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This paper reports on the pressure dependence of the absorption edge of indium selenide ,&®Se
alloys (x<<0.2) up to the pressure at which precursor effects of the phase transition prevent further transmis-
sion measurements. The absorption edge could be divided into three components exhibiting different pressure
coefficients: one corresponding to a direct transition that could be analyzed through the Elliot-Toyozawa
theory, and two supplementary edges with quadratic dependence on the photon energy. The first component is
attributed to the direct transition at the point of the rhombohedral Brillouin zone. One of the quadratic
absorption edges red shifts under pressure and can be attributed4® iadirect transition. The direct
transition and the second quadratic edge have a very similar pressure evolution, with a lower pressure coeffi-
cient for the latter. This second quadratic edge can be attributed to an indirect transition from an additional
maximum of the valence band, which becomes the absolute one under pressureZtootiguction-band
minimum. Both assignments are in agreement with density-functional theory band-structure calculations also
reported in the paper. The three transitions show nonlinear behavior under pressure, which is attributed to the
nonlinear evolution of the uppermost valence band atZhlpint at low pressures. Above 1 GPa, the three
transitions behave almost linearly, with pressure coefficiént$nSe of 64, 42, and—22 meV/GPa for the
direct and indirect transitions, respectively. The strength of the direct transition is shown to be related to the
change under pressure of the spin-orbit coupling of the uppermost, ®enduction band with lower lying
Se py-py bands. The evolution of the exciton width is also discussed and shown to be governed by the
increase of intervalley scattering as a consequence of direct to indirect band-gap crossovers.
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[. INTRODUCTION calculation!® The exciton ionization energy in these com-
pounds has been shown to decrease with increasing pressure
The layered semiconductors of the Ill-VI family have mainly due to the increase of the diel?(,ecltsric constants for
been studied for several decades due to their special interg@glarizations paralléf and perpendiculd’®~*°to thec axis.
for potential applications to nonlinear optit$solar energy Besides, a broadenln_g of the d|rect_ exciton line ha_s been
conversior? and solid-state batteride These materials °CPServed above certain pressure, which has been attributed to
T . . the phonon-assisted intervalley scattering of conduction-
present an anisotropic structure with layers formed by tw

and electrons after a direct-indirect band-gap crossovEt.
deformed sublayers of hexagonal symmetry held together by |,4ium selenide grown by the Bridgman method crystal-

strong covalent cation-cation bonds along ¢reis (perpen-  |izes in the y polytype, which belongs to the space group
dicular to the layers The weaker bonding between the lay- c5 = (R3m). InSe has a rhombohedral unit cell and its cor-
ers is of van der Waals type and leads to the existence qksponding first Brillouin zonéBZ) is shown in Fig. 1a).
polytypes with different stacking sequences. Despite the early x-ray diffraction measurements showing
Application of pressure allows for a better understandinghat InSe grown by the Bridgman method crystallizes in the
of the electronic properties of layered semiconductorsy polytype, early band-structure semiempirical pseudopoten-
through the tuning of the anisotropy degree of their chemicatial calculations were made fg8 (Ref. 16 and e (Ref. 19
bonds and its effect on the optical transitions. The direct gapolytypes. The three-dimensional band structureydhSe
in InSe®~® Gase’ GaTe! and In_,GaSe alloy§ behaves was calculated only in the last decade throughalninitio
in a nonlinear way under pressure showing a redshift at lovpseudopotential methdtiand a combined linear muffin-tin
pressure, a minimum at a particular pressure, and a blueshifirbital (LMTO), atomic sphere approximatidASA), local-
above such pressure. On the other hand, several indirect gagensity approximatiolLDA) method® and, very recently,
have been measured in these compounds showing a redshifrough a full-potential linearized augmented plane-wave
under pressure with similar pressure coefficients. Those gagsAPW) method?° yielding very similar results. Calcula-
have been attributed to tHe-M indirect transition in GaSe tions of Refs. 18 and 20 include the spin-orbit interaction.
(Refs. 8 and 111 In GaTe, the indirect transition has not been  In this work we present measurements of the absorption
assigned because of the lack of a reasonable band-structweefficient of InSe and . ,GaSe alloys &k<0.2) under
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Az structure of InSe. The calculations are performed in the
local-density approximatioff. The exchange-correlation po-
tential is that of Ceperley and Adféras parametrized by

(a) Perdew and Zungéf.Only the valence electrons are consid-
ered in the calculation, with the core being replaced by
norm-conserving scalar relativistic pseudopoterfidisctor-
ized in the Kleinman-Bylander ford?. The pseudopotentials
were generated using the atomic configuratios$44* for
Se and 5%5p* for In. The cutoff radii were 1.4, 1.6, 2.0, and
2.0 a.u. for thes, p, d, andf components in selenium, respec-
tively, and 2.5, 2.75, 3.0, and 3.0 a.u. for thep, d, andf
components of indium, respectively. We also include nonlin-

| (b) ear partial-core correctiofiswith matching radii of 1.235
e 1 a.u. for Se and 1.9 a.u. for In to describe the exchange and
e correlation in the core region, since for these elements the
— T~ — | core and the valence charges overlap significatitcause
< 0 e 1 > ] the 3 and 4 electrons of Se and In, respectively, are main-
° 2 N ———— tained in the core
g 5[ Z /\ The valence one-particle problem was solved using a lin-
o -t T ear combination of numericgpseudo} atomic orbitals with
' finite range?® The details of the basis generatitincluding
w0 [ . multiple-{ and polarization functionscan be found in Ref.
2 29. In this work we have used a split-valence doupleasis
z set with a single shell of polarization orbitalthat is, con-
Y z T B taining twos shells, twop shells, and oné shell both for Se
and for In, as obtained with an energy shift of 250 meV and
a split norm of 15%° The integrals of the self-consistent
terms of the Kohn-Sham Hamiltonian are obtained with the
—~—— T~ (C) help of a regular real space grid on which the electron den-
s éﬁ% sity is projected. The Hartree potential is calculated by
/\/—_ﬁ' means of fast Fourier transforms in that grid. The grid spac-
0 S ing is determined by the maximum kinetic energy of the
3 _\§_\/ plane waves that can be represented in that grid. In the
B X% present work, we used a cutoff of around 100 ®yhich
2sF T~ | changes slightly with the volume of the unit gelh regular
grid of 7X7X 7 k points® was used to sample the BZ. We
w0 [ . have checked that the results are well converged with respect
to the real space grid, the BZ sampling and the range of the
T —— numerical atomic orbitals. The calculations were performed
15 o H 2 using thesiesTa code?®3! For band-structure calculations at

o high pressures, the lattice parameters were taken from Ref.
FIG. 1. (8 Rhombohedral Brillouin zone of-InSe. (b) Band 22 and the atomic positions inside the cell were assumed to
structure ofy-InSe as calculated through the NAO-DFT method, e those proposed in Ref. 32, on the basis of extended x-ray

along theA-Z-I'-B path.(c) Same as irib), along the patiZ-L-H-Z  5h50rption fine-structuréEXAFS) experiments under pres-
In (b) and(c), E=0 corresponds to the Fermi energy level. sure

pressure. Results are interpreted on the basis of numerical B. Experimental details
atomic orbitals density-functional theoff]NAO-DFT) band-

structure calculations. The technical aspects of the calcula- Single crystals ofyInSe and Ig_GaSe alloys &

. . : : <0.2) have been grown by the Bridgman-Stockbarger
tion and the experimental setup are described in Sec. Il. Re ethod. Thin samples, 10—30n in thickness, were cleaved

e e S St o e et 0 TH00]crecton fom e ngotand u
presented and discussed in a different subsection of Sec. ”Efn?slelfr?je?fplrggst?gg g%s:zﬁsméz{; ?opgtl:t?]IeT\(/ev?[iu;er_uby
In Sec. IV we present the conclusions of this work. chip into a 200zm-diam hole drilled on a 6gem-thick In-
conel gasket and inserted between the diamonds of a

[I. CALCULATION TECHNIQUE AND EXPERIMENT membrane-type diamond anvil cellDAC).*® A 41
methanol-ethanol mixture has been used as pressure-
transmitting medium ensuring hydrostatic conditions up to

In this work, we present fully self-consistent density- 10 GPa>* The pressure has been determined by the calibra-
functional theor§* (DFT) calculations of the electronic tion method of the ruby luminescente.

A. Calculation technique
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For absorption measurements white light from a tungsteithe band structure, in order to compare with optical or trans-
lamp was chopped at 180 Hz and focused onto the sampleort experimental results, as most of them are made in con-
inside the DAC in a 25wm-diam spot. Transmitted light was figurations in which the electric field is parallel or perpen-
again collimated, spatially filtered, and focused on the endicular to the anisotropy axis. The path used in Figp) 1and
trance slit d a 1 msingle-grating monochromator used with in Refs. 18—2Dpartially hides the anisotropy, as the electron
a bandwidth of 32 A(0.5 A for the pressure determination wave vector in directionZ-A or Z-B has a large component
from the ruby luminescenge The light dispersed by the along thec axis. Results in Fig. (£) confirm the effective
monochromator was detected by a Si or Ge photodiode, thmass “anomaly” that was detected by early empirical
response of which was synchronously measured with @seudopotential band-structure calculatibh’:the electron
lock-in amplifier. All measurements have been performed aand hole effective masses along the layers are much larger
room temperature with incident unpolarized light propagatthan those along the axis. This feature of InSe has been
ing in the direction perpendicular to the layers. confirmed by cyclotron resonance for electrdngn,, Img

The transmittance spectra of the samples were measured] 8) and band-to-acceptor photoluminescence for Ables
in the DAC using the sample-in sample-out methag to  (m,, /m,,=3.5). Simplek-p model considerations explain
~10 GPa. Stray light was measured in the high absorptiohis effective-mass “anomaly.” The reciprocal effective

region of the sample for every spectrum and subtracted frormasses at th& valence-band maximum are given*b§?
the transmission spectrum. Afterwards, the experimental

transmittance spectrum was scaled in order to fit the theoret- 1 2 [(vZz| |3L|k>|2

ical value in the spectral range through which the sample is —| =1+ = = 1)
transparent. Finally, the absorption coefficiemtwas ob- velL

tained from the scaled transmittance, the sample thickness, 5

and the sample reflectivity. The pressure dependence of both 1 . 32 [KvZ|Pylk)| @
the sample thickness and reflectivity was taken into account. T MK E,z—E¢

The sample thickness at room pressure has been obtained !

from the interference fringe pattern in the transparent regiofor wave vectors perpendicular and parallel to thexis,
and its variation with pressure is calculated from the comrespectively(vZ|P, ;|k) stands for the dipolar matrix ele-
pressibility of the sample along tfeeaxis® The proportion  ment between the valence-band maximum and other extrema
of Ga in the alloys has been estimated from a linear interpoat theZ point for light polarization perpendicular and parallel
lation of the direct band gap of the samples between those @b thec axis. At theZ point the uppermost valence band has
InSe and GaSe as expected from the linear dependences gtedominant Sep, antibonding character and the lowermost
served in thea and ¢ axis in In,_,GaSe sampled’ The  conduction band has predominant gnantibonding charac-
pressure dependence of the refractive index of theer Both electronic states belong to the representation of
In,_,GaSe alloys has been interpolated using the refractivecgv point group and the transition between théne., the
indices of InSe and GaSe. The CompreSSibility data of |nS%ndamenta| transitidﬂ's fu”y allowed 0n|y for ||ght po|ar-
has been used in order to calculate the absorption coefficiefation parallel to thec axis. For light polarization perpen-
of the In_,GaSe alloys. The pressure dependence of thejicular to thec axis (parallel to the layepsthe fundamental
4:1 methanol-ethanol mixture refractive index has been obtransition is forbidden and it is only weakly allowed because

tained from Ref. 38. of spin-orbit interaction, which mixep, and p,, states be-
longing to theC,, double groupZg representationJ=3).
Il. RESULTS AND DISCUSSION As the matrix element with the conduction band is very large
for light polarization parallel to the axis;*® Eq. (2) leads to
A. Band structure of y-InSe a negative and small effective mass, which correlates with

Figures 1b) and Xc) show the band structure atinSe  the large dispersion exhibited by the valence band id e
calculated with the method described above. In order to comdirection. However, for light polarization perpendicular to
pare with previous results, the band structure is shown in twéhe ¢ axis, allowed transitions to th&, bands with large
different paths of the rhombohedral BZ. The calculations unmatrix elements are those from; valence bandgwith
derestimate the value of the band gap, which is a well-knowrSe py, character lying 1 to 1.5 eV below the uppermost
tendency of the LDA approximation in semiconductors. Thisvalence band and those frods conduction bandgwith
could be corrected by using the “scissors operator,” as wasn p,, characterlying 4 to 5 eV above the uppermost va-
done in Ref. 18. We have not done so in this work, since wdence band? As each of these transitions give contributions
are not interested in a quantitative determination of the bandwith different signs in Eq(1), these contributions compen-
gap energies, but rather on a qualitative description of theate each other, leading to a large value of the hole effective
electronic transitions and their pressure dependence. Apamtass in the direction parallel to the layers. This large value is
from the differences due to the scissors operator, our resultoherent with the low dispersion of the valence band in di-
are very close in energy and dispersion to those of RefgectionsZ-L andZ-H, near theZ point.

18-20. Comparison with early empirical pseudopotential band-
Figure Xc) shows the band structure in a path in which structure calculatiot§'” shows that the interlayer interac-
the change of the wave vector is parallel to the layers. Thision was underestimated in those calculations, which yielded
path gives a much more precise look into the anisotropy o& much narrower uppermost valence band and lowermost
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2000 = citon step structure, also exhibits a minimum around 1.5 GPa
and increases for higher pressures. The upper pressure reach-
l ] able in each sample was limited by the appearance of linear
1500 [ ] defects, precursors of the transition to the NaCl structure,
which strongly scatter the light beam.
S The steplike fundamental edge has been analyzed with the
£ 1000 Elliott-Toyozawa model for the direct absorption including
5 electron-hole interaction. According to this model, the ab-
[ I sorption edge can be described by the analytical expression
500 I y given by Gonm et al,**
[ ] VR ([ & 2R Ti/2+b(E-E)
0 ] “d(E)_CE’igl ¥ ([/2)°+(E-E;)?
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FIG. 2. Room temperature optical absorption spectrégapfa ~ wheren is the refractive indexR is the Rydberg energy

18-um sample of InSe anth) a 26.um sample of g gdGay ,Se as IS the direct gap energ¥; is the energy of théth exciton

a function of pressure. line, T'; is the width of theith exciton line,I'; is the con-
tinuum width, b is the asymmetry parameter of the exciton

conduction band. For electron wave vectors in the symmetryin€s, andC is a parameter that measures the strength of the
planes(directionsZ-A, Z-B, Z-L, etc) the point group of the Interaction, which is given by the expression

crystal isCq and the electronic states belong either to the (2)%%2 |P|?

representation®\’ or A” (symmetrical or antisymmetrical _wer = I
with respect to plane reflection, respectivelgompatibility ficeomg Mg’
relations betweerC,;, and Cg groups show tha¥, states
becomeA’ and degeneraté; states becom&’ or A”. The

(6)

with u the exciton reduced massy, the free electron mass,

i . Al g the vacuum dielectric constant, aRdhe matrix element
Sep, A’ states mix with S A’ states. This mixing was ;. . : : :
Pz By ' g for the electron-photon interaction. For thi exciton line-

also clearly underestimated in early ca!culatib?lgyielding_ width we have used an empirical relation proposed by Le
an uppermost valence band that remains extremely flat in th?oullec Piccioli. and Chervifi®

layer plane, even far away from tleeaxis, in contrast with
recent calculationgFig. 1 and Refs. 18—-20 [,=T.—(T.—T,)/i2 @

Le Toullec, Piccioli, and Chervfii showed that the exci-
ton lines at low temperatures exhibit a small asymmetry in
Figures 2a) and Zb) show the evolution of the funda- GaSe. In order to avoid further parameters whose pressure
mental absorption edge of InSe ang dfGa, 1,5€ for light  dependence is not known we have neglected the asymmetry
polarization perpendicular to threaxis as a function of pres- by takingb=0 in Eqg. (3). In the fitting procedure, we have
sure, respectively. At low pressures the absorption edge reshly considered terms with<3 because of the factar 3.
shifts, reaching a minimum at 0.4, 0.5, and 0.6 GPa in InSe\We have also neglected the effect of the band nonparabolic-
Ing sGay 1,5€, and lggGay 105€, respectivelyfor GaSe the ity, which is not known in InSe.
minimum occurs at about 1.3 GPaAbove that pressure In Fig. 3 we show an example of the analysis of the ab-
range, the fundamental edge shifts towards higher energiesorption spectrum of a sample of InSe at 1 dffig. 3@)]
The absorption intensity, which can be inferred from the ex-and at 6.8 GPgFig. 3b)]. In these spectra, the fundamental

B. Optical absorption coefficient as a function of pressure
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2000

GPa(due to the broadening of the absorption edge above this
pressurg The inset of Fig. &) illustrates the use of a first-
derivative spectrum at 6.8 GPa. Trial values for the band-gap
energy and exciton width are given by the peak shape of the
derivative spectra, while the extrapolation of the straight line
yields an estimation of the indirect absorption edge.

In our analysis, the result of the fit to the Elliott-
1 Toyozawa model has been subtracted from the absorption
coefficient, which yields the high-energy tail represented by
squares in Fig. 3. This tail was tentatively fitted to a square
function of the energy in a previous paper showing an indi-
rect gap with a negative pressure coefficfeAtcloser study
has shown that the complete tail cannot be fitted only with a
single quadratic function of the photon energy. Two qua-
B ] dratic functions with different pressure coefficients yield a
11 12 13 14 15 16 17 better fit. The absorption coefficient for photon energies

Energy (eV) close to the indirect gap ener@y, for a dipole-allowed tran-

sition with emission of phonons is given by

1000

a (cm™)

2000
A

InSe -

(E—Ey—Ey)?
PIsachs a(E)=1{ E|1—exp(E;/kgT)

ra 0 for E<Ey+Eq

for E>Eq+Es
()

de/dE (10%cmleVv)

0.0 { z ] if excitonic effects are neglected.is a constant proportional
14 15 16 1.7 1.8 ¢ to the matrix element of the transition akglis the energy of
Energy (eV) the phonon involved in the transition. The phonon absorption
was neglected in the analysis, as it mainly contributes to the
& low absorption tail, which could not be measured with such
thin samples. It must be remarked that the decomposition
procedure is subject to errors in the pressure ranges through
which the three absorption edges are nearly resonant. Also,
the absolute intensity of the indirect absorption edges result-
N N T B ing from this procedure may be affected by the fact that the
13 14 1.5 1.6 1.7 1.8 band nonparabolicity was not taken into account in the
Energy (eV) Elliot-Toyozawa model. In spite of these cautionary state-
ments, the fact that each component of the absorption edge
FIG. 3. Experimental and fitted optical absorption spectra ofhas a different pressure behavior and the coherent trend ex-
InSe at (@ P=1atm and(b) P=6.8GPa. Experimental data hibited by these components as a function of the gallium
(circles are fitted by the Elliott-Toyozawa model for the direct gap content of the alloy provides us with strong evidence for the
(solid line). The difference between the experimental data and thebhysical basis of the decomposition. It must also be re-

theoretical fit is represented by squares and fitted to two indirectarked that very similar results are obtained from photolu-
absorption edges. The dashed line indicates the contribution of thginescence experiments under preséﬁre.

1,-Z indirect gap and the dotted line the contribution of #he,
indirect gap. The positions of th2 direct andl, and |, indirect

1000

o (em™)

gaps at different pressures are indicated by arrows. The ingb} in C. Pressure dependence of thg direct
shows the first derivative of the absorption coefficient at 6.8 GPa and indirect band-gap energies
with the position of the , indirect gap. Figure 4 shows the pressure dependences of the direct and

indirect edges in InSe andJgdGa, 1,Se that result from the
edge of the absorption coefficient is modeled by Bjy. The  fitting procedure described in the previous subsection. We
fitting parameters are the energl,(, absorption intensity will refer to the quadratic edges of low and high onset energy
[«(E4)] and linewidth (";) of the ground exciton level, the asl; andl,, respectively.
continuum width '), and the exciton Rydberg ener¢i). In InSe and in In_,GaSe, the three transitions show
In order to minimize the effects of having the five parametersionlinear pressure dependences at low pressures and almost
unconstrained, the evolution of the direct gap endggyas a  linear behaviors above 2 GPa. A similar nonlinear behavior
function of pressure has been determined additionally usingf the band gaps has also been observed in Gage 9 and
the first and second derivative of the absorption spectra witlisaTe(Ref. 10. In InSe, the three transitions behave almost
respect to the photon energy. A similar evolution of the di-linearly above 2 GPa with pressure coefficients of 62, 42,
rect band-gap energy has been obtained from both methodsd —22 meV/GPa for th&, |, andl, transitions, respec-
within errors of 5 meV below 4 GPa and 15 meV above 4tively. The energy differences between theandl , indirect
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FIG. 4. Pressure dependence of the direct and indirect gaps
InSe (filled symbolg and In, gGa, 1,Se (hollow symbol$. The di-
rect gap position at th& point of the BZ is represented by circles,
the |, indirect edge by rhombohedrals, and theindirect edge is

symbolized by triangles.

edges with respect to thédirect gap show an almost linear
pressure dependence, with pressure coefficients—a@b
+10 meV/GPa and- 19+ 5 meV/GPa for the-1, andl -Z
energy differences, respectively, as shown in Fig. 5.
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With respect to the direct gap, our experimental results
basically agree with those of other auth®f€1%2°Accord-
ing to the band structures shown in Figgb)land Xc) this
absorption edge corresponds to a direct transition atZthe
point, which is weakly allowed due to the to the spin-orbit
contribution of Sep,-p, states to a band with predominant
Se p, character. In the NAO-DFT band structure shown in
Figs. 1b) and Xc) the spin-orbit interaction was not taken
into account. This fact accounts for the low dispersion of the
Sep, valence band near thépoint in directionZ-L as dis-
cussed above.

Regarding the quadratic absorption eddesijs located
0.3 eV above the direct gap in InSe at ambient pressure and
was already reported by Errandonegal® with a similar
pressure dependence. Its existence was also suggested, from
transport measurements in Ref. 44. It should also be noted
that its pressure dependence scales with that oflthd
indirect edge in GaSeThe observation of the indirect edge
I, located 70 meV above the direct edge in InSe at ambient
pressure, is proposed here for the first time.

Let us discuss the assignment of these quadratic absorp-
tion edges. Two nonequivalent minima exist in the conduc-
tion band of InSe, at pointd and B of the BZ, which are
ilmcated above the absolute minimum at thpoint of the BZ
at zero pressure. Th& andB minima are triply degenerate,
with the B minima closer in energy to th& minimum [Fig.

1(b)]. Under pressure, both minima shift down in energy, but
the B minima remain lower in energy and shifts down with a
higher pressure coefficient. Figuréabshows the evolution

of the band structure in the region of the band gap for dif-
ferent pressures, as calculated through the NAO-DFT
method in theH-Z-B path of the BZ[Fig. 1(a)]. Figure &b)
shows the evolution of three band gaps marked in Fig. 4 as a
function of pressure. Above 2 GPa, the pressure coefficients
of the direct,ZH to Z, andZ to B transitions are 68, 41, and
—13 meV/GPa, respectively. For comparison with experi-
mental results of Fig. 5, we show in the insert of Figh)&he
calculated energy differences between the indirect transitions
and the direct one. The calculated pressure coefficient of the
energy difference between tizeto B indirect transition and
the Z direct transition is—89 meV/GPaaverage value from

0 to 7 GPa, which is very close to the experimental value of
theZ-1, energy difference{ 76+ 10 meV/GPa). The agree-
ment is remarkably good if we obtain the calculated pressure
coefficient between 3 and 7 GRa76.6 meV/GPa This
result is not surprising because the experimental pressure co-
efficient for theZ-1, gap was determined mainly from the
pressure range above 3 GPa in which the indirect gap energy
is obtained with lower errors from the fitted spectra. Table |
summarizes the comparison between experimental and theo-
retical pressure coefficients. From these results, the assign-
ment of thel , indirect edge to &-B indirect transition seems
quite well founded.

Regarding thd ; edge, results of Figs.(& and §b) and
Table | give also the key for the assignment. This indirect

FIG. 5. Experimental pressure dependence of the energy sepgdge would correspond to an indirect transition from the

ration between thg; (squaresandl , (triangles indirect edges with

valence-band maximum that develops under prestwoth

respect to theZ direct gap. Solid lines are the fits of the data to in the K-L and K-H directiong to the conduction-band
linear equations on pressure.

minimum at theZ point of the BZ. It must be remarked that
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dence of a direct-indirect band-gap crossover in InSe was
given by the pressure behavior of the exciton width at low
temperaturé. The calculated pressure coefficient of the en-
ergy difference between théH to Z indirect transition and
the Z direct transition, as calculated through the NAO-DFT
method, is—20 meV/GPaaverage value from 0 to 7 GPa
This result is in good agreement with the experimental value
of thel,-Z energy difference £ 19+ 5 meV/GPa) and sup-
ports the assignment of the indirect edge to th&H to Z
transition.

The previous discussion about the hole effective mass
along the layers, based in Ed), suggests an interpretation
of the appearance of these maxima: NAO-DFT band-
structure calculations show that the energy difference be-
tweenZs in p,, conduction bands and the uppermost valence
band increases under pressure, whereas the energy difference
between the uppermost valence band andzh&e p,, va-
lence bands decreases under pres§nset of Fig. 8. This
means that the negative terms in E@) (k-p interaction
with Z5 conduction bandsdecrease in absolute value and the
positive terms k- p interaction withZ; valence bandsin-
crease under pressure, resulting in a positive curvature for
the uppermost valence band Atabove a certain pressure,
which would shift the maximum of the band away from the
Z point.

Figures 6a) and Gb) are not conclusive about the exis-
tence of extra maxima in the valence band at ambient pres-
sure. It must be remembered that the spin-orbit interaction
was not taken into account in the calculation. As this inter-
action mixes Sep, and p,, states withZg double group
symmetry 0=13), the maximum at th& point is expected to
remain under pressure. In the pressure range through which
only an increase of the band flatness is observed in Fay, 6
an alternative interpretation is possible. In this range,lthe
quadratic edge would be a nonparabolic contribution to the
direct absorption edge, getting stronger and starting closer to
it as theZH maxima develop under pressure. Nevertheless,
experimental results on stimulated photoluminescence under
pulsed excitation and especially the behavior of the band-gap
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0.2 (') 1 2 3 "1 5 (‘3 7 renormalization strongly suggest the existence of additional
maxima in the valence band even at low pressure: band-gap
Pressure (GPa) renormalization and the quasi-Fermi-level energy are corre-

FIG. 6. (a) Detail of the band structure of InSe in theZ-B path !:extgd onIy if a large propprtlon of thotoexcned carriers are
hidden” in extra reservoir extrema’

as calculated through a NAO-DFT method at different pressures. | b d in that th diff b
(b) Theoretical variation under pressure of the three transitions to t must be stressed again that the energy dilierence be-

which the observed direct and indirect transitions are assigned. THY/€€n thel, andl, indirect gaps with respect to thedirect
inset in (b) shows the theoretical pressure dependence of the enefl@P Shows an almost linear pressure dependéfice 5).
getic separation between the (squaresand|, (triangles indirect T IS Ilnga.r pressure dependence betweethhmmmum and
edges with respect to thedirect gap. the B minima energy difference corresponds with results of

transport measurements under pressure in (Re¢ 47 that
in B-InSe ore-InSe band structures calculated through em-show a deep level becoming deeper with pressure with a
pirical pseudopotential method%!’ the absolute maximum pressure coefficient similar to that of t@el , energy differ-
of the valence band was found to be in theK direction. ence. The linear fits in Fig. 5 suggest that in InSe khe
Nevertheless, no strong experimental evidence of this indiindirect edge would be located &8 meV higher than th&
rect gap was found. In most previous claims of having ob-direct gap and the pressure coefficient of theZ energy
served this indirect gap, the proposed values for the indireddifference would be-19+5 meV/GPa, whereas theg indi-
edge were just below the direct gap in an interval of photorrect edge would be located 3285 meV above th& direct
energies in which a quadratic edge can be masked by thgap and the pressure coefficient of thel, energy differ-
exciton low-energy tail. The first strong experimental evi-ence would be-76+ 10 meV/GPa. Table Il summarizes the
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- TABLE I. Comparison between experimental and theoretical pressure coefficients irElgSepresents the direct gap energyZand
E| corresponds to the differemtindirect gaps.

Experiment Theory
9By 9By
a—Ff’ (meV/IGPa 62+5 a—Pg (meV/GPa 68
(P>2GPa (P>2GPa)
‘9Eill 42+5 JE iZH*Z 42
P (meV/GPa P (meV/GPa
(P>2 GPa) (P>2 GPa)
JE! —22*5 EL g -13
ﬁpz (meVIGPa —5— (meV/GPa
(P>2 GPa) (P>2 GPa)
AE| ~Eqg) —19=10 AE b7~ Eqg) ~28
;—Pg (meV/GPa) Tg (meV/GPa
I(E| —Eqg —76x10 AE}_g—Eqg) —89
;P (meV/GPa — 5 (meV/GPa

experimental energy differences observed in several alloys giroximation to describe correctly essentially nonlocal inter-
different composition between their direct and indirect tran-actions, such as van der Waals interactions, which dominate
sitions at zero pressure. From Table II, we note that the presn the low-pressure range of compression. This is an open
sure coefficient of th&-1, separation increases with Ga con- and important theoretical research subject.

tent of the samples. The pressure coefficient of #hé, In previous worké® the nonlinear pressure dependence of
separation is-80 meV/GPa foix=0.07 and—94 meV/GPa the direct band gap in InSe and GaSe was interpreted
for x=0.19. An extrapolation of these resultsxe-1 indi-  through phenomenological models in terms of intralayer and

cates that theM minima in GaSe would be 1920meV interlayer deformation potentials, the former accounting for a
above thd” minimum and that the pressure coefficient of thebonding-antibondingntralayer positivecontribution and the
Z-1, energy difference would be 105+ 15 meV/GPa. Both latter accounting for a band splitting or wideniirgerlayer
values are in agreement with the values reported for GaSe inegative contribution. The interlayer contribution is pre-
literature? dominant at low pressure, due to the stronger initial com-
As the indirect edges here reported correspond to the empression of the interlayer distance as compared to the intra-
ergy of the indirect gap plus a phonon, if we assume thdayer distances. A quantitative account of the band-gap
phonon energy to be about 25 meV, an estimation of thgressure dependence could be given with one intralayer and
direct-indirect crossover pressures is possible. In Table Il thene interlayer deformation potential. Those models, first pro-
values of thez-1, direct-indirect crossover pressures for the posed by Gauthieet al,’ are based on the assumption that
different compounds studied are summarized. From thesell intralayer distances vary under pressure asatiparam-
data we obtain that th&-B crossover pressure depends lin- eter does, i.e., the layer compression is isotropic and the

early on the Ga proportiorxg,, according to the equation: intralayer bond angles do not change under pressure. Recent
EXAFS measurements in Ga8eef. 48, InSe(Ref. 32, and

P.=(4.1+0.2 — (3.9 0.6)Xg,. (99  GaTe(Ref. 49 have shown that this assumption cannot be
maintained. In fact, the layer “thicknesgthe in-layer Se-Se
with P, expressed in GPa. If we extrapolate this result todistance along the axis) slightly increases in the low-
Xga=1 we obtain that the equivalent to tlZ&eB crossover
would occur in GaSéwithin errorg almost at room pressure.
This result is in agreement with the observation of e
indirect edge slightly below thé&' direct edge in GaSe at

TABLE II. Values of the crossover pressurBd) of direct and
indirect edges, opacity pressurfd), andl,-Z and Z-1, differ-
ences at room pressure in InSe and Ga Se (x<0.2) alloys.

room pressuré.The |,-Z crossover is estimated to occur at ] .
3.520.2GPa in InSe and in the alloymdependently of the (%é@ (ch’a (CI:F?E) A(En(]ielv)z) A(En(évl)z)
gallium concentration, in the range of compositions here
studied. 0.00 4.3 6.5 96:8 325+15
Let us now discuss the nonlinear behavior of all transi- 0.07 4.1 7.8 9410 30Q-10
tions in the low-pressure range. It should be first pointed out 0.12 3.9 9.1 11810 290+ 10
that NAO-DFT calculations here reported do not reproduce 0.16 3.8 7.6 10210 270+ 10
the nonlinear behavior shown in Fig. 4 for all transitions. (.19 35 9.3 106 10 265+ 10

This may be related to the inability of the local-density ap

125330-8



EXPERIMENTAL AND THEORETICAL STUDY OF BAND. .. PHYSICAL REVIEW B63 125330

wo b T T the Z direct gap and; indirect gap(62 and 42 meV/GPa in
| e Zdirectgap ] InSe, respectively we could calculate the low-pressure non-
o |,-Z indirect gap ] linear contribution ofZ and1,-Z gaps and its pressure de-
pendence. Fits of data of Fig. 7 to E4O) yield the follow-
1 ing valuesAE;,{(0)=0.098(7) eV andl,=0.133(4) A for
] the Z direct gap and 0.089) eV and 0.13%) for the | ,-Z
1 indirect gap. Both results indicate a very similar contribution
- of the interlayer interaction to the direct and indirect gaps in
1 agreement with previous reasonings. Poorer res(rits
shown in Fig. 7 were obtained for th&-1, indirect gap due
to the bigger errors in the determination of the position of the
I, minima at low pressures, as previously commented. Re-
sults on interlayer distances under pressure in GaSe given in
Ref. 50 have been also analyzed with EL), yielding val-
ues of AEj(0)=0.197(3) eV andl,=0.181(4) A for the
I" direct gap and 0.239) eV and 0.188) A for the I'-M
; indirect gap by taking the pressure linear coefficients of 61
. and —41 meV/GPa for thd” andI'-M gaps, respectively.
1 These results indicate tha) the nonlinear interlayer contri-
bution to the pressure behavior of the band gaps is bigger in
GaSe than in InSe an(i) the variation of this contribution
Ad._(A) decreases more rapidly in InSe than in GaSe, as indicated by
et the lower values ofl, in InSe. The nonlinear contribution of
FIG. 7. Pressure dependence of the interlayer contribution to théhe interlayer interaction becomes negligible for a decrease
evolution of theZ direct andl,-Z indirect gaps in InSe at room of the interlayer distance of 0.2 A in InSe and 0.4 A in GaSe.
temperature. The line represents the fit of experimental data for th& plausible interpretation of this behavior would consider
direct gap to the Eq(10). that do represents the range of the interlayer distance de-
crease through which van der Waals forces dominate the
pressure range and, consequently, the interlayer distanc@ferlayer interaction, whereas beyond that range, strong in-

turn out to decrease under pressure much quicker than agerlayer repulsion forces would dominate and give a linear
sumed in Refs. 7 and 9. Using the pressure behavior of theontribution.

interlayer and intralayer distances obtained in Ref. 32, the
nonlinear behavior of the direct and indirect gaps in InSe ) ) _
cannot be reproduced with such a simple intralayer and in- D- Strength of the direct absorption as function of pressure
terlayer deformation potential model. Even if the model is Figure 8 shows the pressure dependence oCﬂpﬂram-
modified in order to redefine the intralayer deformation po-eter(absorption intensity or strengtbf Eq. (3) for polariza-
tential as a function of In-In bond length, the dramatiction EL cin InSe, as obtained from the absorption coefficient
change of the interlayer distance under pressure preveng the steplike contribution of the direct gap. A very similar
from any quantitative fit with simply two numbers. dependence has been found iplpGaSe (x<0.2) samples.
The almost linear pressure dependence of the direct anfhe occurrence of a minimum of intensity could in principle
indirect gaps in InSe above 2 GPa suggests the possibilitije correlated to the pressure evolution of the direct gap. Nev-
that the nonlinear effect of interlayer forces becomes negliertheless, the minimum & occurs at a higher pressure with
gible above that pressure. The interlayer deformation poteryespect to that of the direct gap. If the direct transition for the
tial would be strongly pressure dependent. In order to estipglarizationE L ¢ were fully allowed, one would expe&@
mate the evolution of the interlayer contribution to the direct,, E32, corresponding to a pressure-independent matrix ele-
and indirect gaps as a function of pressure, we can extrapGnent as observed in GaA&The increase of the matrix ele-
late the linear dependence of the gaps above 2 GPa to ro0fen; ahove 2 GPa in InSe contrasts with the behavior ob-
pressure and plot the difference between the pressure evoldapyed in GaSéRef. 9 and GaTe(Ref. 10 in which the

tion of the gaps and that of their high-pressure linear depenmatrix element decreases in the pressure range between 0
dence AE(P), as a function of the variation of the inter- 54 4 Ggpa.
layer distance,Adine(P), given in Ref. 32. Figure 7 The pehavior of the direct absorption strengticould be
represents the evolution of the nonlinear component oZthe ngerstood if we consider that the fundamental direct transi-
direct andl,-Z indirect gaps in InSe as a function of the {jon for polarizationEL ¢ in the 11I-VI layered materials is
interlayer distance. The pressure dependence of the nonlme@my weakly allowed by spin-orbit interaction, as discussed
component can be fitted to an exponential law given by py several authors®1%°2In this sense, the pressure depen-
dence of the absorption intensity of the direct gap would
ABined P) = ABined 0)€xf ~ Adined P)/do], (10 depend inversely onpthe distancgs between the gtjogmost va-
wheredy is a distance representing the range of the nonlinealence bandwith Z; character and the lower-lying valence
contribution. Using the high-pressure linear coefficients ofbands withZ; character through a spin-orbit coupling term.

80 -

40

AEin(ergap (meV)

125330-9



F. J. MANJON et al. PHYSICAL REVIEW B 63 125330

! ' ! ! ! 60 T LA UL BN LR
1000 InSe { 1 [| o InSe .
* T=300K . 50 [ n InO.BBGaO.128e AAA h
! . [ 4 MoeGaSe) 7, ]
o < F| o InSe GoRi A
s 80O . . > i A - R
S . g o -
®) = Fa /m
ke] 5 vy 7/ i
2 600} T - S 80F sttt S e ]
) 5 [ /-'/ - ]
E | e g ol o :
c > I 1 x B P - T
S ol g 1 u e . T=3800K |
o 5 E{-Eqq [ + 70 ]
7] < [ 'y ]
3 L o 12t W;,\‘\\‘ { 10 ™as* 4
200 F ] L 5 °
10l , R . 0'..|....|....| [P B
i e 28 1 0 2 4 6 8 10
Pressure (GPa)
0 . : T Pressure (GPa)

0 1 2 3 4 5
FIG. 9. Exciton linewidth as function of pressure in InSe,
Pressure (GPa) Ing.edGap 1.5€, and lpgGay 105€e. Linewidths have been shifted in
FIG. 8. Strength of the direct transition for tke c polarization ~ 0.1 eV for the sake of clarity. Open symbols represent the pressure
as function of pressure. Solid circles indicate the pressure evolutioflependence of the linewidth obtained by Genal.at 10 K in InSe
of the C parameter of the Elliott-Toyozawa model calculated as-(after Ref. 7. Lines represent the fits of E¢L2) to the experimen-
suming a constant Rydberg energy above 4 GPa. A similar evolutal data.
tion but with a smaller pressure coefficient is observed when an
increase of the Rydberg energy is assumed above 2 GPa. The soliinds (= %) with p, and Pxy character, as these bands are
line indicates the expected behavior of the interband matrix elemerhuch closer in energy to each other with respect to their
for a spin-orbit allowed transition in InSe according to Ef0). relative situation at th& point.
The inset figure shows the energetic separation betweep,tpg In spite of these reservations, it seems reasonable to as-
valence bands with respect to the topmpswvalence band af. sume that the contribution of the $g-p, valence bands to
) . the valence-band maximum Zt(with predominantp, char-
This means that the larger the separation betwee@{@d  acte, is inversely proportional to the energy difference be-
Z3 valence bands the smaller the spin-orbit coupling angween both types of bands. These energy differenEgs,
consequently the smaller the strength of the direct fundamen- Eqq and E{—Eg4,, have been obtained in InSe through

tal transition for polarizatior L C'.f’?aa _ - absorptioA and photoreflectance measurements under
Kuroda, Munakata, and Nishifieapplied Hopfield's qua-  pressuré?2%and are shown in the inset of Fig. 8. This figure

sicubic modet’ and deduced the spin-orbit splitindEq)  shows an increase of the separation of theand p,-p

and the crystal-field anisotropyA€.) from the energy dif-  pands up to 1.5 GPa and a decrease above that pryessure,

ferences between bands with andpy-py anion character at \hich is perfectly coherent with the proposed interpretation.

point Z of the BZ. Within Hopfield's model the matrix ele- Thjs explanation also agrees well with the behavior of the

ment (P, ) of the direct transition for the polarizatidal. cin  matrix element observed in Ga&# which the energy sepa-

this scheme is given by the expression ration AE, ,, increases up to 4 GPaEven if the pressure
dependence of higher-energy direct transitions in GaTe is not

2_2p2 2AEo)|* (11) known, a similar behavior is expected, given the fact that the
L300 3AE,) minimum of the fundamental gap occurs at a much higher
pressure?

where P, is the matrix element for the allowed transition

whose typical value is 20 eV. This interpretation of the value ) )

of the direct transition can be accepted with some reservation E. Pressure dependence of the direct exciton

because available band-structure calculations for [iRads. and continuum widths

14, 16, and Sec. Il A in this wojkshow that the energy Figure 9 shows the pressure dependence of the exciton
difference between the anion nonbondipg band and the linewidth for samples of InSe andn,GaSe (x<0.2) at

Pxy bands a¥ are mainly due to the strong dispersion of theroom temperature. The behavior observed in the three
p, band in thel’-Z direction. Strictly speaking, it should be samples is similar with an almost constant value of the exci-
considered as a crystal-field anisotropy splitting only atlithe ton linewidth at low pressure and a progressive reversible
point. In fact, at thd™ point, where Hopfield’s model should broadening of the exciton line above 1.5 GPa. Genal.

be applied, band-structure calculations with spin-orbitreported a similar evolution of the exciton linewidth at 10 K,
interactiot®2° show a much stronger mixing betwedhy  increasing for pressures above 1 GRaf. 7) (hollow sym-
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bols in Fig. 9. Such a broadening of the exciton line has Assuming that the ;-Z direct-indirect crossover is the
been observed, for example, in GaAs above 4.2 GPa, and hassponsible for the broadening of the direct exciton linewidth
been interpreted as a result of phonon-assisted intervallegbove 1 GPdwith a pressure coefficient fak Ez, of =19
scattering of conduction-band electrons between the direGhe\/GPa and that thez-1, direct-indirect crossover is the
and indirect minima of the conduction bafftivhen thel'-X  responsible for the additional broadening of the direct exci-
direct-indirect crossover occurs. A similar broadening hagon |inewidth above 4 GPéwith a pressure coefficient for
been observed in GagRef. 9 and GaTeRef. 10 above O~ Ag,, of —76 meV/GP# we estimate the deformation po-
and 1 GPa, respectively. The broadening of the direct exc'to?ential for thel ;-Z (D,y) andZ-1, (Dy,) intervalley scat-

led Gon et al. to suggest the presence of an indirect gaptering t0 beDo. =13+ 3 eV/A andDoa=6.3+2.0 eV/A in
close to the direct one in InSe at zero pressurais result is InSe. Do.— 1Zi+3 oV/A and D 237 220 eV/A in
i » Dzp=11= 2= .2z 2.

coherent with the conduction-band structure proposed in thIF
i - TnpelGa .5 and Dy;=9+3eV/A and D,,=75
work, provided one assumes that around 1 GPa the d|rec_2.O VIR in InaGa Se. For this estimates we have

exciton atZ is scattered to indirect excitonic levels associ—ass med an enerav 6f25 meV for the ohonon involved in
ated with the indirect transition between thel maxima of botrtlj l.-7 and Z Ig};cattering processez We t;Iir\:k \t/hat Ithe
th I b ig. 6a d thez imum of the va- 1 T2 . C ;

e valence banfFig. 6] and thez maximu va wer value D,,=6+2 eV/A obtained by Gonetal. in

lence band. As those maxima would be located some 5 , . -
meV below theZ maximum at 1 GPa. if we assume that the nSe (Ref. 7) is due to the much higher pressure coefficient
indirect process occurs via emission of a phonon~@&5 of A.EZi used by these authors. .

d Finally, we want to mention that the evolution of the con-

meV, the ionization energy of the indirect exciton associate ) th with in the studied | h d
to the new maxima would be about 40 meV. Given the com'"Yum wi with pressure in the studied samples showed a
ilar behavior to that of the linewidth of the direct exciton.

plex structure of the valence band at these pressures, simpje . ) " . . .
is result gives no additional information for the continuum

effective-mass models are not in principle adapted for an . . : .
P P b width evolution and confirms that the same scattering of

interpretation of this experimental estimate of the Ir‘d"eCtelectrons and holes of the direct exciton affect the electrons
exciton binding energy. d hol £ the di

It seems also reasonable to attribute the further increase §f'd Noles of the direct gap.
the linewidth above 4 GPa to th&|, band-gap crossover.
In order to give account of results of Fig. 9 we use a simple
model of intervalley electron scatteririgia deformation po- IV. CONCLUSIONS
tentia) in the effective mass approximationWe assume We have studied the band structure of InSe and
that the intervalley deformation potential is independent ofi,,  Ga Se x<0.2) alloys at room temperature by means
the phonon mode and the exciton homogeneous linewidth ig¢ ahsorption measurements under pressure and NAO-DFT

given by band-structure calculations. The measured absorption edge
" shows multicomponent character that has been assigned to

Towme (Pt Pyy+ Py, 12 one d|reqt and two |n(_j|rec_t optical transitions mvolvmg _d|f-

ex=5 (PitPz11Pz) (12 ferent points of the Brillouin zone, whose direct and indirect

. ) energy gaps have been determined as a function of pressure.
wherePz; and P, are the probabilities of intervalley scat- By comparison with the calculated electronic band structure
tering from theZ maximum to the ; maxima of the valence at several pressures, the indirect transition that blueshifts un-
band and from th& minimum to thel , minima of the con-  der pressure has been assigned to a transition between addi-
duction band, respectively, ar®g} is the contribution of in-  tional maxima of the valence band along theH direction
homogeneous processes and defect scattering to the total d the conduction-band minimum at tA@oint. This inter-
citon linewidth. According to Conwell, the intervalley pretation is in agreement with the reversible broadening of
scattering probability is given by the direct exciton linewidth observed in absorption measure-

ments above 1.5 GPa in In%and at similar pressures in the

N;m¥?D2. " In,_,GaSe alloys here studi¢daused by the direct-indirect
Pzi:m[(nq+ 1)(AEzi—Eg) "+ ng(AEz Z-ZH band-gap crossover of the valence band. This broaden-
T PEq ing of the direct exciton linewidth was already noted by Gon
+Eq)1/2], (13 et al.in InSe above 1 GPaFurthermore, our interpretation

is also in agreement with the reversible broadening of the
where the first term corresponds to intervalley scatteringlirect band-to-band photoluminescence linewidth observed
with phonon emission and the second term corresponds tabove 1.2 GPa in InSe, which will be presented elsew?fere.
the phonon absorption proceds; =3 andN,=3 are the In a similar way, the indirect transition that redshifts under
number of equivalent indirect minima in the conduction pressure has been assigned to a transition betweeiZ the
band, m; is the density-of-states effective mass at the maximum of the valence band and tBeninima of the con-
minima, p=5.53 g/cnd is the material densityg, andng are  duction band. This interpretation is in agreement with the
the phonon energy and the occupation, respectiveli; is  abrupt reversible decrease of the intensity of the photolumi-
the energy difference between tiZedirect valley and the nescence, corresponding to the direct band-to-band recombi-
indirect valleys and; is the intervalley deformation poten- nation, which is observed above 4 GPa in InSe due to the
tial. direct-indirect Z-B band-gap crossover of the conduction
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band'>® Furthermore, this interpretation is also in agree-transition to the NaCl structure above 10.5 and 25 GPa,
ment with the reversible broadening of the direct excitonrespectively’®4851However, precursor effects of the phase
linewidth observed in absorption measurements above 4 GReansition have been observed above 7 and 19 GPa in InSe
in InSe and In_,GaSe alloys. and GaSe, respectively, through the appearance of defects

It must be stressed that in the; InGa Se x<0.2) alloys that make samples opaque to visible radiation. Table I
the pressures for the direct-indirettl, band-gap crossover shows the different values of the opacity pressures observed
vary linearly with the Ga concentration between InSe andn InSe and Ip_,GaSe (x<0.2) alloys. Those values indi-
GasSe. In contrast, the pressure for theZ direct-to-indirect  cate that the more the gallium concentration on the samples
band-gap crossover has been found to be independent of ttige more stables samples become. This feature is in complete
cation composition. This latter result is in agreement with theagreement with the higher stability of GaSe with respect to
expected anionic nature of the topmost valence band. InSe.

The three optical transitions studied in this work in InSe  In summary, the use of hydrostatic pressure in combina-
and In_,GaSe alloys present a nonlinear behavior of thetion with first-principles calculations has allowed us to ob-
band-gap energies upon application of pressure. Similar noriain a picture of the electronic band structures of InSe and
linear behavior has been reported in previous works for thén,Ga, _,Se alloys and the change of its basic interactions
direct gaps of InS&® GaSe? and GaTé*° The nonlinear  upon reduction of the lattice parameters. The combination of
contribution to the band-gap energies in InSe, which deexperimental hydrostatic pressure and theoretical first-
creases considerably above 2 GRso for In_,GaSe al- principles calculations has been revealed as a powerful
loys here studie has been shown to decrease exponentiallymethod for a better understanding of complicated band struc-
with the interlayer distance. Above 2 GPa, linear pressurdures, such as those of the Ill-VI layered semiconductor com-
coefficients of 62, 42, and-22 meV/GPa have been mea- pounds.
sured for thez, 1, andl, transitions, respectively. On the
other hand, the analysis of the absorption edge of the direct
transition has revealed that the strength of the direct transi-
tion for the polarizatiorE L c evolve under pressure in close  One of the authors, F.J.M., wants to express his gratitude
correlation with the energy separation of the geupper to C. Ulrich for providing LMTO band structure calculations
valence band and the lower-lying $g-p, bands, mixed by of the llI-VI layered materials, and to K. Syassen, N. E.
spin-orbit interaction. This result is in qualitative agreementChristensen, and A. R. Gofor their help. F.J.M. also ac-
with the model proposed by Kuroda, Munakata, and Nishin&knowledges economical support from Generalitat Valenci-
to explain the matrix element of the direct transition in theana. Part of this work was supported by the DGES—Spain
l1I-VI layered materials® and with the experimentally ob- Project PB96-0859 and by Generalitat de Catalu(fy209
served behavior of the matrix element of the direct transitiol'SGR 207. P.O. acknowledges support from Fundacion Ra-
in GaSe’ mon Areces(Spain). The computations described in this

Finally, some words must be said regarding structural stawork were carried out using the resources of CESCA and
bility. InSe and GaSe samples undergo a structural phaséEPBA coordinated by CA4.
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