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Crystals with composition (1 – x)TlGaSe2•xDy (x = 0, 0.01, and 0.03) were synthesized. In the crystals
obtained, the dielectric properties in alternating electric ﬁelds with a frequency of f = 20–106 Hz were studied.
The relaxation nature of the dielectric constant, the nature of the dielectric loss, and the charge transfer
hopping mechanism in the samples are established. It is shown that in (1 – x)TlGaSe2•xDy conductivity
аt alternating current, the density of localized states near the Fermi level, the average distance and time
of carrier jumps increase with increasing x. The dependence of the band gap of (1 – x)TlGaSe2•xDy on
temperature was studied.
Keywords: solid solutions, dielectric constant, hopping conductivity, frequency dispersion, dielectric loss,
temperature coeﬃcient of the width of forbidden gap.

1. Introduction
TlGaSe2 single cryﬆals with a layered ﬆructure
are characterized by ﬆrong anisotropy of physical
properties and are promising for use as active elements in various semiconductor devices. Thus, in
[1, 2], temperature dependences of the degree of
anisotropy of the conductivity of isoﬆructural TlGaSe2, TlGaS2 and TlInS2 single cryﬆals were ﬆudied, and it was found that TlGaSe2 single cryﬆals
have the greateﬆ degree of anisotropy. TlGaSe2 single cryﬆals are also of intereﬆ in connection with
high photosensitivity, memory eﬀect [3], and the
fact that a sequence of phase transitions is observed
in them [4, 5]. In [5], polytypic modiﬁcations of TlGaSe2 cryﬆals were detected by the X-ray diﬀraction method, and in [6] the results of low-temperature X-ray ﬆudies of TlGaSe2 were reported. The
dispersion of the complex dielectric conﬆant and
conductivity of TlGaSe2 single cryﬆals in the radio frequency range [7] was also ﬆudied. Diﬀerent
compositions of TlGaSe2-based solid solutions were
synthesized and their physical properties were ﬆudied [8–13]. TlGaSe2 cryﬆals containing rare earth
elements are poorly ﬆudied. In materials containing Ln3+ various phase transformations occur. There
are exchange interactions of Ln3+ ions and metals,
whose valence electrons with the higheﬆ energy occupy the p-orbital. For example, Ln3+ selenides are
characterized by interaction and hybridization be-

tween localized 4f and wandering 5d electrons [14].
Therefore, as in the case of thulium [13], partial cationic subﬆitution with dysprosium (Dy) can aﬀect
the physical properties of TlGaSe2 and impart new
properties to (1 – x) TlGaSe2 · xDy.
The purpose of this work is to study the effect of dysprosium concentration on the dielectric characteriﬆics of (1– x)TlGaSe2 · xDy cryﬆals,
the establishment of a charge transfer mechanism in alternating electric ﬁelds of the radio frequency range and the determination of the temperature dependence of the band gap in these
cryﬆals.
2. Experiment
The following components were used as the
ﬆarting components: Tl (Tl ), Ga (Ga 5N), Se
(pure-grade 15-2), Dy (99.99%). Samples (1– x)
TlGaSe2 · xDy (x = , .1, .3) were synthesized
from elements taken in ﬆoichiometric ratios by directly fusing them into quartz ampoules evacuated
to 1–3 Pa for 5–7 h at 1 ± 5 K. Cryﬆals of good
enough quality were obtained from the synthesized
(1 – x) TlGaSe2·xDy samples by the Bridgman method, similarly to that described in [13]. X-ray phase
analysis of samples (1– x) TlGaSe2·xDy was carried
out on a D8-ADVANCE diﬀractometer in the range
.5 ° <2θ <1 ° (CuKα radiation, λ = 1.546 Å)
at 4 kV and 4 mA.
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The dielectric coeﬃcients of the samples (1 – x)
TlGaSe2 · xDy were measured on a 192 Precision LCR Meter (IET LABS. INC. USA). The frequency range of the alternating electric ﬁeld was
2-16 Hz. The electric ﬁeld applied to the samples
was 1 V, which corresponded to the ohmic region
of the current-voltage characteriﬆics of the ﬆudied samples.
Samples from (1 – x) TlGaSe2·хDy for electrical measurements were made in the form of ﬂat capacitors. Silver paﬆe was used as electrodes. The dielectric properties were measured in the direction
perpendicular to the layers of (1 – x) TlGaSe2·хDy
cryﬆals. The thickness of the ﬆudied samples obtained from (1 – x) TlGaSe2·xDy ranged from 8 to
22 μm. All dielectric measurements were carried
out at 298 K. The measurements of the capacity of
the samples were carried out with an accuracy of ±
.1 pF, and the error in measuring the quality factor (Q = 1 / tgδ) was .1%.
3. Results and Discussion
According to DTA data, the melting point of
TlGaSe2 is 1143 K. On the diﬀractograms of samples of (1 – x)TlGaSe2·xDy (x = , .1, .3), all
available X-ray reﬂections corresponded to the TlGaSe2 phase and up to x = .3 there were no reﬂexes of other phases. (1– x) TlGaSe2·xDy (x = , .1,
.3), as well as TlGaSе2, correspond to a monoclinic syngony with space group
(C2/c) at 298
K. The unit cell parameters of samples based on TlGaSe2 (a = 15.623 (.2), b = 1.773 (.2), c =
1.744 (.2) Å) are consiﬆent with the data for
TlGaSe2 [6, 13].
Here are the results of a ﬆudy of the dielectric
properties and electrical conductivities of the obtained (1 – x)TlGaSe2·xDy solid solutions measured
at alternating current.
Figure 1 shows the frequency dependences of
the real component of the complex dielectric permittivity (ε') of samples of (1 – x)TlGaSe2·xDy. It can
be seen that in the entire frequency range ﬆudied,
ε' for TlGaSe2 and (1 – x)TlGaSe2·xDy (x = .1) underwent a signiﬁcant decrease with increasing frequency. In cryﬆals (1 – x)TlGaSe2·xDy (x = .3)
ε' increased in the frequency range 2–5 Hz, and
then its ﬆeep decline was observed up to 1 MHz.
An increase in the content of dysprosium in crystals led to a marked increase in ε'. The frequency dependences of the imaginary part of the complex dielectric conﬆant ε'' of (1 – x) TlGaSe2·xDy
solid solutions also indicate relaxation dispersion
(Fig. 2).
Figure 3 shows the frequency dependences of
the dielectric loss tangent (tgδ) in TlGaSe2 (curve 1)
and solid solution (1 – x)TlGaSe2·xDy (curve 2) with
the higheﬆ dysprosium content (x = .3). These

60

Applied solid state chemistry

Fig. 1. Frequency dependences of the real component of the complex dielectric permittivity of
crystals (1–x)TlGaSe2 · xDy: х =  (1); .1 (2) and
.3 (3). Т = 298 К.
dependences were characterized by a hyperbolic recession, indicating the loss of through conduction. At high frequencies, there was a tendency for
tgδ to increase, which indicates the onset of relaxation losses in the cryﬆals under ﬆudy. The introduction of dysprosium into TlGaSe2 led to a signiﬁcant increase in tgδ.
We also ﬆudied the frequency-dependent acconductivity (σac) of (1 – x)TlGaSe2·xDy solid solutions (Fig. 4). The value of σac for solid solutions
(1 – x)TlGaSe2·xDy was higher than for TlGaSe2.
On the frequency dependence of σac(f) in TlGaSe2,
two segments were observed. Firﬆ, the dependence
σac ~ f .6 was observed, then (at f ≥14 Hz) it passed
to the law σac ~ f.8. In (1 – x)TlGaSe2·xDy, three regions were observed in the σac(f) dependence. First,
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where e is the electron charge; k is the Boltzmann
conﬆant; NF is the density of ﬆates near the Fermi level; a = 1/α is the localization radius; α is the
decay conﬆant of the wave function of the localized charge carrier Ψ ~ e–αr; νph - phonon frequency.
When calculating the NF, the localization radius of
solid solutions based on TlGaSe2 was taken to be a
= 34 Å, as in TlGaSe2 [16], and the value of νph was
set to 112 Hz [17]. The values obtained for NF are
shown in the table. It can be seen from the table that
an increase in the concentration of dysprosium in
(1 – x)TlGaSe2·xDy solid solutions leads to an increase in the density of ﬆates at the Fermi level.
According to the theory of hopping conduction
on alternating current, the average hopping diﬆance
(R) is determined by the following formula [15]:

Fig. 2. Frequency dependences of the imaginary
component of the complex dielectric permittivity of
crystals (1–x)TlGaSe2 · xDy: х =  (1); .1 (2) and
.3 (3). Т = 298 К.

the dependence σac ~ f .5–.6 took place, then it was
replaced by the dependence σac ~ f.8, and with a further increase in frequency up to 1 MHz, the superlinear segment σac ~ f1.2 was observed.
The obtained law σac ~ f.8 indicates a hopping
mechanism of charge transfer over ﬆates localized
in the vicinity of the Fermi level [15]. The ﬁrﬆ column of the table shows the frequency ranges (Δf) at
which the dependences σac ~ f.8 were observed in
the cryﬆals we ﬆudied. Using the experimentally
found σac(f) values of (1 – x), TlGaSe2·xDy samples
we calculated the density of ﬆates at the Fermi level (NF) within the framework of the Mott model using the following formula
Fig. 3. Frequency dependences of dielectric loss
angle tangent in (1–x)TlGaSe2 · xDy: х =  (1) and
.3 (2). Т = 298 К.
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Fig. 4. Frequency dependence of the conductivity of cryﬆals (1–x)TlGaSe2 · xDy: х =  (1); .1 (2)
and .3 (3). Т = 298 К.

In formula (2), the value of f corresponds
to the average frequency at which f.8-low is observed. The values of R calculated by formula (2)
for (1 – x) TlGaSe2·xDy cryﬆals are also liﬆed in
the table. These values of R are approximately 8–9
times larger than the average diﬆance between the
centers of charge carrier localization in crystals
(1– x) TlGaSe2·xDy.
The value of R allowed by the formula

Fig. 5. Temperature dependences of the band
gap for TlGaSe2 (1) and .99TlGaSe2 · .1Dy (2)
cryﬆals.
to determine the average jump time in (1 – x)
TlGaSe2·xDy cryﬆals, the values of which are located in the fourth column of the table.
According to the formula [15]:

in (1 – x) TlGaSe2·xDy, the energy spread of the
ﬆates localized near the Fermi level is eﬆimated
(the laﬆ column of the table). The table shows that

Table. The parameters of localized ﬆates in cryﬆals of (1–x)TlGaSe2⋅ xDy solid solutions obtained from
high-frequency dielectric measurements
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Cryﬆal composition
(1–x)TlGaSe2 ⋅ xDy

f (Hz)

NF, 118
(eV-1cm-3)

τ (s)

R (Å)

ΔЕ (eV)

x=

14–16

1.98

1-6

234

1.9×10-2

x = .1

13–15

2.97

1-5

273

8×1-3

x = .3

13–14

7.14

1-4

312

2.2×1-3
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an increase in dysprosium concentration in solid solutions (1 – x) TlGaSe2·xDy leads to a narrowing of the energy band ΔE, an increase in the density of ﬆates at the Fermi level, the average diﬆance,
and the jump time.
According to the method described in [18], the
temperature dependence of the optical properties
of (1 – x) TlGaSe2·xDy solid solutions was ﬆudied. The absorption edges of TlGaSe2 and (1 – x)
TlGaSe2·xDy single cryﬆals diﬀer from each other.
The temperature coeﬃcient of the band gap (dEg/
dT) in the temperature range 8–12 K for TlGaSe2 is -3·1-4 eV/K, and for (1 – x) TlGaSe2·xDy
(where x = .1) dEg/dT = -7·1-4 eV/K. In the
temperature range of 12–3 K for both samples,
dEg/dT ≈ -2.1·1-4 eV/K. In (1 – x) TlGaSe2·xDy
(x = .1), as compared with TlGaSe2, the band gap
was shifted by ~ 9 meV to the shortwave spectral range. For example, at a temperature of 8 K for
TlGaSe2 Eg = 2.19 eV, and for (1 – x) TlGaSe2·xDy
(x = .1) Eg = 2.28 eV (Fig. 5). Those, the subﬆitution of dysprosium atoms for metal atoms increases the band gap of a TlGaSe2 single cryﬆal. Thus, it
was found that the introduction of dysprosium into the TlGaSe2 cryﬆal matrix modiﬁes its physical
parameters.
4. Conclusion
(1–x)TlGaSe2 · xDy (х = , .1 and .3) solid solutions were synthesized. The dielectric properties of the obtained cryﬆals (1–x)TlGaSe2 · xDy
in alternating electric fields with the frequency f = 2–16 Hz were studied. The regularities
of changes in dielectric coeﬃcients and conductivity of cryﬆals (1–x)TlGaSe2 · xDy depending
on their composition and frequency of an alternating electric field were found. The introduction of dysprosium into the TlGaSe2 cryﬆal matrix signiﬁcantly increases the real and imaginary
components of the complex dielectric permittivity, the dielectric loss tangent, and alternating
current conductivity. An increase in dysprosium
concentration in (1–x)TlGaSe2 · xDy solid solutions leads to an increase in the density of ﬆates
(1.98–7.14) × 118 eV-1 cm-3 at the Fermi level, the average diﬆance (234–312 Å), and the jump time (16
–1-4 s). The band gap of (1–x)TlGaSe2 · xDy single
cryﬆals increases with the replacement of metal atoms
by dysprosium.
Acknowledgements
This work was carried out with the ﬁnancial
support of the Foundation for the Development of
Science under the President of the Republic of Azerbaijan (Project № EİF-BGM-3-BRFTF-2+/21715/5/1-M-13 and Project № EİF-BGM-4-RFTF½17-21/5/1-M-7.

References
[1] S.N. Mustafaeva, The interlayer energy
barrier in the anisotropic
monocryﬆals,
Fizika, 11 (25) 36–37.
[2] S.N. Muﬆafaeva, M.M. Asadov, Temperature-dependent electrical conductivity anisotropy
in TlBIIICVI2 (BIII = In, Ga; CVI = S, Se) layered single
cryﬆals, Entsikl. Inzh.-Khim. no. 8 (21) 26–29.
[in Russian]
[3] S.N. Mustafae va , S.D. Mamedbeili,
M.M. Asadov, I.A. Mamedbeili, K.M. Akhmedli,
Electronic relaxation processes in TlGaSe2 single
cryﬆals, Fiz. Tekh. Poluprovodn. 3 (1996) 2154–
2158. [in Russian]
[4] A.U. Sheleg, K.V. Iodkovskaya, N.F. Kurilovich, Eﬀect of gamma irradiation on the low-temperature electrical conductivity and dielectric properties of TlGaSe2 cryﬆals, Physics of the Solid State.
4 (1998) 128–121.
[5] O.B. Plyushch, A.U. Sheleg, Polytypism and phase transitions in TlInS 2 and TlGaSe2 cryﬆals, Cryﬆallogr. Rep., 44 (1999) 813–
817.
[6] A.U. Sheleg, V.V. Shevtsova, V.G. Hurtavy,
S.N. Muﬆafaeva, E.M. Kerimova, Low temperature
X-ray ﬆudies of TlInS2, TlGaS2, and TlGaSe2 single
cryﬆals, J. Surf. Inveﬆ.: X-Ray, Synchrotron Neutron Tech. 7 (213) 152–155.
[7] S .N. Mustafae v a , R F disp ersion of
the complex dielectric permittivity and electrical conductivity of TlGaSe 2 single crystals,
Journal of Radio Electronics. 1 (215) 1–11.
[in Russian]
[8] S.N. Muﬆafaeva, A.I. Gasanov, Relaxation
Phenomena in TlGa .99Fe .1Se 2 Single Crystals,
Physics of the Solid State. 46 (24) 22–
27.
[9] S.N. Muﬆafaeva, Dielectric properties of
TlGa1-xFexSe2 single cryﬆals in alternating electric
ﬁelds, Journal of Radio Electronics. 1 (28) 1–11.
[in Russian]
[1] S.N. Muﬆafaeva, Eﬀect of partial transition metals subﬆitution for gallium on the ac electric and dielectric properties of TlGaS2 and TlGaSe 2, Power engineering problems. 2 (21)
58–61.
[11] S. N. Muﬆafaeva, M.M. Asadov, E.M. Kerimova, Influence of the Composition of TlGa1–x
ErxSe2 Crystals on Their Dielectric Characteristics and Parameters of Localized States, Phys. Solid
State. 55 (213) 2466–247.
[12]S.N. Mustafaeva, C.M. Asadov, M.M.
Gojaev, A .B. Magerramov, Complex dielectric permittivity and electrical conductivity of
(TlGaSe2)1–x(TlInS2)x solid solutions in an ac electric field, Inorganic Materials. 52 (216) 196–
112.

№ 2 / 2018

63

Thermodynamic and thermophysical properties
[13] S.N. Muﬆafaeva, S.M. Asadov, E.M. Kerimova, Dielectric Properties and Electrical Conductivity of (1–x)TlGaSe2 · xTm Cryﬆals, Inorganic
Materials. 54 (218) 627–631.
[14] Gmelin Handbook of Inorganic Chemistry. Sc, Y, La–Lu Rare Earth Elements. Compounds
with Se, Bergmann, H., Ed., Berlin: Springer, 1986,
8th ed., syﬆem no. 39. 555 p.
[15] N.F. Mott, E.A. Davis, Electronic Processes in Non-Crystalline Materials, Clarendon,
Oxford, 1971.
[16] S.N. Muﬆafaeva, V.A. Aliev, M.M. Asadov, Anisotropy of hopping conductivity in Tl-

64

Applied solid state chemistry

GaSe2 single crystals, Physics of the Solid State.
4 (1998) 41-44.
[17] K.R. Allakhverdiev, E.A. Vinogradov,
R.Kh. Nani, Vibrational spectra of TlGaS 2, TlGaSe2, and β-TlInS2 cryﬆals, in Fizicheskie svoiﬆva slozhnykh poluprovodnikov (Physical Properties of Mixed Semiconductors), Elm, Baku,
1982.
[18] S.N. Muﬆafaeva, M.M. Asadov, E.M. Kerimova, N.Z. Gasanov, Dielectric and Optical Properties of TlGa1–xErxS2 (x = , .1, .5, .1)
Single Crystals, Inorganic Materials. 49 (213)
1175–1179.

