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PRESSURE AND TEMPERATURE EFFECTS ON ELECTRONIC SPECTRA
OF TlGaSe; TYPE CRYSTALS
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The deformation effects in electronic spectra of ternary layered TlGaS,, T1GaSe, and TlInS, semiconductors are considered. It is shown
that the influence of hydrostatic pressure, thermal expansion, variation of composition in solid solutions on the band gap of investigated
crystals can be described in the framework of one common model of deformation potentials.

This model is close to that in layered semiconductors of A;B¢ group and testifies the fact that the main principles of formation of band

structure in these two groups of layered crystals are the same.

1. Introduction

The ternary T1GaS,, TIGaSe, and T1InS, semiconductors
have layered crystalline structure and according to existing
data [1-5] all three compounds crystallize to the same
monoclinic structure. It’s shown that monoclinic structure of
these crystals is very close to tetragonal, and due to absence
of anisotropy in the layers plane elastic and thermal
properties can be treated even in the framework of hexagonal
structure [6, 7].

The great number of investigations of ternary
compounds concentrates on the phase transitions, which are
observed obviously at least in TIGaSe, and TlInS, [5, 8]. It’s
known, that both of these crystals undergo a phase transitions
with lowering the temperature from paraelectric phase to
incommensurate phase (7/=216K in TlInS, and 7'=120K in
TlGaSe,) and then to ferroelectric phase (7,=202K in TlInS,
and 7,=107K in TlGaSe,) with quadrupling of unit cell along
the “C” axes.

The influence of phase transitions on different physical
properties in particular on the electronic spectra near the
absorption edge is studied in various works [8-10]. However,
it’s difficult to interpret the obtained results because of lack
of the model explaining the deformation effects in ternary
layered semiconductors (TLS). The construction of such a
model is a main goal of present work.

2. The model of deformation potential in ternary
layered T1GaS,, TIGaSe, and TlInS, semiconductors.

First of all the results of investigations of deformation
effects in TLS are summarized below.

1. In [11] the unusual behavior of exciton absorption peak
with temperature was observed in TIGaS,: the energy
position of exciton peak (E,..) was shifted to the higher
energies with increasing temperature in 4,2+200K range in
which exciton absorption peak was observed (fig.1).

Because of lack of appropriate deformation potentials it
was not possible to evaluate the contribution of lattice
deformation to the temperature dependence of energy gap
(E,) in TIGaS,. In figs. 1 and 2 the temperature dependences
of exciton positions in TIGaSe,, TIGaS, [11], TlInS, [10],
which reflect the £, (7T) dependences, and linear expansion
coefficients parallel (o) and perpendicular (o)) to the layers
plane for all three crystals [7, 12, 13] are shown. As it is seen
from fig.1 the E.,. (T) dependences in T1GaSe, and TlInS, are
quite different from that in TlGaS,. At the same time the
o (T) and o, (7T) dependences are very close, for example, in

T1GaS; and TIInS, in the temperature region far from phase
transition point in TlInS, (fig.2).

255

\

Exciton energy (eV)

P
#n

0 40 a0 120 160 200 240
Temperature (K

Fig.1. Temperature dependences of exciton energies in T1GaS,
(1) [11], TUnS; (2) [10] and T1GaSe, (3) [11].

2. In [8] the influence of hydrostatic pressure on the
absorption edge of all three TLS was investigated at room
temperature — the results are presented in fig.3. At small
pressures (P< 0,5GPa) the behavior of band gap with pressure
is the same in all crystals: baric coefficient, dE,/dP, is
negative, which is typical for almost all semiconductors with
layered structure [14]. With increasing of pressure, however,
the behavior of baric coefficients in TLS becomes different.

In TlInS, dE,/dP changes the sign at pressures P>0,59
GPa and remains positive up to P~0,9 GPa. At higher
pressures dE,/dP in TlInS, again changes the sign and
becomes negative but the absolute value of dE,/dP increases:
dE/dP~-22x10"'eVxPa'  (dE/dP=-8,5x10"'eVxPa" at
P<0,59GPa). It’s shown in [13, 14], that phase transitions
take place in TlInS, at pressures P~0,59 GPa and P~1,0 GPa.

In TIGaSe, baric coefficient remains negative up to
P~0,92 GPa, dE/dP=-12,5x10"" eVxPa" . At P>0,92 GPa
dEy/dP stays negative, but |dE/dP| increases drastically,
dE/dP=-20x10"" eVxPa™' .

In TIGaS, dE//d ~-7,2x10™"'eVxPa " and remains practically
unchanged in all investigated range of pressures.

Again, because of lack of deformation potentials it was
not possible to interpret the common and different features of
baric coefficients behavior in TLS.
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3. In [17] the influence of uniaxial, perpendicular to the
layers plane, pressure on the exciton absorption peak position

in TIGaS, and TIGaSe, were investigated at low
temperatures, 4,2K<T<100K. Baric coefficients were
appeared to be approximately the same in both crystals:
dE/dP~3x10""eVxPa' in the investigated range of
temperatures.
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Fig.2. Linear expansion coefficients for TIGaS,, TlGaSe, and,
TlInS, parallel (1) and perpendicular (2) to the layers
plane [7, 12, 13].

We tried to explain all results described above on the
basis of a simple model, introducing two deformation
potentials D, and Dj. In this model the dependence of E, on
deformation is: AE,=D,U,+2D U, where U) and U,
deformations in the layers plane and in the perpendicular
direction, respectively. Such a model allowed explanation of
all types of deformation phenomena in layered
semiconductors of A3B4 group [14].

For determining the deformation potentials D, and D
the results of at least two independent deformation
experiments are needed. We have chosen the results of
influence of hydrostatic pressure on the optical absorption
spectra (fig.3). The results of uniaxial deformation
experiments which are known for T1GaS, and TIGaSe;, at low
temperatures can not be used because, as it was shown in
A;B¢ group layered crystals, the deformation potential D,
may depend strongly on temperature and pressure.
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Supposing that TlInS, TIGaSe, and TIGaS, have close
deformation potentials and using the results of hydrostatic
pressure influence on E, at low pressures (P<0,5GPa ) the
deformation potentials, D and D, were obtained. The data
for TlInS, and TlGaSe, were used because only for these
crystals the values of elastic constants are known [6] (table
1). By calculating D and D, in TlInS; and TIGaSe, we used
the value of elastic constant C;;=1,5x10'° Pa which is almost
the same in the majority of layered crystals [14]. This elastic
constant was not measured in T1lInS, and T1GaSe, because of
significant experimental difficulties that always appear
measuring this elastic constant in layered crystals. Simple
calculations [14] give the values: Dj=-7,3eV and D,=11,9¢V.
Below we’ll explain the results of other deformation
experiments on the basis of obtained values of Djand D,
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Fig.3. Pressure dependences of energy gaps obtained from
absorption edge behavior with pressure at 300K in
T1GaS,; (1), TlInS, (2) and T1GaSe, (3) [8].

Using the thermal expansion curves (fig.2) the
contribution of thermal expansion to E,(7) dependences can
be obtained for all three crystals:

a) in TIGaS, this contribution gives AE~+20meV in
4.2+100K temperature range;

b) in TlGaSe, this contribution must lead to AE~+25meV
due to small linear expansion in the layers plane, o).

c) the positive shifts of AE, =+25meV with temperature
must be in TlInS, in the same temperature region.

As it is seen from experimentally measured E,.
dependences (fig.1) the results of calculations are appeared to
be true only for TIGaS, - in TIGaSe, and TIInS, E.,.
decreases with temperature. However, it can be shown, that
this discrepancy between calculations and experiment are not
due to the method used for the calculation of D, and D, .
Really, as it was noted above, unlike T1GaS,, both TlGaSe,
and TlInS, are in ferroelectric phase at 4,2-100K due to phase
transitions, which they underwent when temperature became
lower. It is shown in [11] that addition of sulfur into T1GaSe,
in TIGaSe,(;.)Syx solid solutions leads to E,(7) dependences
which are typical for TlGaS, beginning from x=0,1. At the
same time there are no evidences of phase transition typical
for T1GaSe, in solid solutions T1GaSe; (1) Sk at x=0,25 [18].
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Thus, unusual behavior of E,(7) in TIGaS, and TIGaSey.Sx
with x>0,1 are typical for crystals without phase transitions
and deformation potentials D and D, obtained above are true
for TIGaS, and paraelectric phases of TlInS, and T1GaSe;,
The other type of deformation effects is the change of
band gap in TIGaSe,;.,y Sy solid solutions, where the
changing of lattice parameters can be interpreted as effective
lattice deformation. Using the lattice parameters of TlGaSe,
and T1GaS, (table 1) and deformation potentials D, and D,
the change of E, very close to experimental value can be
found: AE,=450meV. Thus, deformation potentials D and
D, , obtained above, can describe the results of at least four
independent deformation experiments.
Table 1.
Lattice parameters and elastic constants in TIGaS,, TIGaSe, and TlInS,.

Lattice parameters, Values of elastic constants,
Crystals A[1-3] 10'°Pa [6]

a b Y Cn Ci Cs; Cay
TiGaS, | 10,29 | 10,29 | 15,28 | - - - -
TlGaSe | 10,77 | 10,77 | 15,64 | 6,42 | 3,88 | 4,37 | 0,5
2
TlInS, 10,95 | 10,95 | 15,14 | 4,49 | 3,05 | 3,99 | 0,5

As it was shown in [14] the deformation potentials
obtained at room temperatures and low pressures cannot be
used determining the energy shifts at low temperatures, and
high pressures in layered crystals of A;B¢ group. The same
seems to be true also for TLS. For example, using the D, and
D, obtained above the values dE,/dP~34x10"'eVxPa' for
TlGaSe, and dEg/dP~-41xlO'“erPa’1 for TInS, are
obtained for uniaxial perpendicular to the layers plane
pressures  instead of  experimentally obtained value
dE,/dP~-3x10""eVxPa for low temperatures. To explain the
significant changes of baric coefficients with pressure in
TlInS, and T1GaSe, one must also suppose that deformation
potentials strongly depend on pressure. As in the case of
layered crystals of A;Bs group to explain the discrepancy
between experimental results and calculations, it should be
assumed that deformation potential D,, describing the energy
shifts at deformations perpendicular to the layers plane
decreases (or even changes its sign from positive to negative)
with the lowering of the temperature or pressure increasing.

The nature of such a behavior of deformation potential
D, is due to peculiarities of the band structure of layered
crystals of A3;Bg group. According to band structure
calculations [14] interlayer interaction leads to splitting of the
top of valence band and bottom of conduction band of layer
crystal. Under deformation when interlayer distances
decrease, splitting increases and leads to decrease of E,. On
the other hand the compression of layers in both directions
leads to increase of E,. Thus the final change of band gap
depends on two competitive parts having opposite signs.
Since the interlayer forces increase faster than intralayer ones
with temperature lowering or pressure increasing the baric
coefficient may decrease by absolute value or even change
the sign from negative to positive with temperature or

pressure. For example, the baric coefficients for direct gaps in
A;Bg group layered crystals change the signs from negative to
positive with temperature lowering (7<77K) and pressure
increasing (P>0,5GPa). At the same time the baric
coefficients for indirect gaps in A3;Bg group crystals do not
change the signs and remain negative but the absolute values
of baric coefficients decrease significantly as described above
for TLS for uniaxial pressures at low temperatures. So, as it’s
seen from obtained results the deformation phenomena in
TLS and layered crystals of A;B¢ group have many common
features.

3. Conclusion

The deformation potentials D and D, obtained above for
TLS TIlGaSe,, TlnS, and TIGaS, have allowed making
following conclusions:

1. Deformation effects in TLS are very close to that observed
in layered semiconductors of A;B4 group:

a) deformation potentials D, and D, have the opposite
signs, and behavior of band gap E, under pressure depends on
two competitive contributions: positive one due to contraction
of layers and negative one due to contraction of interlayer
distances ;

b) deformation potential D, depends on pressure and
temperature due to different behavior of elastic constants
determining the deformation of layered crystals parallel and
perpendicular to the layers plane.

The similarity of deformation effects in TLS and A;Bg
group crystals leads to the conclusion that the band structures
of these two types of crystals have the following common
feature: E, decreases when the interlayer distances decrease
and E, increases when intralayer distances decreases.

2. At low pressures (P<0,5 GPa) and room temperature all
three investigated crystals have the close band structures and
deformation potentials. The differences in contribution of
thermal expansion to E (7) dependences in TIInS, and
TIGaSe, on one hand, and in T1GaS, on the other hand are
due to phase transitions, which take place in TlInS, and
TlGaSe, with temperature. The different behavior of baric
coefficients with pressure may be due to different degree of
elastic anisotropy and also to the phase transitions in TlInS,
and T1GaSe, at high pressures.

3. It was mentioned above in introduction that according to
the literature phase transitions that take place with
temperature in TIInS; and TlGaSe, have the same natures.
However, as it can be seen from fig.2 the deformation of
lattices with temperature in the layers plane is quite different
and phase transitions reveal itself in different way in TlGaSe,
and TlInS,. The analogous conclusion was made in [19]
investigating the temperature dependences of elastic
constants in TlGaSe, and TIInS,. near phase transition points
the elastic constants in TlInS, and TIGaSe, behave in
somewhat different way. The pressure dependences of baric
coefficients in TIGaSe, and TIlInS, also demonstrate
differences at pressures when  phase transitions in both
crystals take place. Though it's difficult to interpret the nature
of such differences, one can conclude that baric coefficients
behavior with pressure also testifies the differences in the
nature of phase transitions in TlInS, and T1GaSe,.
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K.R. Allahverdiyev, T.Q. Mommadov, R.A. Siileymanov, N.Z. Hesenov

TIGaSe, TIPLI KRISTALLARININ ELEKTRON SPEKTRLORIN® TOZYIQ VO
TEMPERATURUN TOSIRI

T1GaS,, TlGaSe, vo TIInS, ii¢qat layli yarimkegiricilorin elektron spektrlorinde deformasiya effektlorine baxilmis ve gosterilmisdir ki,
hidrostatik tezyiqin, temperatur genislonmasinin ve berk mehlullarmn terkibinin deyisilmesinin tedqiq olunan kristallarin qadagan olunmus
zonasina tosiri deformasiya potensialinin iimumi modeli ¢or¢ivesinde tosvir oluna biler.

Molum olmusdur ki, gdstorilon model A;B, qrupun layli yarimkegiricilori {iciin deformasiya potensiallart modeline yaxindir. Bu ise onu
gostorir ki, har iki qrup layl kristallarin zona strukturlarinin esas formalasmas: prinsipleri eynidir.

K.P. AnnaxBepaues, T.I'. Mamenos, P.A. Cyaeiimanos, H.3. 'acanoB

BJIUAHUE JABJIEHUA U TEMITEPATYPbI HA 9JIEKTPOHHBIE CHHEKTPBI
KPUCTAJIJIOB THUIIA TIGaSe,

Paccmotpens! nedopmanyoHubie d(GQEKTH B JJIEKTPOHHBIX CIIEKTPaX TPOMHBIX CIOHCTHIX HomynpoBoxHukoB TlGaS,, TlGaSe, n
TlInS, IToka3aHo, 9TO BIMSHHE THAPOCTATHIECKOTO JABJICHUS, TEMIIEPATypHOTO PACIIMPCHNUS, H3MEHEHHS COCTaBa TBEPJBIX PAaCTBOPOB HA
LIMPUHY 3alPEIICHHOH 30HBI HCCIIEAYEMbIX KPUCTAIIOB MOXKET OBITh ONMCAHO B paMKax o0Iel MoJieH Ae()OpMaLlOHHBIX TIOTEHIINAJIOB.

Okazanock, 4To yKazaHHasi MOZIEIIb OJIM3Ka K MOJeNH Je(h)OpMalMOHHBIX OTSHIMAJIOB IS CIIOUCTHIX ITOJIYIPOBOJHUKOB Ipynmbl A;Bg.
DTO CBUAETENIBCTBYET O TOM, YTO OCHOBHbIE IPUHIMIBI GOPMHUPOBAHHUS 30HHON CTPYKTYPbI 3TUX JBYX I'PYIII CIOUCTBIX KPUCTAIUIOB OJIHU U
TE XKe.
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