Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy

2025, cild 17 (3), s. 7-14 2025, vol. 17 (3), pp. 7-14
A.M. Pasayev, K.A. 9sgarov, K.R. Allahverdiyev A.M. Pashayev, K.A. Asgarov, K.R. Allahverdiyev
UDC 550.8.08

DOI 10.52171/herald.279

Phase Transitions in Highly Anisotropic Ternary TlGaSe, Crystals

Studied by High-Resolution Optical Spectroscopy

A.M. Pashayev, K.A. Asgarov, K.R. Allahverdiyev
Azerbaijan National Aviation Academy (Baku, Azerbaijan)

For correspondence:
Kerim Allahverdiyev / e-mail: kerim.allahverdi@gmail.com

Abstract

The infrared and terahertz spectroscopy of TIGaSe; crystals has been studied over a wide
temperature range (3 + 325 K). The appearance of new phonon modes in the TlGaSe; spectra
below a temperature of T = 120K was detected, due to a structural phase transition; the phonon
parameters of the crystal under study revealed features at temperatures of 30K, 60K, and 92.5K.
The observed anomalies have been explained as related to the reaction of phonons to the
formation of an antisegnetoelectric structure and a change in the latter with temperature. Splitting
of some phonon modes at 60K may occur due to symmetry breaking due to increased interaction
between two polar sublattices.

Keywords: two-dimensional materials, layered semiconductors, lattice dynamics, phase
transitions, ternary chalcogenides, phonons, infrared.

Submitted 6 March 2025
Published 24 September 2025

For citation:

A.M. Pashayev, K.A. Asgarov, K.R. Allahverdiyev

[Phase Transitions in Highly Anisotropic Ternary TIGaSe, Crystals Studied by High-Resolution
Optical Spectroscopy]

Herald of the Azerbaijan Engineering Academy, 2025, vol. 17 (3), pp. 7-14



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2025, cild 17 (3), s. 7-14 2025, vol. 17 (3), pp. 7-14
A.M. Pasayev, K.A. 9sgarov, K.R. Allahverdiyev A.M. Pashayev, K.A. Asgarov, K.R. Allahverdiyev

Yiiksok c¢oziiniirliiklii optik spektroskopiya ilo arasdirilan yiiksak anizotrop
iiclii TIGaSe, kristallarinda faza kecidlari

A.M. Pasayev, K.A. 9sgarov, K.R. Allahverdiyev
Azarbaycan Milli Aviasiya Akademiyasi (Baki, Azarbaycan)

Xiilasa

TlGaSe, kristallarinin infraqirmizi vo terahertz spektroskopiyasi genis temperatur
araliginda (3 + 325 K) todqiq edilmisdir. TlGaSe, spektrlorinde T = 120 K temperaturunun
altindak1 yeni fonon rejimlarinin meydana galmasi, struktur faza kegidino goro askar edilmisdir;
todqiq olunan kristalin fonon parametrlori 30 K, 60 K va 92,5 K temperaturda xiisusiyyatlori
askar etmisdir. 60 K-do bozi fonon rejimlorinin par¢alanmasi, iki qiitb alt sandiq arasindaki
qarsiligl alagenin artmasi ilo slagodar simmetriyanin pozulmasi sabobindan bas vers bilar.

Acar sozlar:  iki Olgiilii materiallar, layli yarimkegiricilor, kristal gofos dinamikasi, faza
kegidlori, tiglii xalkogenidlor, fononlar, infraqirmizi radiasiya.

da3oBble Mepexoabl B CHJILHO AaHU30TPONHBIX TPOHHBIX KpucTawiax T1GaSe;,
HCCJIeIOBAHHbIE  METOJI0M  ONTHYECKOH  CIHEeKTPOCKONHUM  BBICOKOIO
pa3penieHus

A.M. ITamaes, K.A. Ackepos, K.P. AiliaxBepamnen

Asepbatioscanckas Hayuonanonas axademus asuayuu (baxy, Azepbaiiosican)

AHHOTaLUA

HccnenoBana undpakpacHas u teparepuonas (TI'1) cnekrpockonus kpucramios TlGaSe;
B IIHMpoKOoM auarnaszoHe temmeparyp (3 + 325 K). OOHapyxeHO HosBIIeHHE HOBBIX (POHOHHBIX
Mon B cnekrtpax TlGaSe; nHuxe Temmneparypel T = 120 K, o0ycioBieHHOE CTPYKTYypHBIM
¢$a30BBIM Nepexo1oM; (POHOHHBIE MapaMETPhl HCCIEyEMOro KpUCTaiia BBIIBUIN OCOOEHHOCTH
npu temneparypax 30 K, 60 K u 92,5 K. HabGnronaemble aHoManuu ObUTM OOBSICHEHBI Kak
CBsI3aHHBIE C peakiueil (poHOHOB Ha (HOPMUPOBAHHE AHTHCETHETOIIEKTPUUECKON CTPYKTYpHl U
M3MEHEHHMEM MOoCJeTHEH B 3aBUCMOCTH OT TeMIlepaTypsl. Pacienienne HeKOTOpbIX (POHOHHBIX
Mon mnpu 60 K MoXkeT NnpoucXOAuTh U3-3a HapyIIEHUS CHUMMETPUHM U3-3a YCUJICHHS
B3aMMOJICHCTBUS MEKIY ABYMsI IOJISIPHBIMU MOIPEIIETKaAMH.

KiaroueBble cj1oBa: ABYMCPHBIC MAaTCpHaIbl, CIOUCTHIC MOJYNPOBOJHWKH, AWHAMHKA
KpHCT&HJIH‘ICCKOﬁ PCIICTKHU, (I)EBOBBIC Nepexoanl, TpOfIHBIG
XaJIbKOI'CHU/BI, (I)OHOHBI, I/IH(I)paKpaCHOC H3JIIYUCHHUC.
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Introduction

Two-dimensional ferroelectric TlIGaSe;
crystals have semiconductor, photo conductor,
and photoelectric properties, which determines
the variety of possibilities for their application
in modern technologies, including active laser
elements. At the temperature of liquid
nitrogen and the application of an external
electric field (~15 V), the photoelectric signal
in this crystal increases significantly. For
example, in the ultraviolet (UV) range of the
spectrum, the signal increases by ~40 times,
which opens up the prospects of using these
crystals as UV detectors [1]. High photosen-
sitivity also favors the creation of phototran-
sistors [2]. High sensitivity to an external
electric field makes it possible to use TIGaSe;
as elements in microelectronics capable of
changing their resistance depending on the
electric  charge  flowing  through it
(memristors) and rectifiers [1, 2].

For various applications in ferroelectric
memory elements, optoelectronics, and
sensors, information about phase transitions in
a crystal is important. The phase transition at a
temperature of 100 K in TlGaSe, was first
recorded by Raman, then information about
the crystalline and ferroelectric states was
refined by various methods, including
measurements of dielectric properties, heat
capacity, X-ray radiation, nuclear magnetic
resonance (NMR), and others [3-5]. At
temperatures T = 120 K and T = 107 K, two
consecutive structural phase transitions occur.
At T; = 107 K, there is a transition of the first
kind into the ferroelectric phase, accompanied
by a fourfold increase in the unit cell. It is
preceded by a transition of the second order at
Ti =120 K. In the temperature range of 107 +
120 K, an intermediate incommensurable state
with a modulated wave vector (9, o, 1/4), 6 =

0.02 is realized in units of the inverse lattice
[6]. However, there is data on the modulation
vector (0, 0, 1/4), where & = 0.04 [7].

In addition to the well-known transitions
at T; and T, phase transitions at various
temperatures have been discussed [8]. Several
papers have suggested the coexistence of two
competing polar sublattices in TIGaSe; [9,
10]. This is confirmed, in particular, by the
study of the dielectric properties of a crystal in
a static electric field. From this point of view,
anomalies in the heat capacity curves could be
interpreted both in the low-temperature phase
(T =100 K) and at high temperatures. In addi-
tion, based on dielectric measurements, the
phase transition at T* = 65 K was considered
in the framework of a model of strongly
interacting two polar sublattices. However,
studies of the crystal structure and dynamics
of the TIGaSe; crystal lattice at low tempera-
tures are currently insufficient. The present
work is aimed at eliminating this gap and
contains a detailed study of the temperature
dependence of TIGaSe, spectra, which can be
used for analyses of the phase transitions.

In our work, crystals grown by the
Bridgeman method in evacuated quartz
ampoules were used [3, 5]. To record the
transmission spectra, thin plates on magnetic
tape, oriented in the cleavage plane, with a
thickness of up to 10 um, were used. Thus, all
the presented spectra were recorded with the
polarization of the incident radiation E L ¢
(previously, new lines at phase transition
temperatures were recorded only in spectra
with such polarization). The spectra were
recorded on a Bruker IFS 125HR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany)
with a spectral resolution of 0.5 cm™ in the
spectral range of 10 + 100 cm™ and 0.8 cm™ in
the range of 100 + 400 cm™. The crystal was
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cooled in a Sumitomo SRPO096 closed-loop
helium cryostat; the temperature range was 3
+ 325 K. A helium-cooled bolometer was used
as the signal sensor.

TlGaSe, crystals at room temperature
have the space group Cy°. The crystal
structure is shown in Figure 1. GaSeq4
tetranedra are combined into GasSesp
polyhedra, each polyhedron is connected to
four neighboring ones through a common Se
atom, forming a layer lying in the (001) plane.
Each neighboring layer is rotated relative to
the previous one by an angle of 90° (L1 and
L2 in the Figure. 1).

Figure 1 — The unit cell of the TIGaSe, crystal in
the paraelectric state: a projection along the b- axis
and two projections along the c¢- axis
corresponding to two layers of combined Ga,Se;g
polyhedra rotated relative to each other by an
angle of 90°.

Tl atoms occupy the voids formed
between the combined GasSe;o polyhedra. The
unit cell contains two layers. The layer has
tetragonal symmetry, but due to the
displacement of each layer relative to the other
by 0.25 (a + b) during the transition from one
layer to another, tetragonal symmetry is
broken, thus, the structure of the entire crystal
is reduced to monoclinic. In real crystals,
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displacement of GasSe;p polyhedra of
neighboring layers is observed. At the same
time, there is also a good cleavage parallel to
the plane of the layer (001), and the Ga,Sesp
polyhedra are not susceptible to splitting. The
symmetry analysis of the C,,> monoclinic cell
leads us to the following mode distribution: G
= 23Aq + 25B4 + 23A, + 25B,, of which 45
modes: 22A,(z) and 23By(x,y) are IR-active.

It is difficult to analyze the symmetry of
the real structure. In [11], instead of a real
disordered crystal, a model crystal was
considered in which neighboring layers were
connected to each other using an inversion
operation, which led to a D4h group for the
entire cell. The mode distribution in this case
has the form: G = 7A1y + 3Ayg + 8By + 2By
+ 14Eg + 2A1, + 8Ag, + 3By, + 7By, + 14E,, of
which 7Az,z) + 13E, (X, y) oscillations are IR-
active. Figure 2 shows the transmission
spectra of a TIGaSe; crystal in the 10 + 300
cm’ spectral region.
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Figure 2 — Transmission spectra of TIGaSe,
crystal at temperatures of 3 and 300 K. Asterisks
mark new lines that appear at T; = 120 K. The
vertical lines indicate the frequencies of all
recorded phonons (in particular, the components
observed during phonon splitting at temperatures
below 60 K). The labels above the vertical lines
indicate the frequencies of the corresponding
phonons at room temperature.
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The spectrum recorded at room
temperature is an agreement with the spectra
given in the work [12]. At room temperature,
13 lines are observed in the spectrum, which
corresponds to the results given in [11]. At a
temperature of T; = 120 K, new weak modes
appear in the spectrum, the intensity of which
gradually increases with a further decrease in
temperature. A similar phenomenon occurs
during phase transitions of the second kind.
With a further decrease in temperature, some
lines split. The detailed temperature
dependence of the phonon spectra will be
discussed below. The frequencies of all modes
observed at temperatures T = 300 K, T = 107
K, and T = 3 K are shown in Table 1.

Phonons associated with translational
oscillations of Tl ions and Ga4Sel0
complexes are active in this range. The intense
mode is observed at 31.5 cm-1 at room
temperature. Two new modes can be observed
at temperatures T < Ti = 120 K: the weak
mode 38.8 cm-1 and the wide mode 23 cm-1
(data are given for T = 107 K, as indicated in
Table 1).

The weak mode splits at temperatures
around 60 K (as can be seen from the inset of
Figure 3 (a)), while the wide mode abnormally
hardens as the temperature decreases. The
intense mode of 31.5 cm™ also exhibits a
temperature dependence: upon cooling, it
narrows down to the temperatures of phase
transitions, then begins to widen and acquires
a complex contour (as seen in the left inset of
Figure 3 (a)). The peculiarities of these two
modes will be considered below.

The lowest frequency mode most likely
refers to the so-called rigid layer modes or
interlayer modes resulting from the addition of
acoustic branches of the Brillouin zone in
layered compounds.
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Table 1 — Phonon mode frequencies (cm™)
determined from reflection spectra at temperatures
T =300 K, T=107 K, and T = 3 K. Index (a)
indicates weak modes. New modes that appear in
the spectra below the temperature T; = 120 K are
highlighted in bold. Index (b) indicates the
components that are observed during splitting of
respective phonons at temperatures below 60 K.

300 K 107 K 3K
- - 26.7
- 29.4° 29.4°
315 32.4 33.4°
36.8*°
- 38.8 39.6°
41a,b
- 42° 42%°
43a,b
45 46.5 45.5°
49° 47.3°
48.4%P
49.1%P
547 54,9 55
- 78.6 78.7
82.2 82.9 83.8
88 87.4 86.3"
87.6°
88.8"
90.8° 92.5 91.8°
093.2"
106 106° 105.4°
106.7°
116.9 116.9 117
- - 196.9°
196 198.7 200.3
- 203.6°
228.6 2315 228.3°
231.3°
- 239 238.4°
240.5°
238.4 -
245 246.1
250.7 250.5
253.6 258.5 261.2
- 274.3 275.1°
278.3"
- 282.1 283.6°
286.6°
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Figure 3 — Intensity maps of the TlGaSe, crystal
transmission spectra in the ranges 15 + 45 cm™
(), 75 = 95 cm™ (b) at temperatures of 3 + 300 K.
The left inset of Figure (a) shows the transmission
spectrum at a temperature of 3 K. The right-hand
inset of Figure (a) shows the transmission spectra
in the dotted area of the intensity map.

Such modes are characterized by a
strong and anomalous nonmonotonic tempe-
rature dependence of the parameters, which is
sensitive to ferroelectric and magnetic states.

In the process of studying the
temperature dependence of the ferroelectric
soft mode by submillimeter dielectric

spectroscopy, the splitting of the soft mode
into two components have been considered
[13]. The first, longer-wavelength component
exhibits the behavior of the classical
ferroelectric soft mode. The square of its
frequency decreases linearly with decreasing
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temperature, approaching zero as it
approaches the phase transition point. The
shorter wavelength component behaves no
monotonously: as the temperature decreases,
its frequency first decreases, then increases
and continues to increase as it approaches Ti.
In the present experiment, the choice of
spectral region was limited by the capabilities
of the beam splitter: at frequencies nearly
about 15 cm™, the spectra were noisy, and the
region < 15cm™ was inaccessible.

No measurements of the split component
in the ferroelectric phase were carried out.
Thus, we do not have a complete picture,
however, it is likely that we observed the same
mode, but in a different temperature range.
The simulation of the dispersion of the
acoustic branch, measured by the method of
inelastic neutron scattering in the [00I]
direction in the paraelectric phase, allowed us
to estimate the frequency of the rigid layer
mode at 15 cm™ (observed also in
combinational light scattering spectra) for the
case of two layers in a unit cell. This
corresponds to the high-frequency component.
Figure 3 (b) shows a map of transmission
spectrum intensities in the range of 75 + 95
cm* at the temperature 320 K.

The corresponding spectra in a narrower
temperature range of 3 + 165 K are shown in
Figure 4 (a). At room temperature, there is an
intense mode of about 90 cm® and an
overdamping mode of 82 cm ™, which narrows
strongly and increases in intensity below T;.
The new mode appears at 78 cm™ at
temperatures below T;, and when cooled, its
intensity  increases smoothly, but the
frequency does not change.

The intense mode around 90 cm™
consists of two components with peaks at 88
cm™and 90.8 cm™.
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Figure 4 — The transmission spectra of the
TIGaSe, crystal in the range 75 + 95 cm ™ (a). The
spectra at T; = 120 K, T, = 107 K, as well as the
spectraat T* =60 Kand T = 30 K, at which
features in the dependences of the parameters of
the most intense mode in this range are observed,

are shown in different colors.

220 230 240 250
Wavenumber (cm)

Figure 5 — TIGaSe, transmission spectra in the
temperature range of 3 + 300 K, in the frequency
range of 215 + 255 cm™. The arrows are shown for
clarity

The highest frequency component of
overdamping at room temperature narrows
strongly at T < T; = 120 K and abruptly shifts
to a higher frequency region. This is most
likely directly related to the interlayer ordering
and the increase in the corresponding force
constants. Upon further cooling, the mode
shows practically no temperature dependence
(Figure 4b).

Figure 5 shows the transmission spectra
of a TIGaSe, crystal in the temperature range
of 3 + 300 K in the frequency range of 215 +
255 cm™. The main contribution to the
spectrum in this range is made by internal
vibration of Ga;Se;o complexes.

At room temperature, two modes with
frequencies of about 230 and 240 cm™ are
observed. As the temperature decreases, as it
approaches T; = 120 K, the modes expand and
spread out, and at T, = 107 K they merge into
one wide band, on which about four weaker
peaks can be distinguished. In addition, at T; =
120 K, a line of about 250 cm™ appears.
Below T, = 107 K, the wide band smoothly
splits into three peaks with frequencies around
230, 240, and 245 cm™. Below T* = 60 K,
each of the peaks at 230 and 240 cm™ is
partially splits into two components. The most
noticeable difference between the temperature
behavior of these modes and the temperature
regime of the band at 88 cm™ is the
broadening of the bands at T > T; = 120 K (the
88 cm™ line begins to widen only below the
transition point to i).

Conclusion

Detailed temperature studies of the IR
transmission spectra of a TIGaSe; crystal with
incident light polarization E L ¢ was carried
out. Data processing, which included the
construction of temperature dependences of
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phonon mode parameters, made it possible to
identify a number of phase transitions. In
addition to the well-known phase transitions at
Ti = 120 K and T, = 107 K, we recorded a
number of anomalies at T = 93 K, T* = 60 K
and T = 30 K. The first feature is probably
related to the transition of the crystal to a
peculiar antiferroelectric state, which was
discussed earlier in [9,10]. Below T* = 60 K,
we detected splitting of some lines in the
spectrum, which is most likely a sign of a

decrease in symmetry due to a change in the
interaction of two polar sublattices in
TIGaSe,. Further calorimetric, dielectric, and
X-ray studies of the crystal are needed to
determine the nature of the anomaly at a
temperature of 30 K.

Conflict of Interests

The authors declare there is no conflicts
of interests related to the publication of this
article.

REFERENCES

. Seyidov M.Y., Suleymanov R.A., Balaban E., Sale Y. Enhancing the Photoresponse of a TIGaSe,
Semiconductor for Ultraviolet Detection Applications. Phys. Scr. 2015, 90, 015805.

. Yang S., Wu M., Wang H., Cai H.; Huang L., Jiang C., Tongay S. Ultrathin Ternary Semiconductor
TlGaSe , Phototransistors with Broad-Spectral Response. 2D Mater. 2017, 4, 035021.

. Abdullaev G.B., Allahverdiev K.P., Burlakov V.M., Vinogradov E.A., Zhizhin G.N., Melnik N.N.,
Salaev E.Ju., Sardardy P.M. Issledovanie Spektrov Kolebanij Kristallicheskoj Reshjotki TIGaSe,
Vblizi Tochki Fazovogo Perehoda. Doklady AN Azerb. SSR 1979, 35, 30-34.

. Kashida S., Kobayashi Y. Neutron Scattering Study of the Structural Phase Transitions in TIGaS,.
Journal-Korean Physical Society 1998, 32, 40-43.

. Allakhverdiev K.R., Akhmed-zade N.D., Mamedov T.G., Mamedov T.S., Seidov M.-G.Yu.
Behavior of the Layered Crystals TlInS, and TIGaSe, near Phase Transitions in a Static Electric Field.
Low Temperature Physics 2000, 26, 56-61.

. McMorrow D.F., Cowley, R.A., Hatton P.D., Banys J. The Structure of the Paraelectric and
Incommensurate Phases of TIGaSe,. J. Phys.: Condens. Matter 1990, 2, 3699-3712.

. Kashida S., Kobayashi Y. Neutron Scattering Study of the Structural Phase Transitions in TIGaS..
Journal-Korean Physical Society 1998, 32, 40-43.

. Panich A.M. Electronic Properties and Phase Transitions in Low-Dimensional Semiconductors. J.
Phys.: Condens. Matter 2008, 20, 293202.

. Mikailov F.A., Basaran E., Sentiirk E., Tiimbek L., Mammadov T.G., Aliev V.P. Time Relaxation
of Dielectric Constant in the Commensurate Phase of TIGaSe,. Solid State Communications 2004, 129,
761-764.

10. Mikailov F.A., Basaran E., Sentiirk E., Tiimbek L., Mammadov T.G., Aliev V.P. Phase

Transitions and Metastable States in TIGaSe,. Phase Transitions 2003, 76, 1057-1064.

11. Gasanly N.M., Goncharov A.F., Melnik N.N., Ragimov A.S., Tagirov V.l. Optical Phonons and

Structure of TIGaS,, TIGaSe,, and TlInS, Layer Single Crystals. Physica Status Solidi. 1983, 116, 427—

443,

12. Hochheimer H.D., Gmelin E., Bauhofer W., Von Schnering-Schwarz Ch., Von Schnering H.G.,

Ihringer J., Appel W. Study of the Ferroelectric Phase Transition of TlGaSe, by Dielectric,

Calorimetric, Infrared and X-Ray Diffraction Measurements. Z. Physik B - Condensed Matter 1988,

73, 257-263.

13. Pashayev A.M., Veliev N.A., Askerov K.A., Musaev A.A., Mamedov |.H., Allahverdiev K.R.,

Madzhidova V.G. Otlichitelnye osobennosti IK-spektrov syroj nefti Absheronskogo poluostrova.

Herald of the Azerbaijan Engineering Academy, 2024, vol. 16 (4), pp. 34-39.

14




 
 
    
   HistoryItem_V1
   AddNumbers
        
     Range: all pages
     Font: Times-Roman 12.0 point
     Origin: bottom centre
     Offset: horizontal 0.00 points, vertical 53.86 points
     Prefix text: ''
     Suffix text: ''
     Use registration colour: yes
      

        
     1
     1
     
     BC
     
     1
     7
     TR
     1
     0
     967
     59
    
     1
     1
     12.0000
            
                
         Both
         201
         AllDoc
         201
              

       CurrentAVDoc
          

     [Sys:ComputerName]
     0.0000
     53.8583
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     8
     7
     8
      

   1
  

 HistoryList_V1
 qi2base



