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Abstract 
 
Investigation of the electric properties of semi-conducting materials in an applied ac electric fields gives in-
formation about the nature of charge transport and localized states in the forbidden gap. Layered crystals 
usually contain structural defects, such as dislocations and vacancies that may form a high density of local-
ized states near the Fermi level. So, the current study was carried out for insight into the dielectric Properties 
of Tl2S layered single crystals. These properties were studied using the ac measurements in the low tempera-
tures ranging from 77 to 300 K. The real part of dielectric constant ε׳, imaginary part of dielectric constant ε״, 
the dissipation factor tan δ and the alternating current conductivity σac were measured in an applied ac elec-
tric field of frequencies extending from 2.5 to 50 kHz. Based on the dependencies of these dielectric pa-
rameters on both the frequency and temperature, the dielectric properties of the crystals under investigation 
were elucidated and analyzed. The ac conductivity was found to obey the power law σac(ω) = Aωs with 
which the values of the exponent s were evaluated to be less than unity in the range 0.21 ≥ s ≥ 0.19. Fur-
thermore, it was found that the temperature dependence of ac conductivity follows the Arrhenius relation via 
which the impact of temperature on the electrical processes in an applied ac electric field was illustrated and 
analyzed. The influences of temperature and frequency on both the exponent s and band gap were also dis-
cussed in this investigation. 
 
Keywords: Structural Defects in Layered Crystals, Dielectric Parameters, Nature of Charge Transports, 

Chalcogenide Semiconductors 

1. Introduction 
 
Due to difficulties in obtaining the Tl2S compound in its 
single crystal forms, however, little is known about its 
properties. Synthetic Tl2S is known to be a black, soft, 
and extremely laminar substance. In nature it was de-
scribed as the rare mineral carlinite [1]. Earlier crystal 
structure work [2,3] has shown that the atomic arrange-
ment is similar to that of the anti-CdI2 type, but with lat-
tice parameters a and c tripled. A new description and a 
new discussion of the stereochemistry have been inves-
tigated by Giester et al. [4], in which they reported that 
the interatomic distances will always be given to two 
decimals (σ < 0.01 Å), although for the Tl – Tl distances 
three decimals would be adequate (σ < 0.005 Å). In this 
study, there are two histograms that show a projection of 
the structure is parallel to the x1-axis and a projection of 

a single “Tl2S sheet”, which is parallel to the z – axis. 
Chalcogenide compounds can be considered as an im-
portant category of semi-conducting materials having 
extensive technical applications, and their single crystal 
forms are considered as a natural birefringence stratified 
medium [5,6]. The physical properties of layered crystals 
have constituted a major research area in solid-state 
physics. Layered crystals were largely used to test some 
of the most advanced techniques in modern photoemis-
sion [7]. This advantage has not been applied in large 
scale to chalcogenide semiconductors containing thal-
lium [8]. The interest of these materials is stimulated not 
only by their fundamental properties but also by possible 
practical applications [9-14]. Layered crystals of chalco-
genide semiconductors usually contain structural defects, 
such as dislocations and vacancies. The presence of these 
defects results in a high density of localized states near 
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the Fermi level. So, it is interested to study of the electric 
properties of these materials in an applied ac electric 
field that can give information about the nature of charge 
transport between localized states in the forbidden gap 
[15]. It is reported in Refs. [16,17] that for the layered 
single crystals of chalcogenide semiconductors, the hop-
ping conductivity in localized states may be occurred 
near the Fermi Level. Such measurements allow one to 
determine the relative dielectric constant (ε׳), the loss 
factor (ε״), the dissipation factor (tan δ), and the 
alternating current conductivity (σac). In order to execute 
the mechanism of charge transport, it is necessary to 
know the dependences of these parameters on frequency 
and temperature [15]. The dielectric behavior of materi-
als under an external ac electric field has been the focus 
of numerous papers, in view of its high scientific and 
technological importance. These measurements were 
made in wide frequency and temperature ranges for 
many types of materials [18]. The aim of the current pa-
per is mainly oriented to investigate of the frequency and 
temperature dependences of the dielectric parameters for 
Tl2S layered single crystals and to clarify the mechanism 
of charge transport. 
 
2. Experimental Details and Conditions 
 
Layered single crystals of the Tl2S semi-conducting 
compound was obtained via a new technique based on 
the Lenton Thermal Design (LTD), which is well de-
scribed in Ref. [19]. The technique was provided with 
three digital temperature controllers (eurotherm 91e-type) 
that were used to control the temperature profile inside 
the tube furnace of this design. The temperature control-
lers were used to pinpoint a suitable fixed set inside the 
furnace at which a tube containing the Tl2S compound 
was thereafter placed. The compound under investigation 
was obtained in mono-crystal form by cooling with a rate 
of 5°C/hr. The compound was prepared using starting 
materials of pure (5 N) elements that were evacuated 
(10-6 torr) in a silica tube of diameter 15 mm. Natures of 
the obtained crystals were confirmed by comparing their 
recorded and standard X-ray diffraction patterns [20]. 
The comparison showed that the obtained compound is 
single crystal of Tl2S with a rhombohedral (Hex) sym-
metry, space group: R3 (146) and lattice parameters: a = 
12.26 Å, c = 18.29 Å, and Z = 27. The obtained com-
pound was obtained as layered single crystals from 
which the specimens were prepared by splitting the crys-
tal along the cleavage plane and hence the resultant sur-
faces were mirror-like without any mechanical treatment. 
A High Precision LCR – 819 Meter (12 Hz – 100 kHz) 
was used for studying the dielectric (DE) properties of 
the Tl2S layered single crystals. A piece of 1.2 × 2.3 mm2  

with a thickness of 0.6 mm is selected for the DE meas-
urements. The contacts between the two opposite flat 
faces of the sample under study and the metal electrodes 
were painted using silver paste. The sample under inves-
tigation was mounted on the cold finger inside a cryostat 
(Oxford DN1704-type), which was evacuated to about 
10–4 torr. Liquid nitrogen was used to maintain the tem-
perature during the DE measurements and the tempera-
ture inside the cryostat was controlled by a digital tem-
perature controller (Oxford ITC601-type). 
 
3. Results and Discussion 
 
Based on the dielectric measurements, two fundamental 
electrical characteristics of a material medium could be 
pinpointed: 1) The nature of the material as an insulating 
medium, which exhibits its capability to store electric 
charges; and 2) The nature of the material as a conduc-
tive medium, which exhibits its capability to transfer the 
electric charge. The Dielectric (DE) analysis is an im-
portant implement, which can be used to enrich knowl-
edge with respect to the electrical properties of a material 
medium as a function of temperature and frequency. 
Furthermore, the DE analysis could be obtained for a 
material medium by carrying out the DE measurements. 
Based on the experimental data of these measurements, 
the DE parameters (e.g. the dielectric constant ε׳, dielec-
tric loss ε״, dissipation factor tanδ, and ac-C) of the 
material can be evaluated. In the current work, the 
frequency and temperature dependences of these parame- 
ters for the Tl2S crystalline medium were described and 
analyzed as following: The complex dielectric constant 
of the material medium is generally formulated as two 
parts: ε = ε׳ + jε״, where ε׳ is the real part of dielectric 
constant (RPDEC) and ε״ is the dielectric loss or the 
imaginary part of dielectric constant (IPDEC). Based on 
the relation between ε׳ and ε״, a loss tangent or the 
dissipation factor was defined as tan δ = ε״ / ε׳. 
Dependences of the RPDEC, IPDEC, and dissipation 
factor (tan δ) on both temperature and frequency of the 
applied ac field were individually investigated for Tl2S 
layered single crystals. The DE measurements were 
carried out at the temperatures ranging from 77 to 300 K 
and frequencies ranging from 1 to 68.6 KHz. The 
aforementioned dielectric DE parameters were evaluated 
by measuring the equivalent parallel capacitance Cp and 
the equivalent parallel resistance Rp of the specimen 
under investigation using the following equations [21]: 
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where Cp is the capacitance of the specimen medium in 
Farad, d is the thickness in meter, A is the area in square 
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meter, C0 is the geometrical capacitance of vacuum 
through the same dimensions as the sample, ε0 is the ab-
solute permittivity in the free space having a value of 
8.854 × 10−12 Fm−1, ε׳ is the real part of dielectric con-
stant and ε״ is the imaginary part of dielectric constant. 
Investigation of the electric properties of semiconductor 
materials in an applied ac electric fields gives informa-
tion about the nature of charge transport and states in the 
forbidden gap [15]. So, the values of the alternating cur-
rent conductivity (ac-C) for the Tl2S crystalline medium 
were calculated based on the measured values of the 
aforementioned DE parameters using the following rela-
tion [22]: 

Algebraic summation of all the aforementioned com-
ponents for a dielectric material medium can be ex-
pressed as the total polarization P [23]: 

  02 taac f f      (2) 

where f is the measuring frequency of the applied ac 
electric field (Hz) and tan δ is the dissipation factor that 
describes the phase difference between the current and 
voltage with respect to the applied ac electric field. 
 
3.1. Influences of Frequency and Temperature 

on ε׳ 
 
Displacements of the charge carriers and hence the de-
crease of the RPDEC with increasing frequency are oc-
curred in a dielectric material as a result of applying an 
ac electric field that is well known as polarization. The 
Fundamental interaction mechanisms between a dielec-
tric material medium and electromagnetic waves are 
strongly required to be synopsized prior the insight into 
the discussion and analysis of the dielectric properties for 
the Tl2S layered single crystals. The decrease of the di-
electric constant with increasing frequency can be attrib-
uted to the contribution of many components of electrical 
polarization that are well specified as electronic, ionic (or 
atomic), dipolar (or orientation), and space charge [23, 
24]: 1) Electronic polarization (Pe) that arises due to the 
displacement of the valence electrons relative to the 
positive nucleus and occurs at the frequencies up to 1016 
Hz; 2) Ionic polarization (Pi) that arises due to the dis-
placement of negative and positive ions with respect to 
each other. In this category, the ions cannot be polarized 
rapidly because of they are heavier than electrons leading 
to that the maximum frequency of the ionic polarization 
is approximately 1013 Hz; 3) Dipolar polarization (Pd) 
that arises due to the permanent electric dipole moments 
of molecules by which change orientation is governed 
into the direction of the applied electric field. Dipolar 
polarization occurs at frequencies up to about 1010

s

 Hz; 
and 4) Space charge polarization (Ps) that arises due to 
the mobile charge carriers impeded by interfaces. Space 
charge polarization typically occurs at frequencies be-
tween 1 and 103 Hz.  

e i dP P P P P     (3) 

The frequency dependencies of the electronic, ionic, 
dipolar and space charge polarization contributions to the 
relative dielectric constant are illustrated in the schematic 
diagram shown by Figure 1. Based on the bonding and 
structure of the dielectric material and the frequency, 
dielectric materials exhibit at least one of these polariza-
tion categories. The total polarization P is related to the 
relative dielectric constant ε׳ through the following 
equation [25]: 

 0 1P E 0 E       (4) 

where ε0 is the permittivity of free space, χ is the electric 
susceptibility, and E is the applied ac electric field. Equ-
ation 4 shows the direct relation between relative dielec-
tric constant and polarization. In accordance with this 
equation, one could predict the magnitude of the polari-
zation in a dielectric material as the relative dielectric 
constant is well known for this material. The relative 
dielectric constant ε׳ determines the maximum energy 
that can be stored in the material. However, the relative 
loss factor ε״ evaluates the absorption of electrical en-
ergy by a dielectric material that is subjected to an alter-
nating electromagnetic field. Furthermore, the dissipation 
factor tan δ = ε״ / ε׳ determines how well a material can 
absorb the electromagnetic field [23,25]. The frequency 
dependence of the RPDEC for the Tl2S layered single 
crystals was investigated in the frequency of the applied 
ac field ranging from 1-68.6 kHz at different working 
temperatures extending from 77 to 300 K. This variation 
of the RPDEC with frequency is shown in Figure 2. In 
accordance with this figure, a considerable decrease in 
the RPDEC commences from 1 kHz till the frequency of 
68.6 kHz at all the working temperatures investigated 
here. It is evident from Figure 2 that the behavior of the 
Tl2S crystalline medium could be interpreted with re-
spect to the frequency intervals: 
1) Behavior in the first interval is observed in the low 

frequency region 1-28.3 kHz in which the RPDEC 
sharply decreases with increasing frequency. So, 
the RPDEC of the Tl2S crystalline medium is 
therefore strongly dependent on the frequency at the 
low frequency region. The maximum value of the 
RPDEC is clearly observed at 1 kHz for all the in-
vestigated working temperatures. However, the 
maximum value was found to be extended from 
1982.58 to 3675.57 corresponding to the working 
temperatures ranging from 77 to 300 K. So, the 
maximum value of the RPDEC at the working  
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Figure 1. Dependence of 1) the relative dielectric constant and 2) the relative loss factor on frequency of an alternating elec-
tric Field. Contributions of electronic, ionic, dipolar and space charge in the total polarization are determined (source of this 
diagram: Ref. [25]). 
 

temperature 77 K is much less than its maximum 
value attained at the working temperature 300 K. 
Therefore, the RPDEC of the Tl2S crystalline me-
dium is strongly dependent on the temperature at 
the low frequency region.  

2) Behavior in the second interval is observed in the 
high frequency region 28.3-68.6 KHz in which the 
RPDEC of the Tl2S crystalline medium starts fal-
ling slightly with the increase in frequency of the 
applied ac field till the value of 46.5 kHz after 
which it seems close to the saturation phase. How-
ever, the values of the RPDEC at 68.6 kHz were 
found to be 1224.51 and 1593.79 corresponding to 
the working temperatures 77 and 300 K respec-

tively. So, the RPDEC of the Tl2S crystalline me-
dium shows a little dependence on both frequency 
and temperature at the high frequency region. 

The rapid rise in RPDEC of the Tl2S layered single 
crystals with decreasing frequency at low frequencies 
may be associated with the effect of the electrodes. 
However, the low values of RPDEC at high frequencies 
are important for these materials in the construction of 
photonic and NLO devices [26]. Furthermore, the higher 
value of the dielectric constant at low frequency in the 
crystals under study may be attributed to voids, disloca-
tions and other defects [27]. It is reported in Ref. [28] 
that the large values of RPDEC are due to the fact that 
ferroelectric grains are surrounded by ferrite grains [29]  
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Figure 2. Shows the frequency dependence of the RPDEC 
for Tl2S layered single crystals. 
 
which in itself gives interfacial polarization [22]. The 
temperature dependence of the RPDEC for the Tl2S 
crystalline medium was measured in the temperature 
range 77-300 K at different working frequencies of the 
applied ac field extending from 1 to 68.6 kHz. Behavior 
of the RPDEC as a function of temperature for the Tl2S 
crystalline medium is shown in Figure 3. However, this 
figure involves the behavior for selected working fre-
quencies ranging from 1 to 23.1 kHz due to the similar 
effect of temperature on the RPDEC at all working fre-
quencies investigated here. Based on this figure, a no  
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Figure 3. Temperature dependence of the RPDEC for Tl2S 
layered single crystals. 

ticeable rise of the RPDEC commences from 77 K till 
the temperature of 300 K at all the investigated working 
frequencies. However, the maximum value of the 
RPDEC is obviously found to be at 300 K for all the in-
vestigated working frequencies. The maximum value 
was obviously found to be decreased from 3675.57 to 
2195.57 corresponding to the working frequencies ex-
tending from 1 to 23.1 kHz. It is evident that the maxi-
mum value of the RPDEC at the working frequency 23.1 
kHz is much less than its maximum value attained at the 
working frequency 1 kHz. Consequently, the RPDEC of 
the Tl2S layered single crystals is strongly dependent on 
the frequency of the applied ac field at the high tempera-
ture region. However, Figure 3 shows an intensive rise 
of the RPDEC with temperature at all the investigated 
working frequencies leading to that the RPDEC of the 
Tl2S layered single crystals is strongly dependent on 
temperature. Based on this figure, the RPDEC of the 
Tl2S layered single crystals exhibits anomalous behavior 
with temperature at the low working frequencies that 
suggests the possibility of the crystal medium to be fer-
roelectric [22]. As the temperature rises, the interfacial 
polarization increases due to creation of crystal defects 
[30], where the increase in dielectric constant with in-
crease in temperature is thus expected. In the current 
investigation, the sharp rise of RPDEC for the Tl2S lay-
ered single crystals with temperature at all frequencies 
investigated here may be attributed to space charge (dif-
fusional or interfacial) polarization [22]. Based on the 
frequency dependence of the RPDEC, the increase in 
capacitance and hence the dielectric constant towards the 
low frequency region has been attributed to an interfacial 
polarization mechanism [25,31]. An intensive in the 
RPDEC is clear in the low frequencies and could be due 
to the presence of the large capacitance at the electrode - 
electrolyte interface, which apparently reduces the ac - 
current [32]. 
 
3.2. Influences of Frequency and Temperature 

on ε״ 
 
The frequency dependence of the IPDEC for the Tl2S 
layered single crystals was obtained in the frequency of 
the applied ac field ranging from 1-68.6 kHz at different 
working temperatures extending from 77 to 300 K. The 
variation of the IPDEC with frequency of the applied ac 
field is illustrated in Figure 4. This figure shows a no-
ticeable decrease in the IPDEC with frequency com-
mences from 1 kHz till the frequency of 68.6 kHz at all 
the working temperatures investigated here. It is evident 
from Figure 4 that the behavior of the Tl2S crystalline 
medium with respect to the IPDEC is similar to its be-
havior for RPDEC. However, behavior of the IPDEC for  
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Figure 4. Shows the frequency dependence of the IPDEC 
for Tl2S layered single crystals. 
 
Tl2S crystalline medium shows the greater dependencies 
on both frequency and temperature, and could be inter-
preted according to the frequency intervals: 
1) First could be observed in the low frequency region 

1-20.5 kHz: Behavior in this region shows a sharp 
decrease in the IPDEC with the increase in fre-
quency. Hence, the IPDEC of the Tl2S crystalline 
medium exhibits a strong dependence on the fre-
quency at the low frequency region. The maximum 
value of the IPDEC is found to be at the beginning 
frequency for such a working temperature. Based 
on Figure 4, maximum value is found to be in-
creased from 1430.59 to 3156.39 corresponding to 
the working temperatures ranging from 77 to 300 K. 
Therefore, the maximum value of the IPDEC at the 
working temperature 77 K is much less than its 
maximum value attained at the working tempera-
ture 300 K. So, the IPDEC of the Tl2S crystalline 
medium is strongly dependent on the temperature at 
low frequency region. 

2) The second could be observed in the high frequency 
region 20.5-68.6 KHz: Behavior in this region ex-
hibits slightly falling in the IPDEC of the Tl2S crys-
talline medium with the increase in frequency of the 
applied ac field starting from the frequency of 20.5 
kHz till the value of 55.6 kHz. Thereafter, the value 
of the IPDEC seems close to the saturation phase 
for all working temperatures. So, the IPDEC of the 
Tl2S crystalline medium shows a little dependence 
on frequency at the high frequency region. Fur-
thermore, the values of the IPDEC at the frequency 
of 68.6 kHz were found to be 56.87 and 113.81 

corresponding to the working temperatures 77 and 
300 K respectively. Hence, the IPDEC of the Tl2S 
crystalline medium shows a weak dependence on 
temperature at the high frequency region compared 
with the dependence observed at the low frequency 
region. 

The temperature dependence of the IPDEC for the 
Tl2S layered single crystals was investigated in the tem-
perature range 77-300 K at different working frequencies 
of the applied ac field extending from 1 to 68.6 kHz. The 
variation of the IPDEC with temperature is depicted in 
Figure 5. However, this figure involves the behavior for 
selected working frequencies ranging from 16.6 to 40 
kHz due to the similar effect of temperature on the IP-
DEC at all working frequencies investigated here. This 
figure shows a considerable rise of the IPDEC com-
mences from 77 K till the temperature of 300 K at the 
working frequencies ranging from 16.6 to 40 kHz. Fig-
ure 5 shows that in the low temperature region, the IP-
DEC of the Tl2S crystalline medium increases slightly 
with the increase in temperature exhibiting a little de-
pendence of the IPDEC on temperature in the low tem-
perature region. However, the value of the IPDEC at the 
beginnings of the low temperature interval was found to 
be 153.53 and 83.18 corresponding to the working fre-
quencies 16.6 and 40 kHz respectively. So, the IPDEC of 
the Tl2S crystalline medium shows a weak dependence 
on frequency in the low temperature region. Furthermore, 
the variation of the IPDEC with temperature in the high 
temperature region shows greater dependence on tem-
perature than it variation in the low temperature region 
exhibiting a considerable dependence of the IPDEC on  
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Figure 5. Shows the temperature dependence of the IPDEC 
for Tl2S layered single crystals. 
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temperature in the high temperature region. It is observed 
in the high temperature interval that the maximum value 
of the IPDEC is found to be at 300 K for all working fre-
quencies investigated here. These maximum values of the 
IPDEC were found to be extended from 317.1 to 164.37 
corresponding to the working frequencies ranging from 
16.6 to 40 kHz. The maximum value of the IPDEC at the 
working frequency 40 kHz seems much less than its 
maximum value attained at the working frequency 16.6 
kHz. Therefore, the IPDEC of the Tl2S layered single 
crystals is strongly dependent on the temperature at the 
high temperature region. The large values of the dielectric 
constant and IPDEC exhibited by the Tl2S layered single 
crystals at low frequencies may be ascribed to space – 
charge polarization due to the crystalline defects [33]. 
Furthermore, the dielectric losses increase faster with the 
temperature at the low working frequencies that is clearly 
exhibited in Figure 3 at the low frequency region and 
could be due to the strongly defective structure and to the 
existence of shallow traps in the band gap [34]. The large 
value of the dielectric constant and IPDEC at the low 
frequency region (see Figures 3 and 4) may arises due to 
the presence of space charge polarization near the grain 
boundary interfaces which depends on the purity and 
perfection of the sample [35,36]. The contribution from 
space charge towards polarization depends on purity and 
perfection of crystals as the impurities and/or defects cre-
ate potential barriers that limit the transport of charge 
carriers. So, the space charge (or diffusing) contribution 
involves a limited transport of charge carriers until they 
are stopped at a potential barrier, possibly a grain bound-
ary or phase boundary [22]. However, space charge and 
dipolar polarizations are relaxation processes and are 
strongly temperature dependent [37]. 
 
3.3. Influences of Frequency and Temperature 

on the Dissipation Factor 
 
The variation of the dissipation factor with frequency for 
the Tl2S crystalline medium was measured in the fre-
quency range 1-68.6 kHz at different working tempera-
tures extending from 77 to 300 K. Figure 6 shows the 
dissipation factor as a function of frequency exhibiting 
that the dissipation factor shows a considerable decreases 
with the increase in frequency form the beginning fre-
quency till the frequency of 17.9 kHz. In this region of 
frequency, the dissipation factor exhibits strong depend-
ence on frequency after which it decreases slightly with 
increasing frequency till the value of 54.3 kHz at which 
the dissipation factor seems to be close to the saturation 
phase. So, the dissipation factor shows a little depend-
ence on frequency at the high frequency region. Based 
on Figure 6, values of the dissipation factor at the begin-  
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Figure 6. Frequency dependence of the dissipation factor 
for Tl2S layered single crystals. 
 
ning and ending frequencies for the working temperature 
of 77 K were calculated to be 0.72 and 0.046 respec-
tively. However, these values of the dissipation factor 
were calculated for the working temperature of 300 K to 
be 0.85 and 0.071 respectively. The difference between 
the beginning values at the working temperature 77 K 
and that at the working temperature 300 K shows a weak 
dependence of the dissipation factor on temperature in 
the low frequency region. However, the same difference 
with respect to the ending values shows that the dissipa-
tion factor exhibits a greater dependence on temperature 
in the high frequency region than that is observed in the 
low frequency region. 

The variation of the dissipation factor with tempera-
ture for the Tl2S crystalline medium was measured in the 
temperature range 77-300 K at different working fre-
quencies of the applied ac field extending from 1 to 68.6 
kHz. However, Figure 7 shows the dissipation factor as 
a function of temperature with respect to selected work-
ing frequencies ranging from 16.6 to 33.5 kHz due to the 
similar effect of temperature on the IPDEC at all work-
ing frequencies investigated here. Based on this figure, 
the dissipation factor shows a similar rise with increasing 
temperature at all the investigated working frequencies. 
In accordance with Figure 7, the dissipation factor ex-
hibits a weak dependence on temperature in the low tem-
perature region; however it shows an intensive increase 
with temperature in the high temperature region. Fur-
thermore, this figure exhibits that there is a noticeable 
dependence of the dissipation factor on working tem-
peratures, which coincides with the data described in 
Figure 6. Based on Figures 5-8, the IPDEC and dissipa-  
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Figure 7. Temperature dependence of the dissipation factor 
for Tl2S layered single crystals. 
 

 

Figure 8. Shows the frequency dependence of the ac-C for 
the Tl2S layered single crystals. 
 
tion factor of the Tl2S crystalline medium exhibit similar 
dependences on temperature and frequency of the applied 
ac electric field. Similarity in behavior has been observed 
for many materials like lanthanum heptamolybdate [38], 
neodymium heptamolybdate [39] and La-Nd heptamo-
lybdate [40]. The increase in trend in tan δ with tem-
perature may be due to space charge polarization. Fur-
thermore, the dielectric constant, dielectric loss, dissipa-
tion factor and conductivity are shown for the Tl2S lay-
ered single crystals to be strongly dependent on tem-
perature and frequency of the applied field. This has 

been applicable for a large number of materials [22]. The 
functional dependence of these dielectric parameters on 
temperature and frequency forms an important charac-
teristic of the material and is required to be investigated. 
The dissipation factor of the Tl2S crystalline medium 
material exhibits low values suggesting that the grown 
crystals possess good optical quality. However, this DE 
parameter is of vital importance for nonlinear optical 
materials in their applications [41]. 
 
3.4. Influences of Frequency and Temperature 

on the ac-Conductivity 
 
Figure 8 illustrates the frequency dependence of the 
ac-C for the Tl2S layered single crystals in the frequency 
range 1-68.6 kHz at the working temperatures extending 
from 77 to 300 K. For all the working temperatures in-
vestigated here, this figure shows a typical dependence 
of the ac-C for the Tl2S layered single crystals on fre-
quency. In accordance with Figure 8, the ac-C shows a 
noticeable increase with frequency in the low frequency 
region dependence exhibiting intensive dependence on 
frequency; however it shows weaker dependence on fre-
quency in the high temperature region than that is ob-
served in the low frequency region. In accordance with 
Figure 8, values of the ac-C at the beginning and ending 
frequencies for the working temperature of 77 K were 
calculated to be 3.98 × 10-7 and 8.23 × 10-7 respectively. 
However, these values of the ac-C were calculated for 
the working temperature of 300 K to be 7.03 × 10-7 and 
1.42 × 10-6 respectively. The difference between the be-
ginning values at the working temperatures 77 and 300 K 
shows a weak dependence of the ac-C on temperature in 
the low frequency region. However, the same difference 
with respect to the ending values shows that the ac-C 
exhibits a strong dependence on temperature in the high 
frequency region compared with that is observed in the 
low frequency region. It is also clear from Figure 8 that 
the behavior of the ac-C for the Tl2S layered single crys-
tals, as a function of frequency, exhibits three zones. The 
first is observed in the low frequency region in which the 
ac-C increases linearly with increasing frequency; the 
second zone shows a non-linear region that is followed 
by the third zone in which the ac-C increases linearly 
with the increase in frequency with smaller slope that is 
observed in the low frequency region. The linear zones 
were observed for all the working temperatures investi-
gated here that coincides with what is reported in Ref. 
[42] that the ac-C increases linearly with increasing fre-
quency for most semiconductors. In accordance with this 
Figure 8, the dependence of the measured ac-C with 
frequency of the applied ac field at all working tempera-
tures investigated here could be formulated as [26]: 
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   0 SA      (5) 

where σ (0) is the dc conductivity, A is the pre-exponent- 
tial factor and s is the exponent. The aforementioned equa-
tion is referred as the universal dynamic pattern of ac elec-
trical behavior of conducting solids and liquids as pro-
posed by Jonscher [43] based on the exponent s lies in the 
range 0 < s < 1. It has been used mostly to characterize the 
electrical conduction in disorder ionic glasses, amorphous 
semiconductors, ionic conductors and some crystals 
[44-50]. This power law is related to the dynamics of hop-
ping transport between states in the forbidden gap. The 
exponent s is the measure of the degree of interaction with 
the environment. Experimental evidence of this behavior 
is a power law of the ac conductivity σac(ω) = Aωs ob-
served over many decades of frequency [51]. The inter-
pretation usually involves analysis of the temperature de-
pendence of s (T) which makes it possible to find the rele-
vance of the hopping mechanism in terms of pair ap-
proximation [47]. Based on the aforementioned power law, 
the quantity ln σac was plotted as a function of ln ω that is 
depicted in Figure 9. In line with this figure, the values of 
the exponent s for all working temperatures were evalu-
ated by calculating the slopes of resultant straight lines. In 
the current work, the estimated values of the exponent s 
were found to be less than unity in the range 0.21 ≥ s ≥ 
0.19. The values of the exponent s were plotted versus 
temperature for all frequency investigated here to describe 
the temperature impact on it and determining its tempera-
ture coefficient (see Figure 10). The figure shows that in 
the low temperature region (77 to 175 K), the exponent s 
is found to be frequency dependent and it increases line- 
 

 

Figure 9. Plot of the quantity ln (σac) as a function of ln (ω) 
for Tl2S layered single crystals. 
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Figure 10. The temperature dependence of the exponent s 
for Tl2S layered single crystals. 
 
arly as the working temperature increases with a tem-
perature coefficient of about 2.94 × 10-4. However in the 
high temperature region 175 to 300 K, the exponent s 
decreases linearly as the working temperature increases 
with a temperature coefficient of about –5.11 × 10-4. 

The ac-C of the Tl2S layered single crystals was eva-
luated by substituting the values of ε׳ and tan δ in 
Equation 2. The temperature dependence of the ac-C was 
investigated in the temperature range 77-300 K at the 
working frequencies ranging from 1 to 68.6 kHz. However, 
Figure 11 shows the ac-C as a function of temperature  
 

 

Figure 11. Shows the temperature dependence of the ac-C 
for Tl2S layered single crystals. 
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with respect to selected working frequencies ranging 
from 15.3 to 68.6 kHz. Based on this figure, a typical 
dependence of the ac-C on temperature is observed at all 
working frequencies investigated here. In addition, the 
figure shows that the ac-C exhibit a noticeable increase 
with increasing temperature in the low temperature re-
gion at all investigated working frequencies. Whereas, 
the ac-C fulfills an intensive rise with increasing tem-
perature in high temperature region at all investigated 
working frequencies. The later leads to that the ac-C of 
the Tl2S layered single crystals shows strong dependence 
on temperature at all investigated working frequencies. 

 

It is obvious from Figures (3-8, 9, 12) that The Tl2S 
layered single crystals exhibit an intensive dependence of 
RPDEC, IPDEC, dissipation factor and ac-C on tem-
perature and frequency of the applied ac field (see Table 
1). So, the functional dependence of these DE parameters 
on temperature and frequency forms an important char-
acteristic of these materials and is strongly required to be 
investigated. However, strong dependencies of these DE 
parameters on temperature and frequency of the applied 
ac field have been applicable for a large number of mate-
rials [22, 38-40]. 

Figure 12. Shows the inversely dependence of the quantity ln 
(ac-C) on temperature for the layered Tl2S single crystals. 
 

Figure 12 depicts a plot of the quantity ln σ as a func-
tion of 1000 / T in the temperature range 77-300 K at 
selected working frequencies extending from 1 to 20.5 
kHz. This graph was plotted based on an Arrhenius plot 
using the following relation [52]: 

0 exp aE

kT
   

 

  (6) 

in line with the aforementioned power law (Equation 5) 
is satisfied for the Tl2S layered single crystals, and hence 
the charge carriers are assumed to be transferred by hop-
ping between localized states and shallow traps in the 
band gap. So the charge transfer process can be de-
scribed by two mechanisms: 1) Hopping near the periph-
ery of the conduction band or valence zone that is char-
acterized by a strong temperature dependence of expo-
nential behavior; and 2) Hopping between localized 
states with energies close to the Fermi-Level in which a 
weak temperature dependence is observed. 

where σ is the conductivity at temperature T, Ea the acti-
vation energy for the ac electrical process, and k the 
Boltzmann’s constant. In accordance wit the reference 
investigation [34], Figure 9 suggests that the condition  

Furthermore, Figure 12 shows that in the temperature 
region I (77 to 200 K), the charge transfer process could  

 
Table 1. A resultant data showing the variation of RPDEC, IPDEC and the dissipation factor with frequency and temperature. 

Real Part of Dielectric Constant 
Imaginary Part of Dielectric Con-

stant 
Dissipation Factor Measuring Frequency 

(kHz) 
At T = 77 K At T = 300 K At T = 77 K At T = 300 K At T = 77 K At T = 300 K

1 1982.586 3675.57 1430.593 3156.392 0.72158 0.858749 

6.2 1734.293 3098.165 318.9989 675.8933 0.183936 0.218159 

11.4 1602.343 2676.65 200.785 421.4868 0.125307 0.157468 

16.6 1505.173 2408.117 153.5354 317.1067 0.102005 0.131682 

21.8 1429.978 2227.362 126.1257 257.9126 0.088201 0.115793 

27 1383.71 2094.569 108.2979 219.3343 0.078266 0.104716 

32.2 1357.331 2013.871 96.71062 194.3052 0.071251 0.096483 

37.4 1327.718 1930.198 87.43122 173.2954 0.065851 0.089781 

42.6 1301.227 1873.673 79.20938 158.8382 0.060873 0.084774 

47.8 1296.91 1824.514 73.06217 146.8826 0.056336 0.080505 

53 1292.594 1775.356 68.14545 135.4191 0.05272 0.076277 

58.2 1275.748 1730.433 63.45999 126.7571 0.049743 0.073252 

63.4 1258.901 1685.509 60.55789 120.9542 0.048104 0.071761 

68.6 1224.51 1593.799 56.87902 113.816 0.04645 0.071412 



 
22 A. M. BADR  ET  AL. 

be due to hopping conduction between localized states 
with energies close to the Fermi-Level. However in the 
temperature region II (200 to 300 K), the ac-C exhibits a 
strong increase with increasing temperature that suggests 
the prevailing of hopping process between localized states 
near the valence or conduction zone. In the temperature 
region II (200 to 300 K), the measured ac-C is tempera-
ture dependent and less frequency dependent. The slope 
of this region is higher than the previous region. The 
influence of temperature on ac conductivity may be ex-
plained by considering the mobility of charge carriers 
responsible for hopping. Whereas, temperature increases 
the mobility of hopping carriers that causes thereby in-
crease in conductivity [31,53]. In accordance with Fig-
ure 12, the inversely dependence of the quantity ln σ 
exhibits two straight lines with different slopes at such a 
working frequency. So, the activation energy of the elec-
trical processes for the Tl2S layered single crystals could 
be evaluated with respect to the temperature intervals. In 
the low temperature region, the activation energy of the 
ac electrical processes for the Tl2S layered single crystals 
was calculated with respect to the working frequencies 
investigated here to be found in the range 0.0203 eV ≥ 
ΔEac ≥ 0.0223 eV. In this region, it is remarked that the 
activation energy of the ac electrical processes for the 
Tl2S layered single crystals depends randomly on tem-
perature. However activation energy was estimated in the 
high temperature region to be found in the range 0.22 eV 
≥ ΔEac ≥ 0.261 eV. This region shows a regular depend-
ence for the activation energy of the ac electrical proc-
esses on temperature, where it is decreased with the in-
crease in frequency (see Figure 13). The complete data  
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Figure 13. Shows the frequency dependence of the activa-
tion energy of the ac-C for the Tl2S layered single crystals. 
 
concerning the activation energy of the ac electrical 
processes for the Tl2S layered single crystals is reported 
in Table 2. It is evident form Figure 13 that ΔEσ (ω) 
tends to decrease with increasing frequency. Such a de-
crease in the activation energy with the frequency could 
be attributed to the increase of the applied ac – electric 
field that enhance the electronic jump between the local-
ized states [24]. This behavior of the variation of ΔEσ (ω) 
with frequency has been observed in several materials 
[54-56].  

 
Table 2. A compiled data of the electrical processes in an applied ac electric field. 

The ac Activation Energy 
ΔEac (ω) in eV 

The ac Conductivity 
σac in Sm-1 

Frequency 
(kHz) Phase I  

(200 to 300 K) 
Phase II  

(77 to 200 K) 
At 

T = 77 K 
At 

T = 300 K 

1 0.261 0.0215 3.981E-07 7.031E-07 
2.3 0.257 0.0208 4.306E-07 7.563E-07 
3.6 0.254 0.0218 4.522E-07 7.966E-07 
4.9 0.25 0.0206 4.771E-07 8.331E-07 

Investigated 
Frequency range 

1 to 68.6 kHz 

6.2 0.246 0.0203 5.003E-07 8.695E-07 
T (K) s 7.5 0.244 0.0218 5.115E-07 8.948E-07 

77 0.212 8.8 0.241 0.0217 5.288E-07 9.225E-07 
100 0.217 10.1 0.239 0.0221 5.421E-07 9.454E-07 
125 0.222 11.4 0.236 0.0217 5.557E-07 9.654E-07 
150 0.229 12.7 0.233 0.0214 5.695E-07 9.851E-07 
175 0.236 14 0.23 0.0215 5.82E-07 1.005E-06 
200 0.25 15.3 0.228 0.0214 5.935E-07 1.022E-06 
225 0.244 16.6 0.226 0.0218 6.008E-07 1.036E-06 
250 0.235 17.9 0.225 0.0223 6.068E-07 1.048E-06 
275 0.218 19.2 0.223 0.0222 6.169E-07 1.063E-06 
300 0.199 20.5 0.22 0.0219 6.26E-07 1.075E-06 
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4. Conclusion 
 
The RPDEC of the Tl2S layered single crystals exhibits 
anomalous behavior with temperature at all the working 
frequencies investigated here that suggests the possibility 
of the crystal medium to be ferroelectric. Furthermore, 
sharp rise in the RPDEC with temperature at all investi-
gated frequencies may be attributed to space charge 
(diffusional or interfacial) polarization. However, the 
increase in capacitance and hence the dielectric constant 
towards the low frequency region could be attributed to 
an interfacial polarization mechanism. The IPDEC of the 
Tl2S layered single crystals exhibits strong dependence 
on temperature at the high temperature region and shows 
large values at low frequencies that may be ascribed to 
space – charge polarization due to the crystalline defects. 
The dielectric losses increase faster with temperature at 
the low working frequencies that could be due to the 
strongly defective structure and to the existence of shal-
low traps in the band gap. The experimental results of the 
ac-C measurements for the Tl2S layered single crystals 
show that in the temperature region I (77 to 200 K), the 
charge transfer process could be due to hopping conduc-
tion between localized states with energies close to the 
Fermi - Level. However in the temperature region II (200 
to 300 K), the ac-C exhibits a strong increase with in-
creasing temperature that suggests the prevailing of hop-
ping process between localized states near the valence or 
conduction zone. The influence of temperature on ac 
conductivity may be explained by considering the mobil-
ity of charge carriers responsible for hopping. Whereas, 
temperature increases the mobility of hopping carriers 
that causes thereby increase in conductivity. The dielec-
tric constant, dielectric loss, dissipation factor and con-
ductivity for the Tl2S layered single crystals shows 
strong dependence on both the temperature and fre-
quency of the applied field that has been applicable for a 
large number of materials. So, the functional dependence 
of these DE parameters on temperature and frequency 
forms important characteristics of such a material and is 
required to be investigated. The dissipation factor of the 
Tl2S crystalline medium material exhibits low values 
suggesting that the grown crystals possess good optical 
quality. However, this DE parameter is of vital impor-
tance for nonlinear optical materials in their applications. 
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