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The component frequency dependences of total complex impedance are measured in 25÷106 Hz spectral region by impedance 

spectroscopy method and relaxation processes in TlGaSe2 crystal before and after irradiation exposure by dose in 25 Mrad are 

investigated. The decrease of relaxation time in crystal after irradiation exposure is revealed. The obtained diagrams on complex 

plane (Z′′−Z′) are analyzed using the method of equivalent replacement circuits. It is shown that the phase transition takes place with 

system transition into superionic state after γ – irradiation.        
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1. INTRODUCTION 

 

Thallium chalcogenides of third group of Periodic 

table are characterized by laminar and laminar-chain 

structure and compounds based on these materials are 

widely researched [1-10] and also they are widely used in 

practices. The single crystals of these compounds are 

characterized by high sensitivity in IR, visible and 

roentgen region of electromagnetic wave spectrum and 

have the high tensosensitivity. Because of these 

properties, the compounds related to this group 

(TlB
III

C
VI

2) are used and can be used as functional 

elements in optoelectronic systems as photoresistors, 

photodetectors, roentgenodetectors and nuclear radiation 

detectors and etc [11,12].          

The electric conduction and dielectric properties of 

TlGaTe2, TlInSe2 and TlInTe2 compounds at temperatures 

higher 300K are studied in works [2-4, 13-15]. The 

superionic conduction the mechanism of which is 

connected with Tl
+ 

ion diffusion is revealed. These 

compounds reveal the effect of negative differential 

resistance and voltage oscillation (the nature of which 

isn’t established). 

The decrease of electric conduction in electrostatic 

field is revealed at TlInSe2 crystal investigation in 

constant and alternative electric field in temperature 

region 100-400K [18]. The complex impedance spectra 

are measured in 25÷10
6 

Hz frequency range, analysis of 

diagrams in complex plane (Z′′−Z′) with use of method of 

equivalent circuits is carried out. These investigations 

show that electric properties of TlInSe2 crystals are 

defined by hopping conduction in investigated interval of 

frequencies and temperatures and charge accumulation on 

limiting contacts takes place in this case. These 

investigations show that TlGaTe2, TlInSe2 and TlInTe2 

compounds have the enough high mobility of thallium 

ions and can be considered as materials with mixed 

electronic-ion conduction. Such conduction character 

shows on usage availability of these materials in the 

capacity of ionistors and accumulators.                

The investigations of impedance characteristics of 

TlGaTe2, TlInSe2 and TlInTe2 compounds in frequency 

region 25÷10
6 

Hz show that relaxation processes 

connected with charge transfer accelerate at increase of 

disorder degree. The crystal transition effect into 

superionic state induced by field is revealed in TlGaTe2 

crystal [15].      

The analysis of earlier carried investigations shows 

that further investigations of thallium chalcogenide 

compounds joint by general formula TlB
III

C
VI

2 presents is 

of big interest. The investigations of kinetic 

characteristics in TlGaSe2 crystal are carried out with the 

aim of expansion of earlier carried investigations, 

understanding of superionic state nature and relaxation 

processes taking place there. The investigations are 

carried out before and after irradiation exposure by          

γ-quantums with energy≈1 МeV (1.17 and 1.33 МeV) on 
60

Со at room temperature with use of impedance 

spectroscopy method.          

  

2.     EXPERIMENT 

The solid solution samples are synthesized by 

alloying of initial components (purity not less 99.99) in 

evacuated quartz ampoules and their single crystals are 

grown up by Bridgeman modified method. The freshly 

cleaved samples in which “c” crystal axis is 

perpendicularly oriented to cleavage, prepared for 

investigation, have the rectangular form.     

The condensers in which the plates of the 

investigated materials serve as dielectrics are prepared for 

measurements of temperature dependences of TlGaSe2 

crystal electric conduction. The capacitor plates are 

obtained by coating of argentum conducting contacts on 

the surface of cleaved plates. The sample electric 

properties are investigated by impedance spectroscopy 

method in frequency region 25÷10
6 

Hz. The electric 

conduction investigations are carried out by immittance 

measurer Е7‒25, the measurement precision is 0,1%. The 

samples are exposed by influence of γ‒irradiation from 

standard irradiation source 
60

Со after preliminary 

measurements. The irradiation dose is gradually 

accumulated by the means of the consistent expositions of 

γ‒influence up to value 25 Mrad.            

 

3.     EXPERIMENTAL RESULTS AND THEIR  

        DISCUSSION 

As it is known, the impedance measurement data can 

be presented in the form of the hodograph impedance on 
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complex plane. The obtained data are presented in the 

form of circular arcs which can be regular or irregular 

shapes. At the same time the equivalent replacement 

circuit from joint capacities and resistances describing the 

corresponding arc form. In such construction the current 

frequency in graphics isn’t shown as a rule. The presence 

of the frequency dependences of impedance components 

in Bode diagram form allows us to detail analyze the 

spectral characteristics of real and imaginary impedance 

component.     

 

 
 

 
Fig.1. The frequency dependences of real (Zʹ) and imaginary (Zʺ) of impedance component for TlGaSe2 sample. a figure are the 

measurements carried out before γ‒ irradiation and b figure are  the measurements after γ‒ irradiation. 

 

 

The frequency dependences of real (Zʹ) and 

imaginary (Zʺ) parts of impedance of TlGaSe2 crystal are 

given in semilogarithmic scale in fig.1(a,b).     

         The presented dependences have the form 

corresponding to parallel equivalent replacement circuit. 

The measurements are carried out before and after γ – 

irradiation.   

 The frequency values (fmax), corresponding to Zʺ 

maximum, (τ) relaxation times, frequencies (fjump) 

corresponding to beginning of TlGaSe2 frequency 

dispersion before and after γ‒irradiation are shown in 

tables. The measurements are carried at room 

temperature.     

 

 

Mrad fmax,kHz τ=1/2πfmax fjump, 

kHz 

      0 0.1 1,610
-3

 1 

     25 5 3,1810
-5

 5

0 

 

As it is seen from the figures, Zʺ maximum value 

coincides with Zʹ value at definite frequencies. This fact 

confirms that the hodograph arc (fig.2) describes the 

curve close to semicircle with maximum in intersection 

points of Zʹ and Zʺ and center situated on real axis. Such 

dependence type corresponds to parallel equivalent 

replacement circuit (fig.3a). Moreover, the charge transfer 

is characterized by same relaxation time.     

    

 
  
 Fig.2. The diagram on complex plane (Zʺ‒Zʹ) obtained on the base of fig.1. The figure a are the measurements carried out before         

            γ– irradiation, figure b are the measurements after γ–irradiation.   
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  The diagram on complex plane (Zʺ- Zʹ) obtained on 

base of data fig.1 are presented in fig.2. The frequency 

values (fmax) corresponding to (-ImZ) maximum, 

relaxation times (τ), frequencies corresponding to 

frequency dispersion beginning (fjump) for TlGaSe2 

samples before and after γ–irradiation, are given in table. 

As it is seen from the table, fmax frequency increase 

corresponding to Zʺ maximum is observed. This means 

that charge transfer is accompanied by decrease of 

relaxation time (table). The spectrum analysis allows us to 

conclude that the relaxation process acceleration after 

irradiation influence is observed in TlGaSe2 crystal 

samples.            

  As it is seen from fig. 1, the impedance imaginary 

parts reveal the maximum at fmax frequencies 

corresponding to condition СeffReffωmax = 1, where Сeff 

and Reff are effective parameters of equivalent circuit, 

ωmax = 2πfmax is circular frequency. The corresponding 

impedance hodographs of TlGaSe2 crystal and the 

measurements are carried out at 300K before and after 

irradiation exposure by 25Mrad dose are given in fig.2. 

The top of hodograph arc corresponds to ωmax resonance 

frequency.   

  

 
 

Fig.3. Equivalent circuit (а is before γ – irradiation, b is after it)    

          for electrode with capacity of СDL double layer, W is   

          Warburg diffuse impedance, R is sample resistance.  

 

  It is seen that arc has the form close to semicircle 

the center of which locates on real axis at measurements 

carried out before γ – irradiation; moreover, the charge 

transfer is characterized by same relaxation time. In this 

case the impedance hodograph of TlGaSe2 crystal is 

qualitatively and quantitatively described in 

approximation of equivalent circuits with the help of 

impedance components of model electric circuit. Such 

hodograph form corresponds to homogeneous sample 

with low-ohmic and non-blocking contacts. The 

equivalent circuit of such hodograph is given in fig. 3а. 

The elements of equivalent circuit R and C can directly 

correspond to resistance and capacity of measurable 

sample.  

  The diagrams on complex plane (Zʺ ‒Zʹ) obtained 

from measurements after influence of γ–quantums, 

present themselves semicircles for one parallel RC‒chain 

and beams in diagram low-frequency region (fig.2,      

curve b). These beams on impedance diagram are 

probably connected with Warburg diffuse impedance on 

the basis of which the carrier diffusion doesn’t achieve 

the near-contact layer boundary in frequency range of 

applied sinusoidal signal. The crystal transition in 

superionic state is caused with system disorder in the 

result of irradiation influence can be responsible for 

appearance of Warburg diffuse impedance.            

  Earlier it has been shown in [2-4, 13-15] that the 

peculiarities connected with existence of ion conduction 

reveal at temperatures higher 300K in A
III

B
III

C
VI

2 crystal 

group. In this case Тl
+1 

ions diffusing in crystal can be 

responsible for existence of Warburg diffuse impedance 

in hodographs of investigated crystals after system 

transition in superionic state, moreover, the defects 

caused by irradiation influence are factor promoting ion 

mobility.   

The observable difference in obtained hodographs 

and corresponding equivalent circuits can explain within 

framework of interaction theory between gamma 

quantums with substance.  

As it is known [16], the irradiation influence on 

solid state leads to formation of non-equilibrium defects; 

this can be Frenkel couples, vacancies, interstitial atoms 

and etc. The weakening of beam intensity takes place at 

passing of γ –irradiation (in our case gamma quantum 

energy is ~1MeV) through the substance. The electrons 

which lead to defect formation in crystal lattice generate. 

The contribution in total scattering cross-section in this 

gamma-quantum energy region is the incoherent 

scattering on substance electrons (Kompton effect). The 

effective cross-section of Kompton scattering calculated 

per one atom proportionally to atomic number σʹс =Z·σc. 

As Tl is the largest atom in TlGaSe2 crystal, then thallium 

atoms will be probable element which will shift. Note that 

the photonuclear reaction threshold isn’t achieved at 

gamma-quantum energy in ~1MeV.  

 

4.  IONIC CONDUCTION 

 

The temperature dependence of electric conduction 

(σ(Т)) for TlGaSe2 crystal is given in fig.4). The 

measurements are carried out at electric field direction 

along crystal monoclinic axis, (a) is curve that represents 

the measurements carried out before the gamma 

irradiation, (b) is curve that represents the measurements 

carried out after gamma irradiation. As it is seen from the 

figure (a curve) the insignificant conduction increase at 

450K is observed on crystals which aren’t exposured to 

gamma irradiation, however, the jump in σ(Т) 

dependence and further conduction increase with 

activation energy 0.04eV at gamma influence 25 Mrad. 

As it is seen from figure insert the experimental points (in 

both before and after irradiation) of temperature 

dependence lnσ(Т) in region of electric conduction strong 

jump well locate on direct line which is described by 

equation [17-19] for the case of ionic conduction:  

       

            σT= σ0·exp(-ΔE/kT)                           (1) 

 

here ΔE is electric conduction activation energy, k is 

Boltzmann constant.  

The observable hopping change of electric 

conduction in TlGaSe2 crystal exposured by gamma 

irradiation can be explained by strong change of ion 

number in states where they have the high mobility, i.e. 

phase transition in superionic state.   
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Fig.4. Temperature dependence of TlGaSe2 crystal conduction      

           in Arrhenius coordinates. ln(σ·T) dependence on 1000/T  

           is given in insert. a curve represents the measurement   

           results carried out before gamma irradiation, b curve  

           represents the measurements after it.      

 

  TlGaSe2 crystalline structure consists in anionic 

layers formed by Ga4Se10 tetrahedrals which are consist in 

four GaSe4 tetrahedrals [9]. Tl
+ 

ions locate in trigonal 

voids. It is supposed from chemical analysis of crystal 

that the layered structure of TlGaSe2 crystal and Tl
+ 

ion 

position in trigonal voids mostly cause to thallium ion 

mobility.          

The linear character of ln(σТ) оn 1/Т is higher than 

temperature jump (insert to figure 1) shows the dominant 

character of ion conduction higher critical temperature. 

The presence of layers with weak Van-der-Waals 

interaction and also Tl
+ 

ion position in trigonal voids 

allows us to conclude that phase transition in superionic 

state caused by thallium ion diffusion by vacancies in 

thallium sublattice takes place. The gamma irradiation 

causes to disorder (melting) in thallium sublattice in 

TlGaSe2 crystal. Such conduction is typical for materials 

with dominant ion conduction type [2,17-19].         

 

4.  CONCLUSION 

 

The characteristic times of relaxation processes in 

TlGaSe2 crystal before and after γ-irradiation are 

measured by impedance spectroscopy methods. The 

decrease of relaxation time in TlGaSe2 after gamma 

irradiation is revealed. The energy loss mechanism in 

crystal in alternative field consists in both losses 

connected with through conduction and losses connected 

with relaxation polarization. The phase transition in 

superionic state at temperature 450K after γ-irradiation 

connected with disorder of thallium sublattice caused by 

irradiation influence, is revealed.     

_______________________________________ 
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