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This paper reports on the pressure dependence at room temperature of the absorption coefficient of the
layered semiconductor gallium telluride. The absorption edge in the explored pressure range 共up to 6.1 GPa兲
can be accounted for through the superposition and interaction of a direct gap and an indirect gap. The pressure
shift of the direct gap is strongly nonlinear, starting at low pressure with a coefficient of ⫺85.7
⫾0.4 meV/GPa and exhibiting a minimum at around 2.9 GPa. The exciton binding energy decreases under
pressure, which can be related to the increase of the dielectric constant. The broadening of the exciton line is
explained through phonon-assisted intervalley scattering of conduction-band electrons after the crossover between direct and indirect gaps, with an estimation of the related intervalley deformation potential.
关S0163-1829共99兲16035-1兴

I. INTRODUCTION

The layered materials of the III-VI family like gallium
telluride or gallium selenide are of special interest for its
potential applications in nonlinear and optical bistable
devices.1,2 GaTe is a direct-gap semiconductor3–6 with strong
excitonic absorption at room temperature 共RT兲. GaTe belongs to the space group7 B2/m, which has a monoclinic unit
cell. The layer structure of GaTe, as like that of GaSe, is
composed of a four-sheet Te共Se兲-Ga-Ga-Te共Se兲 intralayer
stacking pattern in which the bonds are mainly covalent with
some ionic contribution, while interlayer bonds are of weak
van der Waals type. But, in contrast to GaSe, one-third of the
Ga-Ga bonds lies almost in the layer plane. Band-structure
calculations are not available at present, because of the complexity of the crystallographic unit cell, that contains 12 molecules 共108 valence electrons兲. This explains why GaTe is
one of the less-studied III-VI layered semiconductors. The
study under pressure allows one to tune the degree of anisotropy in bonding, and helps to understand the nature of interactions. The pressure effects in related materials like GaSe
共Ref. 8兲 and InSe 共Ref. 9兲 have been studied in recent years
but, to the best of our knowledge, only Niilisk10 studied the
low-pressure energy shift of the band gap in GaTe through
photoconductivity experiments, whose intrinsic accuracy is
not as good as the one obtained by optical measurements, as
photoconductivity spectra depend on the carrier diffusion
length and surface recombination velocity.
X-ray-diffraction 共XRD兲 and optical reflectivity
measurements11 report on the pressure dependence of GaTe
lattice parameters up to 8 GPa, and show that this material
undergoes a first-order transition at 10 GPa into a new metallic high pressure polymorph with NaCl-type structure,
similar to that observed in InSe at 10 GPa. In addition, recent
x-ray-absorption spectroscopy 共XAS兲 experiments12 report
on the pressure dependence of the Ga-Te and Ga-Ga bond
lengths.
In this work we present measurements of the absorption
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edge under pressure at RT. Experimental details are given in
Sec. II. Section III is devoted to the presentation, interpretation and discussion of the experimental results. Finally, conclusions are presented in Sec. IV.
II. EXPERIMENT

The GaTe single crystals used in this work were cleaved
from an ingot grown by the Bridgman-Stockbarger method.
The samples were easily cleaved in the layer plane due to the
existence of weak interlayer bonds. They were prepared with
dimensions 100⫻100⫻6.1 and 100⫻100⫻4.6  m3, and
with the larger faces parallel to the layer plane. In each case
the sample was placed just after the cleavage together with a
ruby chip in a 200-m-diameter hole drilled on a 60-mthick Inconel gasket and inserted between the diamonds of a
diamond-anvil cell 共DAC兲.13 A 4:1 methanol-ethanol mixture was used as pressure transmitting medium to ensure hydrostatic conditions13,14 up to 10 GPa. The pressure was
measured from the shift of the R 1 line of the ruby fluorescence. Two experimental arrangements were utilised. With
the 6.1-m sample, we used a membrane DAC 共MDAC兲.15
In this case, the optical source was a tungsten lamp chopped
at 180 KHz. The light from the lamp was collimated and
focused on the MDAC as a 40-m spot. The transmitted
light was newly collimated, spatially filtered and focused on
the entrance slit of a Jovin-Ivon THR 1000 monochromator,
with a dispersion of 16 Å/mm in the slit plane. The photodetector was a Si photodiode whose signal was synchronously measured with a lock-in amplifier. In the case of the
4.6-m sample, we used a Piermarini and Block cell.16 In
this setup we utilized a 1681 SPEX spectrometer with a grating of 1200 groves/mm and a focal of 0.22 m. The light
exiting the monochromator was detected with a photomultiplier. All measurements were performed at RT, with incident
nonpolarized light propagating in the direction perpendicular
to the layers.
The transmittance was measured in the DAC up to 12
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2.4 GPa a low-energy tail appears. As in GaSe, this is associated with the red shift of the indirect absorption edge.
Following Elliot,18 the optical absorption is enhanced by
the interaction between the electron and the hole. According
to Toyozawa,19 when the electron lattice coupling is strong
or the temperature is high, the line shapes of the exciton are
Gaussian. Thus, in the Elliot-Toyozawa model, the absorption is given by
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FIG. 1. Pressure evolution of the experimental absorption coefficient for GaTe in the direction perpendicular to the layers (T
⫽300 K兲. The curves are shifted 1500 cm⫺1 for clarity.

GPa using the sample-in sample-out method.8 Although stray
light was minimized by spatial filtering, we measured residual stray light in the high absorption region of the sample.
The contribution to the spectrum coming from the residual
stray light was removed by subtracting the minimum transmittance to every experimental spectrum. Then a correction
was made to obtain the theoretical transmittance by adjusting
the experimental transmittance at the spectral range where
the sample is transparent to the theoretical value. This range
is fixed using the criterion of constant transmittance. With
the increase of light scattering at high pressure, this criterion
becomes very loose, and we limited the analysis to spectra
taken up to 6.1 GPa. Finally, the absorption coefficient ␣ was
calculated taking into account the theoretical transmittance,
the thickness of the sample and its reflectivity, which is a
function of the refractive indexes of GaTe and that of the
ethanol-methanol mixture 共given under pressure as a function of frequency in Ref. 17兲. The sample thickness at ambient pressure was determined from the interference fringe pattern in the transparent region. Its variation with pressure was
calculated from the compressibility given in Ref. 11.
We should point out that we observed transmitted light up
to 9.4 GPa, with a higher presence of scattered light as pressure increased. Above this pressure the sample became
opaque. This result agrees with the transition, at 10 GPa, to a
high pressure polymorph of the NaCl structure described in
Ref. 11.
III. RESULTS AND DISCUSSION
A. Optical absorption coefficient as a function of pressure

In Fig. 1 we present the evolution of the absorption edge
of GaTe at RT from ambient pressure up to 6.1 GPa. The
exciton structure is clearly observable up to 1.8 GPa. Above
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Here R is the Rydberg energy, E 0 the gap,  the exciton
reduced mass, m 0 the free-electron mass, n the refractive
index, M R the matrix element for electron-photon interaction, ⌫ c the continuum width, and E m and ⌫ m the energy and
half-width of the mth exciton line respectively. For the halfwidth of the mth line we used the empirical relation21
⌫ m ⫽⌫ e ⫺ 共 ⌫ e ⫺⌫ 1 兲 /m 2 ,
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In order to obtain an analytical expression to be used in a
least-square fitting procedure, we approximated the contribution of the continuum in the Elliot’s formula 关Eq. 共1兲兴 by a
Heaviside function. In this way we obtained

␣共 E 兲⫽

C 0 R 1/2
E
⫹

再兺
⬁

m⫽1

2R
1
2
2
e ⫺ 共 E⫺E m 兲 /2⌫ m
3
m ⌫ m 冑2 

冋 冉 冊 册冎

E 0 ⫺E
1
1⫺Er f
2
&⌫ c

.

共5兲

For E⬍E 0 ⫹2R the approximation leads to a relative error smaller than 1%, and for E⬍E 0 ⫹4R smaller than 5%.
The shape of the exciton peak at RT is clearly asymmetric. Attempts to fit the peak with asymmetric function shapes
lead to extra parameters with no physical meaning. Nevertheless, from the study of GaTe at low temperature,3 we
know that the main part of this asymmetry is due to the
presence of a very intense peak at about 17 meV above the
exciton. This energy corresponds to that of one strong feature in infrared absorption and reflection spectra corresponding to resonant absorption of a 18-meV polar-optical
phonon.20 A similar peak is also observed in the absorption
edges of GaSe 共Ref. 21兲 and InSe,22 and has been attributed
to a resonant absorption with creation of excitons and LO
polar phonons. In GaSe and InSe this peak is relatively
weak, and can be neglected in the fitting procedure. On the
conversely its integrated intensity in GaTe is comparable to
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FIG. 2. Experimental and fitted optical absorption spectrum for
GaTe at P⫽0.3 GPa. The curve labeled I represents the experimental spectrum, curve II the theoretical fit, curve III the theoretical fit
without the optical phonon contribution, curve IV the continuous
part, curve V the discrete one, and curve VI the optical-phonon
contribution.

that of the exciton and does not decrease in the temperature
range through which it does not overlap with the exciton.3 It
is reasonable to assume that it is also present at RT, and
contributes to the asymmetry of the observed peak. In order
to introduce this contribution we limit ourselves to describing it in a phenomenological way. An analysis of its variation on temperature showed that its energy position respect
to the exciton remains constant from 30 to 190 K. As concerns its temperature broadening, it can be reproduced by
convolution of its low-temperature shape with the excitonic
peak at a given temperature. Then we assume that its behavior under pressure can be obtained in the same way. The ratio
between the intensity of the exciton absorption and the one
coming from the creation of an exciton with simultaneous
emission of a LO phonon is maintained constant for different
pressures in the fitting procedure. The pressure dependence
of phonon frequencies in GaTe has not been measured. By
comparison with related compounds InSe and GaSe, an increase of the order of 6% is expected in the explored pressure range. Then this variation can be neglected in this analysis.
In Fig. 2 we show, as an example, the analysis of the
spectrum taken at 0.3 GPa. All the contributions are detailed:
curve I represents the experimental spectrum, curve II the
theoretical fit, curve III the theoretical fit without the opticalphonon contribution, curve IV the continuous part, curve V
the discrete part and, finally, curve VI the optical phonon
contribution.
The indirect absorption contribution which becomes apparent at 2.4 GPa was described through the usual equation
for an indirect edge,23 neglecting the contribution of absorption of a phonon because it is representative only in the low
absorption tail, that could not be measured with such a thin
sample. In this way we were able to deduce the pressure shift
of the energy of the indirect edge plus the energy of the
phonon that takes part in the process. In the high-pressure
spectra the indirect edge is clearly separated, and its pressure
coefficient can be determined. Below 1.5 GPa its contribution is too weak and the fitting procedure yields very large
uncertainties for the indirect edge parameters.
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FIG. 3. Variation of direct and indirect gaps under pressure. The
squares and circles represent values of the direct and indirect gaps,
respectively. Filled symbols: 6.1-m sample. Hollow symbols:
4.6-m sample.
B. Pressure dependence of direct- and indirect-band-gap
energies

Figure 3 gives the pressure dependence of both direct and
indirect gaps. As in GaSe and InSe, the pressure dependence
of the direct gap is strongly nonlinear, with a minimum that
occurs at a much higher pressure, 2.9 GPa ( P m ), with respect to InSe ( P m ⫽0.5 GPa兲 or GaSe ( P m ⫽1.3 GPa兲. The
band gap at room pressure is 1.680⫾0.004 eV, in accordance
with previous results.3–6 At low pressure the direct gap shifts
at a rate 85.7⫾0.4 meV/GPa, a larger absolute value than
those of InSe and GaSe, which are about ⫺17 and ⫺45
meV/GPa, respectively. Our result is also to be compared
with the one obtained in Ref. 10 for GaTe, ⫺100 meV/GPa.
The slight disagreement can be accounted for by the fact that
the photoconductivity edge depends not only on the band
gap, but also on magnitudes such as the carrier diffusion
length or surface recombination velocity, whose pressure dependence is not known.
In the pressure range where the GaTe indirect gap can be
determined, its behavior is similar to that of GaSe and
InSe,8,24 with a pressure coefficient that decreases with increasing pressure. Adjusting its dependence to a secondorder equation, we can obtain a rough approximation of its
value at room pressure 共1.82 eV兲 and the direct to indirect
crossover pressure 共1.2 GPa兲.
The band structure of GaTe is not known. The band structures of InSe and GaSe could be a good starting point for any
band-structure consideration in GaTe, based on the fact that,
in spite of the crystal structure differences, the three compounds share the same kind of intralayer and interlayer
bonds and atomic coordination. The main novelty is that
one-third of the Ga-Ga bonds lies almost in the layer plane.
Because of this, in the direction perpendicular to the c axis,
the fundamental translation in the layer plane includes three
units Ga2Te2 共and not one as in the other compounds兲. The
main features of band structure could be deduced through a
triple folding of InSe band structure in one direction of the
layer plane, as in both compounds all layers are equivalent.
This folding should not change the character of the upper
valence and lower conduction bands.
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In order to explain the pressure variation of the band gap
in III-VI layered semiconductors a simple model was developed in previous works,8,9 based on the assumption that the
layer compressibility is isotropic. In this model, the topmost
valence band and the lowest conduction band originate
mainly from s p z orbitals 共cation s orbitals and anion p z orbitals兲, showing in the first place a strong bondingantibonding repulsion attributed to the covalent character of
the intralayer bonding, and, second, by a band widening
caused by the interaction of p z orbitals. Consistently, the
band-gap variation was written in terms of intralayer and
interlayer distances, and deformation potentials for both distances were deduced. On the same hypothesis, one can calculate intralayer and interlayer compressibilities from XRD
experiments under pressure,8 and deduce the deformation potentials in GaTe by fitting to experimental results of Fig. 3.
The deformation potentials turn out to be dE/dc i ⫽⫺2.4
⫾0.5 eV/Å for the intralayer distances, and dE/dc l ⫽⫺1.1
⫾0.2 eV/Å for the interlayer distances. Coherently with the
higher pressure for the gap minimum, the interlayer potential
in GaTe is higher than in GaSe and InSe.
However, recent XAS experiments12,25,26 show that in
GaTe, GaSe, and InSe, pressure originates structural changes
inside the layers that cannot be described by a simple compressibility parameter. This effect consists in a considerable
augmentation of the angle between the anion-cation bond
and the anion planes, which introduces a positive contribution to the anion-anion intralayer distance that is not compensated for by the bond-length decrease. Consequently, the
layer thickness that was used in previous models increases
with pressure. The application of the above mentioned
simple models would lead to deformation potentials with no
physical meaning. As a result, it is necessary the use of a
more sophisticated model for the band-gap variation, based
on pseudopotential or linear muffin-tin orbital methods,27,28
recently applied to the investigation of band structure in
InSe. Under a slightly different point of view, in these models the upper valence band would come mainly from anion
nonbonding p z states, and the lower conduction band from
antibonding cation s states, with a certain mixture of cation
and anion p z orbitals. The most important contribution to the
linear positive shift of the conduction band can be attributed
to the increase of bonding-antibonding splitting of the cation
s level caused by the cation-cation bond-length decrease. The
positive nonlinear shift of the valence band can be attributed
in its turn to the increase of overlap between anion p z orbitals of adjacent layers. The nonlinearity is attributed to the
strong interaction between the anions in the interlayer space.
At low pressure this term dominates as the interlayer distances decrease very quickly, which results in a negative
pressure coefficient for the band gap. The variation of the
interlayer distance is strongly nonlinear and tends to saturate.
Then, at higher pressures, the cation bonding-antibonding
splitting dominates and the pressure coefficient of the band
gap becomes positive. From the tilt of the Te P z orbitals with
respect to the layer planes and the larger extent of these
orbitals 共with respect to the Se p z orbitals兲 a stronger interlayer interaction could be expected. As the interlayer interaction is stronger the interaction between the p z orbitals of
tellurium is more effective, and the minimum bandgap is
reached at a higher pressure. Attempts to describe results of
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FIG. 4. 共a兲 Variation of the exciton binding energy as a function
of pressure. Filled symbols: 6.1-m sample. Hollow symbols:
4.6-m sample 共b兲 Evolution under pressure of C 0 关see Eq. 共2兲 for
definition兴. Triangles: Fit carried out taking into account only of the
direct edge contribution. Squares: Fit carried out including both the
direct and indirect edges.

Fig. 3 with deformation potentials for the cation-cation bond
length and the average anion-anion intralayer distance 共as
deduced from XAS experiments兲 have failed. This failure is
understandable when one takes into account that the relative
change of the interlayer distance from ambient pressure to 3
GPa is as large as 30%. On the other side hand, the bondangle variation strongly affects the orbital mixing in each
band and limits the validity of simple deformation potential
models. Full band structure calculations seem to be necessary to explain these results.
C. Exciton Rydberg variation under pressure

The pressure dependence of the exciton Rydberg as obtained from our fitting procedure is shown in Fig. 4共a兲. At
ambient pressure the value found was 14.2⫾1.0 meV. Previous works3,29 reported values of the order of 16 meV at 30 K,
which are coherent with ours if we take into account the
expected increase in the dielectric constant and decrease of
the effective masses when increasing the temperature up to
RT. The static dielectric constant can be estimated from the
electronic contribution3 and the LO and TO frequencies30
through the Lyddane-Sachs-Teller relation, yielding  0
⫽12.5. Due to the lack of information about the dielectric
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FIG. 5. Calculated variation of the static dielectric constant.
Filled symbols: 6.1-m sample. Hollow symbols: 4.6-m sample.

constant and effective-mass anisotropy, we will discuss the
results on the basis of an isotropic model,
R⫽R ⬁


,
 20

共6兲

where R ⬁ is the hydrogenic Rydberg,  is the effective exciton mass, and ⑀ 0 the static dielectric constant. At ambient
pressure, Eq. 共6兲 yields  ⫽0.14m 0 .
According to the k•p model, if the matrix element of the
fundamental transition is high enough to dominate with respect to higher-energy transitions, the electron effective mass
is proportional to the direct gap. As the absorption coefficient at the gap is half the typical values for III-V semiconductors like GaAs, one can assume that the k•p model applies reasonably well. As the hole effective mass in III-VI
chalcogenides is very high, we can assume that the exciton
reduced mass is very close to the electron effective mass.
With these assumptions, the pressure dependence of the
static dielectric constant can be calculated from the pressure
dependence of the exciton Rydberg, as shown in Fig. 5. At
ambient pressure the pressure coefficient is d 0 /d P
⬇1.3 GPa⫺1. From refractive index measurements under
pressure it is known that the increase of the electronic contribution for polarization parallel to the layers is of the order
of d ⬁ /d P⬇0.33 GPa⫺1. We can conclude that GaTe behaves as GaS, GaSe, and InSe, and exhibits a strong increase
under pressure of the static dielectric constant for polarization perpendicular to the layers. It has been recently shown
that this increase is mainly of electronic origin.31 The contribution of Van der Waals forces to crystal binding along that
direction would make layered semiconductors to behave as
molecular solids31,32 for polarization perpendicular to the
layers. Band broadening effects dominate the pressure dependence of the effective Penn gap, which decreases under
pressure, leading to the strong increase of the electronic polarizability.
D. Evolution of the matrix element with pressure

Figure 4共b兲 shows the evolution of the C 0 constant under
pressure. A clear decrease is observed in the whole pressure

8875

range. The less pronounced decrease in the low-pressure
range can be attributed to the fact that the indirect-gap contribution was not included in the fitting procedure, in order to
reduce the number of fitting parameters. Also, from 1 GPa
on, the exciton structure begins to smear and it is difficult to
separate the contributions from C 0 and the exciton Rydberg
to the absorption intensity 关Eq. 共5兲兴. Consequently, the error
in the determination of C 0 increases. The fact that the decrease of C 0 is larger than that expected from the E 3/2
g dependence indicates a decrease of the matrix element under
pressure, that has been already observed in GaSe.8 As the
allowed character of the fundamental transition 共for polarization parallel to the layers兲 is attributed to the contribution of
lower valence bands with p x ⫺ p y character to the uppermost
valence band 共mainly with p z character兲, the decrease of the
matrix element indicates that the band mixing decreases under pressure due to the increase of the energy difference
(⌬E v 12) between those bands, that has been actually observed in GaSe.33 In InSe, the matrix element also exhibits a
behavior clearly correlated with this energy difference: it decreases in the low-pressure range 共through which ⌬E v 12 increases兲 and increases above 2 GPa 共when ⌬E v 12
decreases兲.34 Results of Fig. 4共b兲 suggest that, in spite of the
crystal structure differences, the behavior of the matrix element is also correlated with the energy difference ⌬E v 12 . As
the direct band gap in GaTe exhibits a wider range with a
negative pressure coefficient, one would also expect ⌬E v 12
to increase in a wider pressure range 共with respect to GaSe
and InSe兲. This energy difference would be not so strictly
correlated with the spin-orbit splitting in the anion as proposed by several authors.6,35 In fact, attempts to apply
Hopfield’s quasicubic mode36 to InSe and GaSe band
structure22 are in contradiction with recent first-principles
band structure calculations in InSe,27 showing that the value
of ⌬E v 12 in the Z point of the rhombohedral Brillouin zone
共where the maximum of the uppermost valence band lies兲 is
mainly due to the large dispersion of this band along the ⌫Z
direction. In the ⌫ point, where the Hopfield model should be
applied, the order of the bands is reversed and the p x ⫺p y
bands lie about 0.4 eV above the p z band. If GaTe had an
InSe structure, with the higher spin-orbit splitting in Te
共about 1 eV兲, one could obtain its valence-band structure
from the InSe band structure by shifting the p z nonbonding
band down in energy by about 0.6 eV 关the difference in the
spin-orbit splitting between Te and Se 共Ref. 37兲兴 with
respect to the p x ⫺ p y bands. If we assume the same width for
the p z band, ⌬E v 12 in the Z point would be about 0.5 eV
共compared to 1.1 eV in InSe兲. If the band mixing is proportional to (⌬E v 12) ⫺1 , the matrix element would be approximately four times that of InSe, as it actually occurs. Obviously, GaTe does not have an InSe rhombohedral structure,
but, as was mentioned in Sec. III B, it also consists of one
layer per unit cell and the anion distribution is very similar to
that of InSe, which means that the dispersion of the nonbonding p z upper valence band cannot be very different from
that of InSe. The lower symmetry in the GaTe planes 共with
six molecules per unit cell兲 can be introduced by a triple
folding in one direction of the layers, that should not affect
the character and dispersion of the uppermost valence band.
The existence of the in-plane Ga-Ga bonds distorts the disposition of the anions 共that do not lie in a plane兲 and in-
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FIG. 6. Variation of the half-width ⌫ of the 1s exciton line
under pressure. ⌫ is constant until the crossover ( P⫽1.2 GPa兲.
From this point on it increases due to intervalley scattering. Filled
symbols: 6.1-m sample. Hollow symbols: 4.6-m sample.
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the scattering, ⌬E 12 is the energy difference between the
indirect and direct gaps,  ⫽5.44 g/cm3 is the density for
GaTe, m 02 is the density-of-states effective mass at the second minimum point of the conduction band, D 12 is the phonon deformation potential for intervalley phonon scattering,
and M is the number of equivalent indirect minima in the
conduction band.
Unfortunately, very little is known about the structure of
the conduction band in GaTe nor the position of the excited
minima in the first Brillouin zone. We can in any case show
that Eq. 共8兲 reproduces the observed pressure evolution. The
symmetry of the monoclinic cell implies M ⫽2 共if the
minima are on the mirror plane or on the second-order rotation axis兲 or M ⫽4 共if the minima are elsewhere兲. In the
second hypothesis, and assuming a value m 2 ⫽0.4m 0 共as in
InSe兲, fitting Eq. 共7兲 to the experimental data yields D 12
⫽3.0⫾1.5 eV/Å and E q ⫽21⫾11 meV.
IV. CONCLUSIONS

creases the anion-anion interaction between the half layers.
This should result also in a stronger mixing of the uppermost
Te p z nonbonding band with the lower Te p x -p y bands
E. Exciton broadening with pressure

Figure 6 shows the values of the half-width ⌫ 1 with pressure. Within the fit uncertainty ⌫ 1 is fairly constant up to 1.2
GPa and increases above this pressure. As this is the crossover pressure, the broadening can be attributed to intervalley
scattering between the conduction-band minima corresponding to direct and indirect transitions.
From the line broadening effect we can estimate the corresponding phonon deformation potential. Within the
effective-mass approximation the exciton broadening ⌬⌫ 1
induced by scattering with zone-edge phonons can be expressed as a function of the energy difference between the
conduction-band minima:38
⌬⌫⫽

S
关共 N q ⫹1 兲 ⌰ 共 ⌬E 12⫺E q 兲 冑⌬E 12⫺E q
Eq
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We have extended to GaTe the optical studies that have
been carried out in other layered semiconductors of the same
family, like GaSe or InSe. As concerns the optical absorption
analysis, the main difference with these compounds has been
the necessity of including the contribution of resonant absorption with creation of excitons and LO polar phonons.
The behavior of the gap under pressure is highly nonlinear,
showing a minimum at 2.9 GPa, a higher value that the one
obtained for GaSe and InSe. The reason for this difference is
that although the intralayer interaction is of the same nature
as that in InSe or GaSe, the interlayer interaction is clearly
stronger, due to the tilt of Te p z orbitals and the larger extent
of these orbitals with respect to Se. The pressure dependence
of the Rydberg energy is mainly accounted for by the large
increase of the dielectric constant. The observed decrease of
the direct transition matrix element seems to be correlated
with the increase of the energy difference between the p z
antibonding uppermost valence band and lower valence
bands with p x and p y character. We also shared the decrease
of the indirect gap under pressure. The crossover results at
1.2 GPa, were shown both by the pressure dependence of the
gaps and by the sudden increase in the exciton width, this
last one explained through the intervalley scattering between
conduction-band minima.
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Here ⌰ is the Heaviside function, E q and N q are the energy and the occupation number of the phonon involved in
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