantity that, in fact, has been shown to decre
under pressure in III-V semiconductors.1

On the other hand, according to the isotropy scheme,10 « i

must suffer a drastic evolution since III-VI semiconducto
around 5 GPa should behave macroscopically as isotr
materials. However, within this assumption,« i should be
about 10.5 at 5 GPa in GaSe, whereas an extrapolation o
results would give a value not higher than 9 for« i at that
pressure. In addition, examination of Fig. 3 reveals that
increase observed in InSe is smaller than the one expe
according to this scheme.9 In fact, the isotropy scheme is
mere phenomenological hypothesis that can hardly result
model accounting for the pressure dependence of b
physical quantities.

We will now discuss a possible explanation of the expe
mentally observed behavior of« i under pressure, trying a

TABLE IV. Values of the optical and lattice contributions to« i

at ambient conditions. Last column shows the photoelastic par
eter.

Material «`i «Li k i8

GaS 5.160.2 0.5560.05 3.060.3
GaSe 5.760.2 0.4260.05 6.560.7
InSe 7.060.3 0.7060.10 4.060.4
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the same time to elucidate the origin of it. In order to do
we choose a rigid ion scheme. According to this model, if
call f the angle between the anion-cation bond and the la
plane, the relationship between the transverse effec
charges could be roughly estimated aseTi* /eT'

* 5tgf. In the
case of InSe, for whichf528.4°, it yieldseTi* /eT'

* 50.53, in
good agreement with its actual value, 0.4760.05.10 It has
been shown recently that the anglef increases under pres
sure in GaSe and InSe~Ref. 37! at a rate of 5.1
31023 rad/GPa, and in GaTe~Ref. 38! at a rate of 4
31023 rad/GPa. From previous Raman scattering results
was determined that the effective chargeeT'

* in GaSe de-
creases under pressure, at a rate of](ln eT'

* )/]P528.7
31023 GPa21.10 A similar behavior foreT'

* can be deduced
in InSe, where](ln eT'

* )/]P5211.231023 GPa21.38 Then,
one can easily calculate that, within the framework of t
rigid ion model, the pressure increase ofeTi* is given by

] ln eTi*

]P
5

] ln eT'
*

]P
1

]f

]P
sinf cosf. ~7!

The values obtained for](ln eTi* )/]P by applying this equa-
tion are shown in Table V. In addition, from Eq.~5!, it is
straightforward to derive the pressure coefficient of«Li :

] ln «Li

]P
5x12

] ln eTi*

]P
22

] ln vTOi

]P
, ~8!

wherex52x'1x i is the volume compressibility, which is
well known in the layered materials here studied.10–12 The
pressure coefficient](ln vTOi)/]P in layered semiconductor
has not been measured yet, but this coefficient spans
range of (15– 20)31023 GPa21 for A1 nonpolar modes in
InSe ~Ref. 39! and GaSe.10 Therefore, in Eq.~8!, the shift
towards higher energies of the TO mode und
compression10,38compensates the positive contribution of t
first two terms. Then, by assuming forx and](ln vTOi)/]P
the values shown in Table V, Eq.~8! yields ](ln «Li)/]P of
the order of 831023 GPa21 for InSe and of 22
31023 GPa21 for GaSe. With Eq.~6! and the data from
Table IV the contribution of«Li to the increase of« i

under pressure turns out to be in absolute va
u(«Li /« i)](ln «Li)/]Pu<1023 GPa21 and can be safely ne
glected. It follows that the main contribution to the increa
of « i under pressure must come from the electronic con
bution«`i . this conclusion is in agreement with the behav
of the extraordinary refractive indexni in GaS that exhibits a
strong increase under pressure.17,21 The pressure coefficien
of «`i in GaS, as deduced from the refractive index increa

-

l TO
TABLE V. Pressure coefficient of the perpendicular and parallel effective charges, the paralle
phonon mode, and«Li . The compressibility and]f/]P are also given.

Material
](ln eT'

* )/]P
@1023 GPa21#

]f/]P
@1023 rad/GPa#

](ln eTi* )/]P
@1023 GPa21#

x
@1023 GPa21#

](ln vTOi)/]P
@1023 GPa21#

](ln «Li)/]P
@1023 GPa21#

GaSe 28.7 5.1 3.4 35 1763 866
InSe 211.2 5.1 0.9 3063 1763 2266
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PRB 60 15 871EFFECTS OF PRESSURE AND TEMPERATURE ON THE . . .
is (90610)31023 GPa21. This value is, within errors, very
close to that of« i , as obtained from capacitance measu
ments~Table II!.

In this context, it is of interest to discuss this res
in relation with the Weintsteinet al.40 criterion of bond
dimensionality. If we assume that the increase of« i is
mainly of electronic origin, the photoelastic parame
k i852] ln(«`i21)/] ln V can be estimated from the pressu
coefficient of« i . The result is shown in the last column o
Table IV. There it can be seen thatk i8 turns out to be large
and positive, suggesting that, along thec axis, III-VI layered
semiconductors behave as molecular solids, i.e., their op
properties for polarization parallel to thec axis would be
dominated by the band widening produced by the increas
interlayer interactions.

From another point of view, the strong increase of«`i

under pressure in these materials can be correlated to
increase of this quantity in the series GaS-GaSe-InSe~Table
IV ! through their band structure. According to recent LMT
calculations in InSe,41 near to the border of the first Brillouin
zone, the upper valence band~with anionpz character! runs
parallel to the lowest conduction band~with cationpy char-
acter!, which yields a high joint density of states. The tra
sition is fully allowed for polarization parallel to thec axis.
Let us assume, in the framework of a simplified one-g
Phillips–van Vechten model, that this transition correspo
to the effective Penn gapE0i determining«`i through Eq.
~4!. If we calculate the plasma energy from the valence b
electron density,E0i can be obtained from«`i . The result is
shown in Table V. This table also shows, for the sake
comparison, the value of the indirect gapEgi and its pressure
coefficient for each compound.10,42,43 In this model, these
transitions must be correlated, as they share the same
state~the conduction band minimum at the zone border!. The

FIG. 7. Pressure dependence ofE0i for GaS, GaSe, and InSe a
obtained from our experimental results. The lines represent
pressure dependence of the indirect band gap.
-
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pressure dependence of the Penn gap can be calculated,
our results, by means of Eq.~4!, taking into account the
compressibility of each compound, that enters in the press
dependence ofEPi . The results are shown in Fig. 7 and th
pressure coefficient at room pressure can be seen in T
VI. The results illustrated in Fig. 7 show that the pressu
dependence obtained forE0i is very similar to that ofEgi .
This, together with the fact that both the energy and press
coefficient ofE0i andEgi scale in the three compounds, a
pears as an indication of the plausibility of the present mo
and supports the electronic origin of the large pressure
crease of« i .

B. Temperature dependences

First, we want to point out some remarks regarding
temperature dependence ofni . The temperature derivative
]ni /]T can be calculated at different wavelengths by assu
ing thatni varies linearly withT in the range between 0 °C
and 120 °C. It can be seen from Fig. 5~a! that in GaS, this
derivative seems to be nearly constant betweenl
51000 nm and l51400 nm. Instead of that, in GaS
]ni /]T depends on the wavelength@see Fig. 5~b!#. The re-
sulting dependence of this derivative is shown in Fig.
~solid line!; a similar behavior is obtained for InSe. We thin
that this difference is related to the proximity of the abso
tion edge of GaSe and InSe to the region where the meas
ments were carried out. In fact, in InSe the wavelength h
to be extended beyond 1400 nm since the presence

e

FIG. 8. Temperature coefficient of the extraordinary refract
index of GaSe as a function of photon wavelength~solid line!. The
dotted line represents the effective coefficient.

TABLE VI. Van Vechten model parameters and indirect ba
gap for GaS, GaSe, and InSe. The pressure coefficient of the P
gap and of the indirect band gap are also given.

Material
E0i

@eV#
EPi

@eV#
]E0i /]P

@meV/GPa#
Egi

@eV#
]Egi /]P

@meV/GPa#

GaS 5.5060.15 11.44 2200610 2.5 2110610
GaSe 4.7660.15 10.77 2360630 2.0 2150620
InSe 3.8560.15 9.90 2210620 1.6 260610
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strong peak atl'990 nm affects the temperature coefficie
of ni . Finally, we note that the decrease of]ni /]T with
increasingl ~see Fig. 8! obtained from our data is not in
complete agreement with the previously reported results
GaSe.6,27 This disagreement can be related to the fact t
those measurements were carried out in a range of ene
including the exciton absorption line. Considering this, t
effects of the shift of the direct band gap (Egd) in ]ni /]T
must be taken into account in order to calculate](ln «`i)/]T
in GaSe and InSe.

Let us assume, as a first approximation, that the abs
tion edge is given by a step function. In that case, it can
easily shown that

]~Dni!

]T
5

22\ca0

p

~]Egd /]T!

Egd
2 2E2 , ~9!

where](Dni)/]T is the variation ofni due to the shift of the
direct band gap with the temperature,a0 is the absorption
coefficient andE is the photon energy. Thus, using for GaS
a0543104 cm21,44 Egd52.0196 eV,10 and ]Egd /]T5
20.5 meV/K,45 one can evaluate the effective temperatu
derivative ]ni* /]T from which we have calculated
](ln «`i)/]T. The dotted line of Fig. 8 shows]ni* /]T as a
function of l. We have also calculated](ln «`i)/]T for InSe
with the same approximation. The obtained values for t
coefficient in the three compounds are shown in Table II

The temperature dependence of«`i can be understood
with the help of Eq.~4!. From this equation it can be de
duced that the temperature coefficient of the electronic
electric constant is given by

] ln~«`i21!

]T
52b1

2b

x

] ln E0i

]P
22

] ln E0i

]T
, ~10!

whereb is the volume thermal expansion coefficient. The
by takingx andb from the literature10-12,31,46,47and using the
values previously deduced for]E0i /]P, it can be seen tha
the two first terms of Eq.~10!, which account for the effec
of thermal expansion, are always negative. Would this be
only operative mechanism, it would lead to a negative va
of ](ln «`i)/]T. Then, in order to account for the experime
tal temperature behavior of«`i , a decrease of the Penn ga
with increasing temperature must be assumed. The obta
values for](ln E0i)/]T are summarized in Table VII. In this
table, the logarithmic temperature derivative of the fund
mental gap is also given for comparison and turns out to
very close to that of the Penn gap in ea
semiconductor.45,48,49 The temperature dependence of t

TABLE VII. Volume thermal expansion coefficient, compres
ibility, and ](ln E0i)/]T for GaS, GaSe, and InSe. The logarithm
temperature derivative of the smallest band gap~Eg! is also given
for comparison.

Material b
@1026 K21#

x
@1023 GPa21#

](ln E0i)/]T
@1024 K21#

](ln Eg)]T
@1024 K21#

GaS 27.5 33 21.67 22
GaSe 30.5 35 21.85 22.38
InSe 44.5 3063 22.08 22.62
t

r
t
ies

p-
e

,

e

is

i-

,

e
e

ed

-
e

fundamental gap in III-VI semiconductors is known to b
determined by the interaction of electrons with homopo
optical phonons.50,51 In function of the results shown in
Table VII and taking into account that the self-energy co
tribution to the fundamental gap arises mainly from the v
lence band,51 it is reasonable to assume that the temperat
dependence of the Penn gap is also determined by elec
phonon interaction.

On the other hand, as the experimental value
](ln «`i)/]T is at least four times smaller than the tempe
ture coefficient of« i ~see Tables II and III!, the temperature
increase of« i cannot be explained only with the increase
«`i . Then, from these results and by means of an expres
analogous to Eq.~6!, we have estimated the temperature c
efficient of the lattice contribution to« i . The values of this
coefficient for GaS, GaSe, and InSe are given in Table
The logarithmic temperature derivative of«Li is consider-
ably larger than the corresponding derivative of«`i . By
comparison with II-VI and III-V compounds,«`i exhibits a
normal response, but the temperature coefficient of«Li is one
order of magnitude larger than the one observed in tetra
drally coordinated semiconductors.1 From Eq. ~5!, it is
straightforward to deduce

] ln «Li

]T
52b2

2b

x

] ln eTi*

]P
12

] ln eTi*

]T
1

2b

x

] ln vTOi

]P

22
] ln vTOi

]T
. ~11!

From the data given in Tables V and VII, the first, secon
and third term give neglectable contributions. As regards
last term, as the temperature coefficients of phonon mo
are very small~of the order of2231024 K21),52 its contri-
bution is of the order of 431024 K21. Then, in order to
account for the large temperature coefficient of«Li one must
assume a large increase ofeTi* with temperature. This term is
related to phonon-phonon interactions~as a consequence o
the crystal potential anharmonicity! through the increase o
the ion vibration amplitude. Unfortunately, in spite of bein
topics of constant interest, the effects of these anharmon
ties on the effective charge are not well understood. In
case of the layered III-VI semiconductors, we can point o
that the polar LO phonon mode~polarized along thec axis!
breaks the symmetry of one half layer with respect to
other, which could contribute to an extra mechanism of p
larization in which some electronic charge would be tra
ferred between half layers when the vibration amplitude
very large. We stress that this would be an extra mechan
of polarization, that would not appear in a rigid ion schem
In that case there would be electric polarization witho
charge transfer between the half layers, as the LO pho
mode changes the angle of the anion-cation bond with
spect to thec axis in a opposite way in each half layer. F
the sake of completeness we should also point out that
extra mechanism would not contribute to an increase ofeTi*
under pressure, as it depends on the vibration amplitude
decreases under pressure~as the phonon frequency in
creases!.
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V. CONCLUSIONS

The pressure dependence of« i of GaS, GaSe, and InS
has been measured up to 3 GPa. We have also measure
temperature dependence of« i , ni , andn' . All these data,
combined with earlier results, have led to evaluate the lat
and electronic contributions to the pressure behavior of« i ,
that is proposed to be controlled by the large increase of
electronic contribution. This fact was explained through
decrease of the Penn gap, which scales with the decrea
the indirect band gap of III-VI semiconductors. Finally, th
temperature behavior of« i has been discussed. The therm
expansion effects on both the lattice and electronic contri
s

v

vo

ti

y

v

s

,

s

u
v

m

l

the

e

he
a

of

l
u-

tion have been shown to be neglectable. The electronic c
tribution is dominated by the temperature decrease of
Penn gap due to electron-phonon interaction. In addition,
strong increase of the lattice contribution with temperat
was attributed to an extra mechanism related to the asym
try between half layers induced by the LO polar mode
large vibration amplitudes.
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V. Muñoz, Proceedings of the Joint XV AIRPAT and XXX
EHPRG International Conference,edited by W. Trzeciakowski
~World Scientific, Singapore, 1996!, p. 411.

42M. Mejatty, A. Segura, R. Le Toulec, J. M. Besson, A. Chev
and H. Fair, J. Phys. Chem. Solids39, 25 ~1978!.

43D. Errandonea, F. J. Manjo´n, J. Pellicer, A. Segura, and V. Mu
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