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Optical absorption in GaTe under high pressure
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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~up to 6.1 GPa!
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 of285.7
60.4 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 be-
tween direct and indirect gaps, with an estimation of the related intervalley deformation potential.
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I. INTRODUCTION

The layered materials of the III-VI family like gallium
telluride or gallium selenide are of special interest for
potential applications in nonlinear and optical bistab
devices.1,2 GaTe is a direct-gap semiconductor3–6 with strong
excitonic absorption at room temperature~RT!. GaTe be-
longs to the space group7 B2/m, which has a monoclinic uni
cell. The layer structure of GaTe, as like that of GaSe
composed of a four-sheet Te~Se!-Ga-Ga-Te~Se! intralayer
stacking pattern in which the bonds are mainly covalent w
some ionic contribution, while interlayer bonds are of we
van der Waals type. But, in contrast to GaSe, one-third of
Ga-Ga bonds lies almost in the layer plane. Band-struc
calculations are not available at present, because of the c
plexity of the crystallographic unit cell, that contains 12 mo
ecules~108 valence electrons!. This explains why GaTe is
one of the less-studied III-VI layered semiconductors. T
study under pressure allows one to tune the degree of an
ropy in bonding, and helps to understand the nature of in
actions. The pressure effects in related materials like G
~Ref. 8! and InSe~Ref. 9! have been studied in recent yea
but, to the best of our knowledge, only Niilisk10 studied the
low-pressure energy shift of the band gap in GaTe thro
photoconductivity experiments, whose intrinsic accuracy
not as good as the one obtained by optical measuremen
photoconductivity spectra depend on the carrier diffus
length and surface recombination velocity.

X-ray-diffraction ~XRD! and optical reflectivity
measurements11 report on the pressure dependence of Ga
lattice parameters up to 8 GPa, and show that this mate
undergoes a first-order transition at 10 GPa into a new
tallic high pressure polymorph with NaCl-type structur
similar to that observed in InSe at 10 GPa. In addition, rec
x-ray-absorption spectroscopy~XAS! experiments12 report
on the pressure dependence of the Ga-Te and Ga-Ga
lengths.

In this work we present measurements of the absorp
PRB 600163-1829/99/60~12!/8871~7!/$15.00
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edge under pressure at RT. Experimental details are give
Sec. II. Section III is devoted to the presentation, interpre
tion and discussion of the experimental results. Finally, c
clusions are presented in Sec. IV.

II. EXPERIMENT

The GaTe single crystals used in this work were cleav
from an ingot grown by the Bridgman-Stockbarger metho
The samples were easily cleaved in the layer plane due to
existence of weak interlayer bonds. They were prepared w
dimensions 100310036.1 and 100310034.6mm3, and
with the larger faces parallel to the layer plane. In each c
the sample was placed just after the cleavage together w
ruby chip in a 200-mm-diameter hole drilled on a 60-mm-
thick Inconel gasket and inserted between the diamonds
diamond-anvil cell~DAC!.13 A 4:1 methanol-ethanol mix-
ture was used as pressure transmitting medium to ensure
drostatic conditions13,14 up to 10 GPa. The pressure wa
measured from the shift of theR1 line of the ruby fluores-
cence. Two experimental arrangements were utilised. W
the 6.1-mm sample, we used a membrane DAC~MDAC!.15

In this case, the optical source was a tungsten lamp chop
at 180 KHz. The light from the lamp was collimated an
focused on the MDAC as a 40-mm spot. The transmitted
light was newly collimated, spatially filtered and focused
the entrance slit of a Jovin-Ivon THR 1000 monochromat
with a dispersion of 16 Å/mm in the slit plane. The phot
detector was a Si photodiode whose signal was sync
nously measured with a lock-in amplifier. In the case of t
4.6-mm sample, we used a Piermarini and Block cell.16 In
this setup we utilized a 1681 SPEX spectrometer with a g
ing of 1200 groves/mm and a focal of 0.22 m. The lig
exiting the monochromator was detected with a photomu
plier. All measurements were performed at RT, with incide
nonpolarized light propagating in the direction perpendicu
to the layers.

The transmittance was measured in the DAC up to
8871 ©1999 The American Physical Society
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GPa using the sample-in sample-out method.8 Although stray
light was minimized by spatial filtering, we measured r
sidual stray light in the high absorption region of the samp
The contribution to the spectrum coming from the resid
stray light was removed by subtracting the minimum tra
mittance to every experimental spectrum. Then a correc
was made to obtain the theoretical transmittance by adjus
the experimental transmittance at the spectral range w
the sample is transparent to the theoretical value. This ra
is fixed using the criterion of constant transmittance. W
the increase of light scattering at high pressure, this crite
becomes very loose, and we limited the analysis to spe
taken up to 6.1 GPa. Finally, the absorption coefficienta was
calculated taking into account the theoretical transmittan
the thickness of the sample and its reflectivity, which is
function of the refractive indexes of GaTe and that of t
ethanol-methanol mixture~given under pressure as a fun
tion of frequency in Ref. 17!. The sample thickness at amb
ent pressure was determined from the interference fringe
tern in the transparent region. Its variation with pressure w
calculated from the compressibility given in Ref. 11.

We should point out that we observed transmitted light
to 9.4 GPa, with a higher presence of scattered light as p
sure increased. Above this pressure the sample bec
opaque. This result agrees with the transition, at 10 GPa,
high pressure polymorph of the NaCl structure described
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 ed
of GaTe at RT from ambient pressure up to 6.1 GPa. T
exciton structure is clearly observable up to 1.8 GPa. Ab

FIG. 1. Pressure evolution of the experimental absorption c
ficient for GaTe in the direction perpendicular to the layersT
5300 K!. The curves are shifted 1500 cm21 for clarity.
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2.4 GPa a low-energy tail appears. As in GaSe, this is a
ciated with the red shift of the indirect absorption edge.

Following Elliot,18 the optical absorption is enhanced b
the interaction between the electron and the hole. Accord
to Toyozawa,19 when the electron lattice coupling is stron
or the temperature is high, the line shapes of the exciton
Gaussian. Thus, in the Elliot-Toyozawa model, the abso
tion is given by

a~E!5
C0R1/2

E H (
m51

`
2R

m3

1

GmA2p
e2~E2Em!2/2Gm

2

1E
E0

`

dE8
1

12e22pAR/E82E0

1

GA2p
e~E82E!2/2Gc

2J ,

~1!

with

C05
4p2~2m!3/2e2uMRu2

nc\2m0
2 , ~2!

Em5E02R/m2. ~3!

Here R is the Rydberg energy,E0 the gap,m the exciton
reduced mass,m0 the free-electron mass,n the refractive
index, MR the matrix element for electron-photon intera
tion, Gc the continuum width, andEm andGm the energy and
half-width of themth exciton line respectively. For the half
width of themth line we used the empirical relation21

Gm5Ge2~Ge2G1!/m2, ~4!

In order to obtain an analytical expression to be used i
least-square fitting procedure, we approximated the contr
tion of the continuum in the Elliot’s formula@Eq. ~1!# by a
Heaviside function. In this way we obtained

a~E!5
C0R1/2

E H (
m51

`
2R

m3

1

GmA2p
e2~E2Em!2/2Gm

2

1
1

2 F12Er f S E02E

&Gc
D G J . ~5!

For E,E012R the approximation leads to a relative e
ror smaller than 1%, and forE,E014R smaller than 5%.

The shape of the exciton peak at RT is clearly asymm
ric. Attempts to fit the peak with asymmetric function shap
lead to extra parameters with no physical meaning. Nev
theless, from the study of GaTe at low temperature,3 we
know that the main part of this asymmetry is due to t
presence of a very intense peak at about 17 meV above
exciton. This energy corresponds to that of one strong f
ture in infrared absorption and reflection spectra correspo
ing to resonant absorption of a 18-meV polar-optic
phonon.20 A similar peak is also observed in the absorpti
edges of GaSe~Ref. 21! and InSe,22 and has been attribute
to a resonant absorption with creation of excitons and
polar phonons. In GaSe and InSe this peak is relativ
weak, and can be neglected in the fitting procedure. On
conversely its integrated intensity in GaTe is comparable

f-
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PRB 60 8873OPTICAL ABSORPTION IN GaTe UNDER HIGH PRESSURE
that of the exciton and does not decrease in the tempera
range through which it does not overlap with the exciton.3 It
is reasonable to assume that it is also present at RT,
contributes to the asymmetry of the observed peak. In o
to introduce this contribution we limit ourselves to descr
ing it in a phenomenological way. An analysis of its vari
tion on temperature showed that its energy position res
to the exciton remains constant from 30 to 190 K. As co
cerns its temperature broadening, it can be reproduced
convolution of its low-temperature shape with the excito
peak at a given temperature. Then we assume that its be
ior under pressure can be obtained in the same way. The
between the intensity of the exciton absorption and the
coming from the creation of an exciton with simultaneo
emission of a LO phonon is maintained constant for differ
pressures in the fitting procedure. The pressure depend
of phonon frequencies in GaTe has not been measured
comparison with related compounds InSe and GaSe, an
crease of the order of 6% is expected in the explored p
sure range. Then this variation can be neglected in this an
sis.

In Fig. 2 we show, as an example, the analysis of
spectrum taken at 0.3 GPa. All the contributions are detai
curve I represents the experimental spectrum, curveII the
theoretical fit, curveIII the theoretical fit without the optical
phonon contribution, curveIV the continuous part, curveV
the discrete part and, finally, curveVI the optical phonon
contribution.

The indirect absorption contribution which becomes a
parent at 2.4 GPa was described through the usual equ
for an indirect edge,23 neglecting the contribution of absorp
tion of a phonon because it is representative only in the
absorption tail, that could not be measured with such a
sample. In this way we were able to deduce the pressure
of the energy of the indirect edge plus the energy of
phonon that takes part in the process. In the high-pres
spectra the indirect edge is clearly separated, and its pres
coefficient can be determined. Below 1.5 GPa its contri
tion is too weak and the fitting procedure yields very lar
uncertainties for the indirect edge parameters.

FIG. 2. Experimental and fitted optical absorption spectrum
GaTe atP50.3 GPa. The curve labeledI represents the experimen
tal spectrum, curveII the theoretical fit, curveIII the theoretical fit
without the optical phonon contribution, curveIV the continuous
part, curveV the discrete one, and curveVI the optical-phonon
contribution.
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B. Pressure dependence of direct- and indirect-band-gap
energies

Figure 3 gives the pressure dependence of both direct
indirect gaps. As in GaSe and InSe, the pressure depend
of the direct gap is strongly nonlinear, with a minimum th
occurs at a much higher pressure, 2.9 GPa (Pm), with re-
spect to InSe (Pm50.5 GPa! or GaSe (Pm51.3 GPa!. The
band gap at room pressure is 1.68060.004 eV, in accordance
with previous results.3–6 At low pressure the direct gap shift
at a rate 85.760.4 meV/GPa, a larger absolute value th
those of InSe and GaSe, which are about217 and 245
meV/GPa, respectively. Our result is also to be compa
with the one obtained in Ref. 10 for GaTe,2100 meV/GPa.
The slight disagreement can be accounted for by the fact
the photoconductivity edge depends not only on the b
gap, but also on magnitudes such as the carrier diffus
length or surface recombination velocity, whose pressure
pendence is not known.

In the pressure range where the GaTe indirect gap ca
determined, its behavior is similar to that of GaSe a
InSe,8,24 with a pressure coefficient that decreases with
creasing pressure. Adjusting its dependence to a sec
order equation, we can obtain a rough approximation of
value at room pressure~1.82 eV! and the direct to indirect
crossover pressure~1.2 GPa!.

The band structure of GaTe is not known. The band str
tures of InSe and GaSe could be a good starting point for
band-structure consideration in GaTe, based on the fact
in spite of the crystal structure differences, the three co
pounds share the same kind of intralayer and interla
bonds and atomic coordination. The main novelty is th
one-third of the Ga-Ga bonds lies almost in the layer pla
Because of this, in the direction perpendicular to thec axis,
the fundamental translation in the layer plane includes th
units Ga2Te2 ~and not one as in the other compounds!. The
main features of band structure could be deduced throug
triple folding of InSe band structure in one direction of th
layer plane, as in both compounds all layers are equival
This folding should not change the character of the up
valence and lower conduction bands.

r FIG. 3. Variation of direct and indirect gaps under pressure. T
squares and circles represent values of the direct and indirect g
respectively. Filled symbols: 6.1-mm sample. Hollow symbols:
4.6-mm sample.
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In order to explain the pressure variation of the band g
in III-VI layered semiconductors a simple model was dev
oped in previous works,8,9 based on the assumption that t
layer compressibility is isotropic. In this model, the topmo
valence band and the lowest conduction band origin
mainly from spz orbitals ~cations orbitals and anionpz or-
bitals!, showing in the first place a strong bondin
antibonding repulsion attributed to the covalent characte
the intralayer bonding, and, second, by a band widen
caused by the interaction ofpz orbitals. Consistently, the
band-gap variation was written in terms of intralayer a
interlayer distances, and deformation potentials for both
tances were deduced. On the same hypothesis, one can
culate intralayer and interlayer compressibilities from XR
experiments under pressure,8 and deduce the deformation po
tentials in GaTe by fitting to experimental results of Fig.
The deformation potentials turn out to bedE/dci522.4
60.5 eV/Å for the intralayer distances, anddE/dcl521.1
60.2 eV/Å for the interlayer distances. Coherently with t
higher pressure for the gap minimum, the interlayer poten
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 cha
inside the layers that cannot be described by a simple c
pressibility parameter. This effect consists in a considera
augmentation of the angle between the anion-cation b
and the anion planes, which introduces a positive contri
tion to the anion-anion intralayer distance that is not co
pensated for by the bond-length decrease. Consequently
layer thickness that was used in previous models incre
with pressure. The application of the above mention
simple models would lead to deformation potentials with
physical meaning. As a result, it is necessary the use
more sophisticated model for the band-gap variation, ba
on pseudopotential or linear muffin-tin orbital methods,27,28

recently applied to the investigation of band structure
InSe. Under a slightly different point of view, in these mo
els the upper valence band would come mainly from an
nonbondingpz states, and the lower conduction band fro
antibonding cations states, with a certain mixture of catio
and anionpz orbitals. The most important contribution to th
linear positive shift of the conduction band can be attribu
to the increase of bonding-antibonding splitting of the cat
s level caused by the cation-cation bond-length decrease.
positive nonlinear shift of the valence band can be attribu
in its turn to the increase of overlap between anionpz orbit-
als of adjacent layers. The nonlinearity is attributed to
strong interaction between the anions in the interlayer sp
At low pressure this term dominates as the interlayer d
tances decrease very quickly, which results in a nega
pressure coefficient for the band gap. The variation of
interlayer distance is strongly nonlinear and tends to satur
Then, at higher pressures, the cation bonding-antibond
splitting dominates and the pressure coefficient of the b
gap becomes positive. From the tilt of the TePz orbitals with
respect to the layer planes and the larger extent of th
orbitals ~with respect to the Sepz orbitals! a stronger inter-
layer interaction could be expected. As the interlayer int
action is stronger the interaction between thepz orbitals of
tellurium is more effective, and the minimum bandgap
reached at a higher pressure. Attempts to describe resul
p
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Fig. 3 with deformation potentials for the cation-cation bo
length and the average anion-anion intralayer distance~as
deduced from XAS experiments! have failed. This failure is
understandable when one takes into account that the rela
change of the interlayer distance from ambient pressure
GPa is as large as 30%. On the other side hand, the b
angle variation strongly affects the orbital mixing in ea
band and limits the validity of simple deformation potent
models. Full band structure calculations seem to be ne
sary to explain these results.

C. Exciton Rydberg variation under pressure

The pressure dependence of the exciton Rydberg as
tained from our fitting procedure is shown in Fig. 4~a!. At
ambient pressure the value found was 14.261.0 meV. Previ-
ous works3,29 reported values of the order of 16 meV at 30
which are coherent with ours if we take into account t
expected increase in the dielectric constant and decreas
the effective masses when increasing the temperature u
RT. The static dielectric constant can be estimated from
electronic contribution3 and the LO and TO frequencies30

through the Lyddane-Sachs-Teller relation, yielding«0
512.5. Due to the lack of information about the dielect

FIG. 4. ~a! Variation of the exciton binding energy as a functio
of pressure. Filled symbols: 6.1-mm sample. Hollow symbols:
4.6-mm sample~b! Evolution under pressure ofC0 @see Eq.~2! for
definition#. Triangles: Fit carried out taking into account only of th
direct edge contribution. Squares: Fit carried out including both
direct and indirect edges.
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PRB 60 8875OPTICAL ABSORPTION IN GaTe UNDER HIGH PRESSURE
constant and effective-mass anisotropy, we will discuss
results on the basis of an isotropic model,

R5R`

m

«0
2 , ~6!

whereR` is the hydrogenic Rydberg,m is the effective ex-
citon mass, ande0 the static dielectric constant. At ambie
pressure, Eq.~6! yields m50.14m0 .

According to thek•p model, if the matrix element of the
fundamental transition is high enough to dominate with
spect to higher-energy transitions, the electron effective m
is proportional to the direct gap. As the absorption coe
cient at the gap is half the typical values for III-V semico
ductors like GaAs, one can assume that thek•p model ap-
plies reasonably well. As the hole effective mass in III-
chalcogenides is very high, we can assume that the exc
reduced mass is very close to the electron effective m
With these assumptions, the pressure dependence o
static dielectric constant can be calculated from the pres
dependence of the exciton Rydberg, as shown in Fig. 5
ambient pressure the pressure coefficient isd«0 /dP
'1.3 GPa21. From refractive index measurements und
pressure it is known that the increase of the electronic c
tribution for polarization parallel to the layers is of the ord
of d«` /dP'0.33 GPa21. We can conclude that GaTe be
haves as GaS, GaSe, and InSe, and exhibits a strong inc
under pressure of the static dielectric constant for polar
tion perpendicular to the layers. It has been recently sho
that this increase is mainly of electronic origin.31 The contri-
bution of Van der Waals forces to crystal binding along th
direction would make layered semiconductors to behave
molecular solids31,32 for polarization perpendicular to th
layers. Band broadening effects dominate the pressure
pendence of the effective Penn gap, which decreases u
pressure, leading to the strong increase of the electronic
larizability.

D. Evolution of the matrix element with pressure

Figure 4~b! shows the evolution of theC0 constant under
pressure. A clear decrease is observed in the whole pres

FIG. 5. Calculated variation of the static dielectric consta
Filled symbols: 6.1-mm sample. Hollow symbols: 4.6-mm sample.
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range. The less pronounced decrease in the low-pres
range can be attributed to the fact that the indirect-gap c
tribution was not included in the fitting procedure, in order
reduce the number of fitting parameters. Also, from 1 G
on, the exciton structure begins to smear and it is difficult
separate the contributions fromC0 and the exciton Rydberg
to the absorption intensity@Eq. ~5!#. Consequently, the erro
in the determination ofC0 increases. The fact that the de
crease ofC0 is larger than that expected from theEg

3/2 de-
pendence indicates a decrease of the matrix element u
pressure, that has been already observed in GaSe.8 As the
allowed character of the fundamental transition~for polariza-
tion parallel to the layers! is attributed to the contribution o
lower valence bands withpx2py character to the uppermos
valence band~mainly with pz character!, the decrease of the
matrix element indicates that the band mixing decreases
der pressure due to the increase of the energy differe
(DEv12) between those bands, that has been actually
served in GaSe.33 In InSe, the matrix element also exhibits
behavior clearly correlated with this energy difference: it d
creases in the low-pressure range~through whichDEv12 in-
creases! and increases above 2 GPa~when DEv12
decreases!.34 Results of Fig. 4~b! suggest that, in spite of the
crystal structure differences, the behavior of the matrix e
ment is also correlated with the energy differenceDEv12. As
the direct band gap in GaTe exhibits a wider range with
negative pressure coefficient, one would also expectDEv12
to increase in a wider pressure range~with respect to GaSe
and InSe!. This energy difference would be not so strict
correlated with the spin-orbit splitting in the anion as pr
posed by several authors.6,35 In fact, attempts to apply
Hopfield’s quasicubic mode36 to InSe and GaSe ban
structure22 are in contradiction with recent first-principle
band structure calculations in InSe,27 showing that the value
of DEv12 in the Z point of the rhombohedral Brillouin zone
~where the maximum of the uppermost valence band lies! is
mainly due to the large dispersion of this band along theGZ
direction. In theG point, where the Hopfield model should b
applied, the order of the bands is reversed and thepx2py
bands lie about 0.4 eV above thepz band. If GaTe had an
InSe structure, with the higher spin-orbit splitting in T
~about 1 eV!, one could obtain its valence-band structu
from the InSe band structure by shifting thepz nonbonding
band down in energy by about 0.6 eV@the difference in the
spin-orbit splitting between Te and Se~Ref. 37!# with
respect to thepx2py bands. If we assume the same width f
the pz band,DEv12 in the Z point would be about 0.5 eV
~compared to 1.1 eV in InSe!. If the band mixing is propor-
tional to (DEv12)

21, the matrix element would be approx
mately four times that of InSe, as it actually occurs. Ob
ously, GaTe does not have an InSe rhombohedral struc
but, as was mentioned in Sec. III B, it also consists of o
layer per unit cell and the anion distribution is very similar
that of InSe, which means that the dispersion of the n
bondingpz upper valence band cannot be very different fro
that of InSe. The lower symmetry in the GaTe planes~with
six molecules per unit cell! can be introduced by a triple
folding in one direction of the layers, that should not affe
the character and dispersion of the uppermost valence b
The existence of the in-plane Ga-Ga bonds distorts the
position of the anions~that do not lie in a plane! and in-

.
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8876 PRB 60J. PELLICER-PORRESet al.
creases the anion-anion interaction between the half lay
This should result also in a stronger mixing of the upperm
Tepz nonbonding band with the lower Tepx-py bands

E. Exciton broadening with pressure

Figure 6 shows the values of the half-widthG1 with pres-
sure. Within the fit uncertaintyG1 is fairly constant up to 1.2
GPa and increases above this pressure. As this is the c
over pressure, the broadening can be attributed to interva
scattering between the conduction-band minima correspo
ing to direct and indirect transitions.

From the line broadening effect we can estimate the c
responding phonon deformation potential. Within t
effective-mass approximation the exciton broadeningDG1
induced by scattering with zone-edge phonons can be
pressed as a function of the energy difference between
conduction-band minima:38

DG5
S

Eq
@~Nq11!Q~DE122Eq!ADE122Eq

1NqADE121Eq#, ~7!

with

S5
Mm2

3/2D12
2

2&p\r
~8!

HereQ is the Heaviside function,Eq andNq are the en-
ergy and the occupation number of the phonon involved

FIG. 6. Variation of the half-widthG of the 1s exciton line
under pressure.G is constant until the crossover (P51.2 GPa!.
From this point on it increases due to intervalley scattering. Fil
symbols: 6.1-mm sample. Hollow symbols: 4.6-mm sample.
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the scattering,DE12 is the energy difference between th
indirect and direct gaps,r55.44 g/cm3 is the density for
GaTe,m02 is the density-of-states effective mass at the s
ond minimum point of the conduction band,D12 is the pho-
non deformation potential for intervalley phonon scatterin
and M is the number of equivalent indirect minima in th
conduction band.

Unfortunately, very little is known about the structure
the conduction band in GaTe nor the position of the exci
minima in the first Brillouin zone. We can in any case sho
that Eq.~8! reproduces the observed pressure evolution. T
symmetry of the monoclinic cell impliesM52 ~if the
minima are on the mirror plane or on the second-order ro
tion axis! or M54 ~if the minima are elsewhere!. In the
second hypothesis, and assuming a valuem250.4m0 ~as in
InSe!, fitting Eq. ~7! to the experimental data yieldsD12
53.061.5 eV/Å andEq521611 meV.

IV. CONCLUSIONS

We have extended to GaTe the optical studies that h
been carried out in other layered semiconductors of the s
family, like GaSe or InSe. As concerns the optical absorpt
analysis, the main difference with these compounds has b
the necessity of including the contribution of resonant a
sorption with creation of excitons and LO polar phonon
The behavior of the gap under pressure is highly nonline
showing a minimum at 2.9 GPa, a higher value that the
obtained for GaSe and InSe. The reason for this differenc
that although the intralayer interaction is of the same nat
as that in InSe or GaSe, the interlayer interaction is clea
stronger, due to the tilt of Tepz orbitals and the larger exten
of these orbitals with respect to Se. The pressure depend
of the Rydberg energy is mainly accounted for by the la
increase of the dielectric constant. The observed decreas
the direct transition matrix element seems to be correla
with the increase of the energy difference between thepz
antibonding uppermost valence band and lower vale
bands withpx andpy character. We also shared the decrea
of the indirect gap under pressure. The crossover result
1.2 GPa, were shown both by the pressure dependence o
gaps and by the sudden increase in the exciton width,
last one explained through the intervalley scattering betw
conduction-band minima.
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