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Abstract: A series of Lead titanate doped Bismuth ferrite ceramic compounds Bi1-xPbxFe1-xTixO3    (BFPTO), 

with x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 were synthesized by high temperature mixed oxide reaction method. The 

effects of temperature variation on the ac conductivity of these compounds were studied at various frequencies. 

The experimental observation reveals that the materials exhibit NTCR behavior and undergo non Debye type 

carrier relaxation process. 
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1.1  Introduction 

The conductivity spectroscopy is one of the important techniques to characterize the electrical & 

electrochemical properties of fast ionic materials [1-3]. The conductivity measurements by using the DC bias 

across the materials has the drawback that, due to DC bias voltage polarizations develops at the electrode-

electrolyte interface, which opposes the applied field, as a result, the ionic current falls with time. To overcome 

this problem the four probes or two reversible electrode methods are adopted to measure DC conductivity of the 

materials [4]. Later, the single frequency measurements are carried out but these methods were found to be 

inadequate to explain the complete electrical behavior of the material, because the electrochemical process of 

different circuit elements (R, C & L) depends on the frequency [5,6]. Therefore, the AC technique has been 

developed to measure impedance of a polycrystalline material over a wide range of frequency to predict the bulk 

conductivity and frequency dependent conductivity of free charge carriers. Thus, from the impedance study one 

can obtain not only the bulk conductivity but also the effect of grain boundary, ionic transport, electrode effect 

in a polycrystalline sample, etc. The contribution of intra-grain, inter-grain and sample-electrode effects on 

impedance of a ceramic sample can be reliably studied by impedance spectroscopy [7,8]. The transportation of 

charges in dielectrics occurs in various manner, such as, long range or short range charge displacements, 

orientation of dipoles within the grain or due to grain boundary sliding, space charge polarization, etc [9,10], 

which monitors the impedance of the material [11]. 

 Jonscher [12] has given a great amount of impedance information pertaining to the dielectric loss. 

Introducing the screening of charges by “many- body” interactions, Jonscher [13] and other [14,15] have 

introduced a universal law of dielectric response with the inherent property that gives a power law response, and 

hence, this law has been adopted in explaining the behavior of single crystal and also  polycrystalline materials 

[16-18]. 

 The suitability and potentiality of a material for device applications can be determined from the 

frequency and temperature response of its electrical conductivity. Thus electrical characterization of a material 

is an essential part of ceramic technology. In dielectric materials, the electrical conduction takes place by the 

transportation of weakly bounded charge carriers under the influence of an applied ac electric field. The study of 

electrical conductivity is useful to determine the kind of conduction (i.e electronic, ionic, and orientational) 

active inside the material at different frequency domains of applied field. Depending on the type of charge 

carriers like free electrons / holes or cations / anions, that dominates the conduction process, the solids may be 

classified as an electronic or ionic conductor. In dielectrics lattice defects and oxygen ion vacancies in oxygen-

octahedral plays an important role towards the conduction mechanism. The nature of conduction mechanism 
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influences the activation of energy of the charge carriers. In the present study the complex impedance 

spectroscopy method is used to evaluate and interpret the electrical conduction process in the materials under 

study.  

1.2 ac conductivity (𝝈𝒂𝒄) 

           The ac conductivity is an intrinsic characteristic of the material which depends on the composition, 

structural symmetry, grain size, distribution of grains and purity of the material. In the bulk polycrystalline 

materials the ac conductivity mechanism is classified as (i) ac conductivity due to long range hopping of charge 

carriers and (ii) localized transportation due to oxygen vacancies.  In polar dielectrics (eg: ferroelectrics), the 

conduction may be due to ions or electrons. The ratio of ionic and electronic conduction in dielectric materials 

varies with temperature and frequency. The ac conductivity of the ceramic compounds under study was 

calculated by using following equation: 

                                                                    𝜎𝑎𝑐  = 𝜔𝜖𝑟𝜖𝑜𝑡𝑎𝑛𝛿                          (1) 

Where, 𝜖𝑟𝜖𝑜 = permittivity of the material, 𝑡𝑎𝑛𝛿 = dielectric loss [19].The variation of ac conductivity with 

temperature explains the type (single relaxation or multiple relaxations) and strength of relaxation in the 

material. The conductivity increases steadily with increase in temperature in most of the polar dielectrics but 

significant changes can be observed in ferroelectric materials near the transition temperature. 

1.3 Temperature response of ac conductivity 

1.3.1 Effect of temperature on 𝝈𝒂𝒄 of BFPTO compounds 

Figure 1(a-f) shows the Arrhenius plot of ac conductivity i.e [𝑙𝑜𝑔𝜎𝑎𝑐~
1000

𝑇(𝐾)
] for PT modified BFO compounds 

(BFPTO) at frequencies 10 kHz, 100 kHz; 500kHz and 1MHz in the temperature range (25oC – 500oC). In all 

the compounds of BFPTO, at lower temperature the ac conductivity increases with rise in frequency indicating 

the dispersive nature of conductivity. This fact may be attributed to possible release of space charge at higher 

frequencies even at lower temperature. It is clearly observed from the Arrhenius plots that the dispersion of ac 

conductivity at low temperature region increases gradually with increase in PT concentration i.e as x value 

increases from 0.1 to 0.5. The increase in conductivity with increase in temperature confirms the NTCR 

behavior of the materials. As observed first dielectric anomaly is noticed in the BFPTO compounds at 

temperature about 220oC – 250oC (not presented here), this fact is also reflected in the Arrhenius plots when the 

temperature increases beyond the temperature related to the dielectric anomaly, all the curves tends to merge 

into a single curve. This fact indicates that at higher temperature the space charge releases and also recombines 

almost at the same rate, thus the ac conductivity of the material becomes independent of frequency. Hence the 

temperature response of ac conductivity indicates that the conduction process in the material is due to space 

charge conduction. 

(a) 
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 The activation energy (𝐸𝑎 ) for each compound of BFPTO at different frequencies was calculated by the 

following empirical relation; 

                                                        𝜎𝑎𝑐 = 𝜎0𝑒𝑥𝑝 (
−𝐸𝑎

𝐾𝑇⁄ )       (2)  

Where K= Boltzmann constant and  𝜎0 = represents the value of ac conductivity at very high temperature when  

(
𝐸𝑎

𝐾𝑇⁄ ) → 0 . The value of activation energy was found to increase when temperature increased i.e more 

energy is required to counter the thermal fluctuations of excited chargecarriers at high temperatures. 

The comparison of activation energy for different BFPTO compounds at selected frequencies in high 

temperature range is presented in the Table 1. It is noticed that larger the frequency smaller the activation 

energy.  

 

Table 1: Comparison of activation energy 𝑬𝒂 (eV) of BFPTO (Bi1-xPbx Fe1-x TixO3) compounds at selected 

frequencies in high temperature range 

 

1.4 Conclusion 

The observations indicate that the PT modified BFO shows NTCR behavior with anomaly observed near the 

Neel temperature of BFO. The ac conductivity in the material obeys Jonscher’s power law. An increase in the 

activation energy with increase in temperature indicates that more energy is required to counter the thermal 

fluctuations of excited charge carriers at high temperatures. 
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                 x             10kHz           100kHz             500kHz              1MHz 
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Figure 1(a-f) :Arrhenius plot of ac conductivity for  Bi1-xPbxFe1-xTixO3   

                                 (BFPTO) compounds in temperature range 25oC – 500oC 
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