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In doped TlGaSe2 crystals the phase transitions at low temperatures (100�170 K) were observed using admit-
tance and dielectric spectroscopy in a temperature range of 80�320 K. The admittance and permittivity measure-
ments in the studied samples indicated that after Fe or Tb doping by impurities with concentrationsNimp < 0.5 at.%
nonequilibrium electronic phase transition is observed. Doping with Nimp > 0.5 at.% resulted in full suppression
of this phase transition presence.
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1. Introduction

The ternary compound TlGaSe2 belongs to the group
of chalcogenide semiconductor crystals with layered
structure which are crystallized in monoclinic structure.
These crystals draw a great attention due to their opti-
cal and electrical properties in view of the possible op-
toelectronic device application. In recent years, there is
a growing interest in their study due to the coexistence
of ferroelectric and semiconducting properties, as well as
the presence of structural phase transitions (PTs) in some
temperature ranges. In particular, it has been estab-
lished that undoped TlGaSe2 crystals exhibit on cooling
a sequence of structural PTs which are accompanied by
peculiarities in temperature dependences of electric, di-
electric, elastic, acoustic, thermal, optical, etc. properties
at temperature ranges of about 90�140 K and 240�260 K
[1�6]. A great number of experimental results indicated
that in undoped TlGaSe2 a sequence of low-temperature
structural PTs from a paraphase to an incommensurate
phase at Ti ≈ 120 K and then to the commensurate ferro-
electric phase at Tc ≈ 110 K are observed. The ferroelec-
tric PT is a displacive improper type and the spontaneous
polarization at T ≈ 110 K is inside the layer planes. So it
was interested to check the e�ect of doping on these PTs
and their manifestations using dielectric and impedance
spectroscopy.

The present paper is devoted to the study of AC elec-
tric and dielectric properties at di�erent temperatures
and frequencies in TlGaSe2 crystals doped with di�erent
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impurities and their comparison with the properties of
the undoped crystals.

2. Experimental

The single crystals were grown and doped with Fe,
Ag, B, Tb, Er, and Al impurities in evacuated quartz
tubes by using the modi�ed Bridgman method [5�8].
The studied samples with rectangular form were oriented
by larger face (the cleavage plane) along the polar axis.
Scanning electron microscope images and stoichiometry
of the grown single crystals were shown in [8] earlier.
The Raman spectra were taken at room temperature us-
ing a Nano�nder High End (Lotis TII, Belarus�Japan)
confocal microscope-based setup. The Raman scatter-
ing was excited using the 532 nm solid-state laser with
power level at the sample at ca. 60 µW to minimize laser-
-induced damage to the crystals. The spectral calibration
was done using a built-in gas-discharge lamp with accu-
racy better than 1 cm−1. Transmission spectra of the
crystals were measured using a spectrophotometer MC
122 (Proscan Special Instruments, Belarus) in a spectral
range 200�1100 nm.
Temperature/frequency dependences of the real and

imaginary parts of admittance and permittivity were
measured on the samples of 4�5 mm width, 5�6 mm
length and 0.5�0.8 mm thickness. For measurements the
wide faces of samples were gently polished, cleaned and
covered with two indium probes, which were applied by
ultrasound soldering, so that the measuring current was
carried normally to the best cleavage plane (normally to
c axis). Admittance and dielectric spectroscopy of the
samples was studied by means of a 2-probe method in
a temperature range of 80�340 K. Measurement setup
included either a precise HIOKI 3532 LCR HiTESTER
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AC bridge (for the frequency range 50 Hz�100 kHz) or
Hewlett Packard LCR-meter HP 4284A (for measure-
ments at frequencies 100 kHz�5 MHz) was used. During
the experiments, the changes in the full resistance and
phase of the samples studied were �xed to calculate the
real and imaginary parts of impedance and permittivity.
The absolute values of admittance and permittivity were
measured accurate up to 4%. All AC measurements were
carried out with a full computer control.

3. Results and discussion

Scanning electron microscopy (SEM) investigations of
single crystals con�rmed their stoichiometry and have
shown that surfaces of their normally-cleavaged faces dis-
played layered-like structure with either piramid- and
step-like roughnesses (see [8] and insets 1 and 2 in Fig. 1a)
or dendritic and brushy inclusions (insets 3 and 4 in
Fig. 1b) with about 1�2 µm sizes. Let us note that,
as was mentioned in [8], some of these inclusions were
enriched by basic components of the crystals (mainly se-
lenium or thallium).

Fig. 1. Raman (a) and transmission (b) spectra for
TlGaSe2 crystal doped with Tb (1), Fe (2), Al (3) and
Ag (4). SEM images show surfaces of cleavaged plates
(inserts 1 and 2) and natural faces (inserts 3 and 4) of
crystals after growth.

The examples of Raman and re�ectance spectra for the
doped TlGaSe2 crystals are presented in Fig. 1. The spec-
tral position of the observed the Raman lines (Fig. 1a)
corresponds to the values known from the literature for
undoped TlGaSe2 crystals [9, 10]. Moreover, the pa-
rameters of Raman lines (both position and FWHM) do

not depend on the type and concentration of the studied
dopants indicating no detectable in�uence of the doping
on the lattice properties.
Transmission curves α(λ) in Fig. 1b for the di�erently

doped crystals display similar behavior in the low wave-
length values (between 580 and 640 nm, i.e. in the vicinity
of absorption edge). Re-plotting (αλhω)2 as a function of
hω for hω ≥ Eg (ω � circular frequency), we evaluated
the energy gap Eg ≈ 2.077 eV which conforms with the
value known from literature [1, 10]. In�uence of doping
on absorption edge was also not observed. We attribute
di�erences in α(λ) curves beyond the absorption edge in
Fig. 1b to di�erent state of the surface of the crystalline
plates studied.

Fig. 2. Temperature dependences of real part of ad-
mittance Reσ(T ) for TlGaSe2 crystals doped with
0.3 at.% Fe (a) and 0.1 at.% Tb (b) measured at dif-
ferent frequencies: 1 � f = 500 Hz, 2 � 1 kHz, 3 �
10 kHz, 4 � 100 kHz, 5 � 1 MHz, 6 � 3 MHz. Inset
presents temperature dependence of DC resistance in
low-temperature range observed in [8] for TlGaSe2〈Fe〉
crystal.

The doping of crystals has resulted in the lowering
of their resistivity as compared to the undoped ones
[2, 11, 12] that was direct indicator of the doping in-
�uence on the properties of the studied crystals and al-
lowed to study AC/DC conductance down to 80 K. In
order to get additional information about the succession
of PTs in the doped TlGaSe2 crystals versus undoped
ones, the frequency dependences of the admittance and
permittivity in the above mentioned temperature region
were measured.
The examples of temperature dependences of real

and imaginary parts of admittance and permittivity for
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Fig. 3. Temperature dependences of imaginary part of
admittance Imσ(T ) for TlGaSe2 crystals doped with
0.3 at.% Fe (a) and 0.1 at.% Tb (b) measured at dif-
ferent frequencies: 1 � f = 500 Hz, 2 � 1 kHz, 3 �
10 kHz, 4 � 100 kHz, 5 � 1 MHz, 6 � 3 MHz.

Fig. 4. Temperature dependences of real part of per-
mittivity Reε(T ) for TlGaSe2 crystals doped with
0.3 at.% Fe (a) and 0.1 at.% Tb (b) measured at dif-
ferent frequencies: 1 � f = 500 Hz, 2 � 1 kHz, 3 �
10 kHz, 4 � 100 kHz, 5 � 1 MHz, 6 � 3 MHz.

Fig. 5. Temperature dependences of imaginary part of
permittivity Imε(T ) for TlGaSe2 crystals doped with
0.3 at.% Fe (a) and 0.1 at.% Tb (b) measured at dif-
ferent frequencies: 1 � f = 500 Hz, 2 � 1 kHz, 3 �
10 kHz, 4 � 100 kHz, 5 � 1 MHz, 6 � 3 MHz.

the samples of doped TlGaSe2〈Fe〉 and TlGaSe2〈Tb〉
crystals are presented in Figs. 2�5. As is seen, both
samples, doped with low concentration of Fe and Tb
(Nimp < 0.5 at.%) show clearly expressed peculiarities
in Reσ(T ) and Imσ(T ) dependences in the temperature
range 100�170 K (Figs. 2 and 3). However in the sample
TlGaSe2〈Fe〉 the character of Reσ(T ) progress strongly
depends on frequency displaying two types of peculiari-
ties shape. The 1st type peculiarity for f < 10 kHz dis-
plays both maximum and minimum on Reσ(T ) curves 1
and 2 in Fig. 2a, whereas for higher frequencies we ob-
served the 2nd type of Reσ(T ), curves 5 and 6, which
are characterized by only maximum. For TlGaSe2〈Tb〉
samples we observed only peculiarity of the 2nd type
(Fig. 2b). It is necessary also to note that doping by
non-magnetic impurities (Al, Ag, B) did not result in
such clearly expressed peculiarities of AC response in
the above temperature range. Moreover, at doping with
Nimp > 0.5�1.0 at.% (including Fe and Tb) we did not
observe low-temperature peculiarities at all. As is seen
from Figs. 4 and 5, Reε(T ) and Imε(T ) dependences
also show low-temperature maxima for Fe- and Tb-doped
TlGaSe2 crystals.

Analysis of the observed T/f dependences both for
admittance and permittivity show that temperatures,
where PT is observed, take very wide range 100�170 K,
although maximum in all curves (if it is observed at all)
lies at nearly constant temperature 140±1 K. Let us note
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that this temperature range engrosses the known interval
110�120 K with maxima in Reε(T ), Reσ(T ) and thermal
expansion coe�cient at about 112�115 K, where com-
mensurate (C)�incommensurate (I) PT was observed in
the undoped crystals [2, 5, 6, 11, 12]. Note, that C�I PT
was also �xed �rst in TlGaSe2 crystals low-doped with Fe
(less than 0.1 at.%) by temperature dependences of DC
conductivity (see inset in Fig. 2b [8]) measured along the
cleavage plane (along c axis). On the other side, the po-
sition of maxima Tmax on temperature dependences of
permittivity and admittance in Figs. 2�5 is shifted to
≈ 141 K as compared to Tmax ≈ 120 K in C�I PT in
undoped crystals. Formally, position of Tmax ≈ 141 K is
very close to the beginning of non-equilibrium electronic
PT due to polarization in the direction perpendicular
to the layers plane that was observed in [12]. However
the shape of Reε(T ), Reσ(T ) curves in [12] does not
match with the same dependences in Figs. 2�5 for the
doped crystals (especially for temperatures higher than
200 K). Therefore for TlGaSe2 crystals weakly doped
with Fe or Tb we can attribute with more higher prob-
ability to commensurate�incommensurate phase transi-
tion the observed low-temperature maximum on Reε(T )
and Reσ(T ) dependences in Figs. 2�5. Possible contri-
bution of non-equilibrium electronic PT in this shift of
Tmax demands additional experiments.

4. Resume

In TlGaSe2 crystals weakly doped with Fe and Tb
(with Nimp < 0.5 at.%), using method of tempera-
ture dependences of admittance σ(T ) and permittivity
ε(T ) in the temperature range of 80�300 K, the shift of
commensurate�incommensurate phase transition to the
temperatures of the order of 141 K (as compared with
≈ 120 K in undoped crystals) was observed. More heavy
doping of the crystals with Nimp > 0.5 at.% resulted in
full suppression of any anomalies (phase transitions) on
ε(T ) and σ(T ) dependences.
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