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The effect of hydrostatic pressure on the lowest direct gaps E, (I'y—TY%,) and E, (I'—T% ,, T
of TlGaSe, has been investigated by optical:absorption measurements in a diamond-anvil cell for
thin (3.5-20 um) samples at room temperature and for pressures up to 12.0 GPa. Sublinear and
linear red shifts have been observed for the E, and E, gaps, respectively. The results are indicative
of a possible phase transition at about 1.85 GPa. The present results are discussed in light of related

experimental and theoretical studies.

I. INTRODUCTION

Recently, a lot of interest! ™2 has been drawn to the
ternary semiconducting chalcogenides of the 4 BMICY!
type (A,B represent metal atoms and C chalcogen
atoms). They are layer and chain crystals and exhibit
strong anisotropy, clearly manifested in their mechanical
properties. TlGaSe, belongs to this class and it is one of
the most intensively studied members of this family.! ~2°
The crystal structure (Fig. 1) of this compound has been
investigated thoroughly in Ref. 10 (and references
therein) and has been shown that single crystals of
TiGaSe, have the monoclinic structure and the
C,,. (C$,) space group.

TIGaSe, exhibits strong excitonic effects
observed even at room temperature.’>> Their polariza-
tion dependence®!*?° has not been clearly understood up
to now and the available experimental data are not free of
contradictions.”'*?* Besides that, the TIGaSe, compound
is also of great interest because of the relatively large
number, four, of phase transitions induced by tempera-
ture in the range 4.2-294 K 10:13,15,16,19=21,25 iyegpite the
use of different techniques to study the temperature-
induced phase transitions in T1GaSe, crystals, it is still
impossible to establish the mechanisms of the structural
transformations and the structural features in the low-
temperature phases.

In contrast to the temperature-induced phase transi-
tions, the information about the pressure effect on this
crystal is limited*%1%1%18 and mostly restricted to pres-
sures up to 1 GPa. In addition, there is no agreement
among the published experimental data. Thus, Vinogra-
dov et al.,® using Raman spectroscopy, reported a phase
transition at room temperature and at about 0.5 GPa,
while Henkel et al.,'° also from Raman data, found no
indication of any phase transition in this pressure region.
Furthermore, Allakhverdiev et al.'* present a qualitative
temperature-pressure phase diagram of TIlGaSe,, in
which a phase transition at 0.5 GPa and room tempera-
ture is shown, but transmission measurements under pres-
sure,'® up to 1.27 GPa, did not reveal any peculiarity of
the absorption-edge shift in this pressure region. Recent-
ly, theoretical calculations using the pseudopotential

1,3,5,8,9,15,19,21

40

method of the band structure of TlGaSe, have been re-
ported.

In this paper we present detailed absorption measure-
ments of the full absorption-edge profile in the vicinity of
the related critical points on well-characterized samples
of TlGaSe, as a function of hydrostatic pressure up to 12
GPa. Thus, the influence of pure hydrostatic pressure on
the absorption-edge profile and indirectly on the band
structure is investigated as well as the occurrence of
pressure-induced phase transitions in this pressure range.
This method has been proved to be one of the most sensi-
tive techniques, at least in the case of the classical IV,
II1-V, 1I-VI, and I-VII semiconductor families.?™3% Our
results are compared with previous theoretical and exper-
imental data.
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FIG. 1. Stacking of anionic layers and positions of TI* ions
between them. The B,X,, polyhedra (B represents metal atoms,
X represents chalcogen atoms) are built up adamantinelike by
four BX, tetrahedra with common corners. These B,X;, po-
lyhedra are condensed with four neighboring polyhedra by com-
mon corners forming a %(BX,) layer parallel to (001). The
upper and lower edges of these adamantinelike units point in
the [110] and [110] directions. Two such layers are stacked in
the cell along [001]. Succeeding layers are twisted 90° to each
other, forming trigonal prismatic voids.
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II. EXPERIMENT

Optical-absorption measurements under pure hydro-
static pressures up to 13 GPa were performed in a gasket-
ed diamond-anvil cell** at room temperature. The crystal
preparation has been described elsewhere.! The samples
were mechanically polished down to thicknesses of 3.5 or
20 pm. A sufficiently small sample piece, measuring
about 100 um across, was inserted, together with several
ruby chips into the hole of a 95-um-thick hard steel
(Rhemanit) gasket resting flat on the lower diamond.
The hole diameter was about 200 um. A 4:1 mixture of
methanol and ethanol was used as a pressure-transmitting
medium. The pressure was measured using the standard
ruby fluorescence technique.3*3° The data were taken
over a period of several days and the pressures given are
the mean values of initial and final ones for each run,
which differ typically by less than 0.1 GPa. The max-
imum pressure gradient across the gasket hole was less
0.05 GPa as checked by measuring the pressure from
several ruby chips distributed across the gasket hole. The
measurements were carried out, in both cases, in the ELC
geometry. Here E and C denote the vector of the electric
field of the incident light and the axis perpendicular to
the layer plane, respectively. _

The absorption coefficient was obtained by normalizing
the transmission through the sample to the transmission
through a clear area next to the sample. No corrections
for reflection losses at the interfaces between the sample
and the pressure medium were taken into account. This
gave us a remaining, nearly constant, small absorption
background. The beamspot size was smaller than that of
the sample (100 um) diameter. This was achieved by il-
luminating a 100-um-diam pinhole with a Xe 75-W high-
pressure lamp imaging it onto the sample by an
achromatic uv-lens. With careful alignment, to ensure
on-axis operation, a 20-um image of the pinhole was ob-
tained on the sample. In this way the scattered light due
to multiple reflections was considerably suppressed. In
order to reduce even more the “spurious light,” the light
leaving the cell was again focused through a 20X
demagnification uv-achromat on a second pinhole with a
diameter of 100 um. Thus we could select a region of the
illustrated area of the sample. Finally, the radiation leav-
ing the second pinhole was collected by an uv-achromat
and focused onto the entrance slit of a 3-m Jobin Ybon
640 monochromator. The spectral resolution was about
1 A. A C31034 RCA photomultiplier tube and a fast
photon-counting system connected to a personal comput-
er was used to measure the intensity of the transmitted
light.

III. RESULTS AND DISCUSSION

In Figs. 2 and 3 we have plotted typical absorption
spectra of TlGaSe, as a function of spectral energy at
room temperature for a crystal of thickness 3.5 ym in the
low-, up to 2.87 GPa, and in the high-, up to 11.4 GPa,
pressure regimes, respectively. From Fig. 2 it is clear
that for low pressures, the absorption edge shows a two-
step shape, implying the contribution of at least two tran-
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FIG. 2. Typical absorption spectra of the lowest transitions
of TIGaSe, at room temperature for various pressures in the
low-pressure regime. The arrows indicate the saturation points
taken to be the “exciton edges” at the given pressure. The
thickness of the sample is 3.5 yum.

sitions. (We will comment on this point later on.) At
pressures about 1.85 GPa, the absorption edges change
form and do not show the first kink anymore. In the
remaining pressure ranges investigated, the absorption
coefficient curves show a clear uniform red shift without
any other change in their shape, as can be seen from Fig.
3. Furthermore, we should stress the fact that the change
of the shape of the absorption coefficient curve upon
pressure is completely reversible upon increasing or de-
creasing pressure. The arrows indicate the saturation
point taken to represent the gap energy. These energies
were determined from the minimum of the second deriva-
tive of the absorption spectra with respect to photon en-
ergy.

In Fig. 4 we display typical absorption coefficient
curves of a thicker sample (d=20 um). The correspond-
ing gap energy has been determined again by the second-
derivative method. For this sample, the absorption
coefficient rises smoothly and gradually as a function of
the photon energy and the first kink is hardly seen. Also,
the maximum absorption coefficient curve saturates at
values lower than those corresponding to absorption re-
sulting from direct transitions, ‘as will be discussed later.
This premature saturation effect observed in Figs. 2—4 is
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FIG. 3. The same as Fig. 3 but for the high-pressure regime.
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FIG. 4. Absorption spectra of a 20-um-thick sample of
TlGaSe, obtained at room temperature for several hydrostatic
pressures up to 9.4 GPa, in the region of the lowest direct gap.

a common feature to most measurements performed in
the diamond-anvil cell with samples prepared from bulk
crystal and is due to the unavoidable spurious scattered
1ight.26_29 We take, nevertheless, these points (arrows in
Figs. 2—4) as a measure of the absorption-edge energy
versus pressure. From Figs. 2 and 4 it is clear that the
thinner the sample used, the closer the appearance of the
saturation point in the absorption-coefficient curve to the
corresponding transition energy. Thus the error due to
the effect just mentioned is assumed to be a small con-
stant offset to lower energies.

The corresponding energy values of the gaps as E, and
E,, and obtained in the way mentioned above from Figs.
2-4, are plotted as a function of pressure in Fig. 5. The
crosses and the open circles represent measurements ob-
tained from a thin sample (d =3.5 um), while the solid
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FIG. 5. The shift in the absorption edge of TIGaSe, vs hydro-
static pressure at room temperature. Points marked with
crosses and open circles are from Figs. 2 and 3, while the solid
circles are from Fig. 4. Points marked with | indicate decreas-
ing pressure. The solid lines through the experimental data
represent quadratic or linear least-squares fits, for the £, and
E,, respectively.
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circles from a thicker one (d =20 pum). Experimental
data marked with an arrow (l) correspond to runs with
decreasing pressure. The solid lines through the experi-
mental data represent a quadratic fit to them. Although
the energy position of the saturation point for the 20-
pm-thick samples is much closer to the E, gap, we asso-
ciate it to the E, energy gap by considering the fact that
the maximum values reached for the absorption
coefficient are, roughly speaking, half an order of magni-
tude smaller than that corresponding to direct transitions
(3X10* cm™!). This kind of association is also supported
by the pressure dependence of the two edges, which is
similar throughout the whole pressure region. The linear
and quadratic pressure coefficients of the E, and E, gaps
are listed in Table I. They were obtained from a least-
squares fit to the experimental data with a polynomial.
As can be seen from Table I, there exist some scattering
in the values of the E, and E, gaps, reflecting the
discrepancies arising from differences in the interpreta-
tion of the observed absorption-edge profile. The same
difficulties occur also in well-studied semiconductors,
such as Ge (Ref. 26) and GaAs (Ref. 27), where, due to
the use of thick samples, it was not possible to measure
the whole absorption-edge profile. In a similar fashion,
difficulties arise also in cases where more than one transi-
tion is involved [GaP (Ref. 28) and AISb (Ref. 29)]. The
common feature of such kind of measurements is that
they lead to a thickness dependence of the energy
gap. Therefore, we believe that our values of
E,=2.547%0.007 eV and E, =2.3441+0.001 eV obtained
from samples with a thickness of 3.5 um are more accu-
rate. These discrepancies, however, do not arise for the
pressure coefficients, where the experimental values are in
agreement, within experimental error. The apparent
discrepancy of the linear pressure coefficient determined
from the thin and thick samples arises mainly from the
different kind of curve used in the fitting. Thus, for a
pure linear fitting in the thin-sample data, the coefficient

TABLE 1. Coefficients of the least-squares fits with
E(p)=E,+bp+cp? to the experimental pressure dependence
of the E, and E, gaps of TIGaSe, at room temperature.

E, (V) b (107% eV/GPa) c (107* eV/GPa?)
E, 2.547+0.007* —92.2+4% 1.23+0.04*
2.397+0.01° —83.3+5°
2.384¢, 2.39f
E, 2.344+0.004* —73.3+4%
2.22+0.05¢ —72.5+3¢
2.1°, 2.23¢°

2.158, 2.18+0.02"

*This work, thickness d =3.5 um, T =300 K.
This work, thickness d =20 um, T=300 K.
‘Ref. 3, thickness d =20-200 um, T=300 K.
9Ref. 18, thickness d =30-60 um, T=300 K.
‘Ref. 5, thickness d =30-50 um, T=300 K.
fRef. 19, thickness d =20-150 um, T=1.8 K.
ERef. 8, thickness d =180 um, T=100 K.
"Ref. 1, thickness d =150 um, T=300 K.
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(in meV/GPa) b=—92.21+4 becomes —79+4, compar-
ing well with —83.3%5.

In the following we will try to assign the observed ener-
gy gaps to the corresponding transitions based on
theoretical band-structure calculations. As already men-
tioned, the TIGaSe, crystallizes in the monoclinic struc-
ture C$, with 16 formula units in two layers per unit cell.
The band structure of this monoclinic TIGaSe, has been
calculated'?3 using the pseudopotential method with a
convergence of 0.2 eV for the levels located near the for-
bidden gap.

According to the above calculations,? the top of the
valence band is located at the I' point with a symmetry
I'3, while the absolute minimum of the conduction band
is located in a distance of about + away from the T point
along the I'-Y line (A line). An additional extremum of
the first conduction band is located at the I" point with a
symmetry I' ;. The energy difference between these two
extrema is approximately 120 meV. The next minimum
at the I" point is lying about 50 meV above the I'§ and
has the symmetry I'{. The third minimum of the conduc-
tion band, still at the I" point, also possesses the symme-
try I'§, and it is located about 250 meV above the first
I'§., minimum. The lowest direct gap is about 2.1 eV and
corresponds to the I';—1I'§, transition. Within the di-
pole approximation the I')—TI'§,; and I'’>—TI are al-
lowed in the E|o and Elo configurations, respectively (E
and o designate the electrical vector of the incident light
and the reflection plane, respectively). By including spin
effects both transitions become allowed. Since in our ex-
periments the light was unpolarized and incident perpen-
dicular to the layer plane, all the above-mentioned transi-
tions were allowed. Under these circumstances and tak-
ing into account the fact that the strength of the absorp-
tion coefficient, at least for the thin samples, is of the or-
der of 10* cm™!, we attribute the E,=2.5471+0.007 eV
gap to transitions occurring between the I')—I'§ ; band,
while the E,=2.34410.004 eV gap must be resulting
from both kinds of transitions, T'5—T%; and I')—TY¥,
not resolved in our measurements at room temperature.
All these transitions have been resolved at liquid-helium
temperature,”!*?° although their polarization depen-
dence is not well understood in terms of the C$, symme-
try.” In the case of the thicker samples we see only part
of the steeply rising absorption edge and the first knee is
hardly seen, due to the fact that at this photon energy the
contribution of the indirect transitions I'j—A° is no
longer negligible for the following two reasons: First, the
thickness of the crystal is now 6 times larger, and second,
the photon energy of 2.2 eV is well above the threshold
energy of the indirect transition I')— A€ at 2.05 eV.>>%9
These phenomena taken together cause a very complex
absorption-edge shape which, along with the also compli-
cated band structure and, in particular, the lack of re-
quired data, make any attempt for an analysis similar to
that of Ref. 29 unreasonable.

As already mentioned, the pressure dependence of the
E, and E, gaps show, for the thin as well as the thicker
samples, a negative pressure dependence which exhibits a
sublinearity for the thin samples, at very high pressures.
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To interpret these results for the band-gap pressure
coefficient, we should first note that pressure coefficients
are generally positive for three-dimensional-network co-
valent semiconductors with a direct band gap,?®~** while
a negative value of dE, /dp has been found not only for
T1GaSe, but also for other layer-structure semiconduc-
tors such as As,S;,% black P, TiSe,*® GaSe,>® TlInSe,,*
TIGaS,, 18 and Se;*! that is, solids with a network dimen-
sionality less than 3. Especially for the case of TlGaSe,, a
qualitative explanation can be given based on the so-
called closed-shell interactions*' ~*® and considering the
structure (Fig. 1) of the T1GaSe, crystals. Thus, a de-
crease in the Ga—Se bond length in the Ga,Se,y polyhe-
dra, built up adamadinelike by four GaSe,, makes the
bonding stronger and gives rise to an increase of the ener-
gy gap through an increase of the energy separation be-
tween the orbitals forming the lower conduction band E°
and the higher valence band E®. On the other hand, a de-
crease of the interlayer distance makes the interlayer in-
teraction, realized here by the Tl atoms between the lay-
ers, strong and gives rise to a decrease of the energy gap
through an increase of the band dispersion in the layer-
stacking direction (I"-Z) (a fact well depicted in Fig. 2 of
Ref. 23). Because of the weakness of the interlayer in-
teractions compared with the intralayer interactions, the
latter effect is expected to be much larger than the former
one and the pressure coefficient of the energy gap has a
large negative value, depending on the strength of the in-
terlayer interactions. The fact that the obtained values of
b=—92.21+4 for the pressure coefficient of TlGaSe,
is smaller by a factor of almost 2, com-
pared to those obtained for typical layer materials in
(meV/GPa) as As,S;=—140+3,% black P=—167,%
Pbl,= —165+6,%2 Se=—225,¢ TISe=—150,*® and
much closer to that of TIGaS,=—85.5+2.5,'%
TIInS,= —85+2,% is a strong indication, confirming the
findings of Ref. 10, where a hierarchy of the bonding
forces has been revealed, rather than only strong in-
tralayer and weak interlayer bonds. The bending up of
the E, gap at high pressures suggests that at these pres-
sures the interlayer interaction becomes comparable to
the intralayer one, so that both of them play an essential
role, forcing a tendency from two-dimensional to three-
dimensional behavior observed also in As,S; (Ref. 36) and
a-As,S;. 4!

Within this context one might argue that the corre-
sponding refractive index should increase with pressure
as the electronic gap decreases. A similar behavior has
been observed in a-As,S;,*! while the opposite behavior,
i.e., a decreasing of the refractive index versus pressure,
has been observed in semiconductors with a zinc-blende
structure.’***% For the sake of completeness, we men-
tion that a negative linear pressure coefficient has been
observed also for the I'’— X ° edge of other tetrahedrally
coordinated semiconductors. The negative sign of the
linear pressure coefficient of the I' - X transition results
from a lowering of the X state and an increase of the T
state upon decreasing volume, a situation predicted by
calculation also in the layered TISe for the direct T, — T’
transitions.*’
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Next, we discuss the pressure dependence of .the ab-

sorption edge. From Fig. 2 it is evident that our experi-

mental results do not support the assumption of a
structural phase transition around 0.5 GPa, reported in
Refs. 6 and 14. A similar behavior around 0.5 GPa has
also been reported by Allakhverdiev et al.'® In this pa-
per a change of the absorption-edge shape in the opposite
direction has been found, i.e., two bends appear around
1.25 GPa, which are attributed to contributions of transi-
tions into exciton or impurity states. On the contrary,
our experimental data, mainly from the thin sample, indi-
cate that if any phase transition would occur, it should
take place around 1.85 GPa. This assumption is based on
the fact that the E, gap disappears for higher pressures.
However, it is strange that the pressure dependence of
the E, gap does not show discontinuity or a considerable
change in the slope in this pressure region. At this point
we should mention that the same behavior as in Figs. 2—4
for E, and E, versus pressure is observed if we plot the
absorption coefficient at constant values, e.g., at 1.7 X 10*
and 7.5X10° cm™!. Also, Raman measurements on
TIlGaSe, at room temperature and for pressures up to 2.1
GPa (Ref. 10) do not indicate any structural phase transi-
tion. Under these circumstances we believe that if any
“transition” takes place it should be considered as a
slight rearrangement of the crystal with a very small de-
formation necessary for a change of the symmetry from
the C$, to the new one. For such a small rearrangement,
the transition corresponding to the E, energy gap should
be left almost unchanged. On the other hand, it is known
that application of high pressure and high temperature
(po>2 GPa, T,>600°C) transforms the monoclinic
TIGaSe, to the tetragonal TlSe-type structure (D13).4
The band structure of the tetragonal TlGaGe,, calculated
using the pseudopotential method,!! shows that in this
structure the fundamental gap is also a direct one and it
corresponds to the T — T'§ transition with an energy of
1.3 eV. This energy, however, is much less than that of
2.4 eV, which corresponds to 2 GPa. But, on the other
hand, the T point of the D }§ symmetry transforms to the
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I point in the C$, symmetry, which supports the idea of
leaving the character of this transition unchanged. In
view of these facts, this kind of transition could be a pos-
sibility, but taking into account that the temperature of
our experiments, T'=300 K, was much lower than that of
T.>870 K renders it less probable, but not impossible.
Nevertheless, we believe that an unambiguous answer to
this question would be provided only by x-ray measure-
ments under pressure.

IV. CONCLUSION

In the present work using the diamond-anvil-cell tech-
nique we have measured the effect of pressure, at room
temperature, on the optical-absorption edge of TlGaSe,.
With increasing pressure the optical band gaps red shift
rapidly, decreasing from 2.54 eV at p =0 to 1.65 eV
at 12 GPa for the E, gap and from 2.34 eV at p =0 to
2.19 eV at 2 GPa. The energy-gap shifts follow the ex-
pressions E,(eV)=(2.547+0.007) —(92.2+4)X10"?%p
+(1.2340.04)X 10" %p? and E, (eV)=(2.344+0.004)
—(73.314)X107%p (p in GPa). The optical band gaps
E, and E, have been assigned to the corresponding inter-
band I';)—TI'§ , and I';—TI'§ ;, '] transitions, respectively.
The closing of the gap is interpreted in terms of
pressure-induced enhancement of the interlayer-
interaction broadening of intralayer bands, which is a
common characteristic of semiconducting layer material.
Finally, the possibility of a structural phase transition at
about 1.85 GPa is indicated by our data, but they cannot
provide a conclusive answer.
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