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Abstract: The polycrystalline samples 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 fabricated by high temperature mixed oxide reaction 

method. The effects of variation of the perturbed source frequency on the electric modulus of these compounds were 

studied at various high temperatures. The experimental observation suggests NTCR behavior of the compounds and 

non-Debye type carrier relaxation process in all the compounds. 
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1. Introduction 

Complex modulus formalism is a very significant and convenient tool to detect the bulk phenomena as an 

apparent conductivity relaxation time. Modulus analysis is a powerful method for analyzing the dielectric 

behavior of ceramic materials, especially at high temperatures, where complex permittivity usually becomes very 

high due to electrode polarization and carrier transport effects. It was introduced by Macedo et al [1] and this 

modulus analysis mechanism is widely used to study the space charge relaxation phenomena and ionic 

conductivity in ceramic materials. Physically, the electric modulus corresponds to the relaxation of the induced 

electric field in the material at constant electric displacement. The electric modulus is defined as the reciprocal of 

complex permittivity of a dielectric material (i.e., M
*
 = 1/Ɛ

*
). The real and imaginary parts of the electric 

modulus (M
*
) in terms of resistance and capacitance can be expressed as: 

        222222

0
' 1/1// τωτωMRCωRCωCCM   (1) 
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0
'' 1/1// τωωτMRCωRCωCCM   (2) 

 

Where M = (Co/C), τ = RC (relaxation time) 

In the polycrystalline materials, though impedance formalism is convenient to emphasize the grain boundary 

conduction process, but the bulk effect in a high-frequency domain can be reliably studied in the electric 

modulus formalism. The advantage of combined impedance and electric modulus spectroscopy is that impedance 

plot highlights the phenomenon with the largest resistance, whereas modulus plots pick out those of the smallest 

capacitance [2]. Hence, by the use of these two formalisms, it is possible to isolate and identify the contributions 

of various electro-active regions present in the material to the conduction mechanism, and relaxation process in 

different frequency ranges. Moreover, the complex impedance plots terminate at the origin at high frequency 

limit, whereas the modulus plots commence from the origin at the low-frequency limits [3]. The circular arc of 

the complex modulus plot for a polycrystalline material indicates the presence of grain capacitance (  ) and 

resistance (  ) in the material, which behaves as a parallel combination of    &  when an alternating potential 

is applied. The real axis intercept of the semicircular arc on the complex modulus plane at a given temperature is 

equal to inverse of the total capacitance of the material at that temperature. 

2. Experiment 

To synthesize the proposed Pb and Ti modified compounds Bi1-xPbxFe1-xTixO3 (BFPTO), of bismuth ferrite, 

highly pure ( 99.9%) oxides, such as, Bi2O3, PbO, Fe2O3 and TiO2 were mixed in suitable stoichiometric 

proportions. The chemical equation was balanced in accordance with the charge neutrality condition used for the 

fabrication of the BFPTO system (given below); 
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Bi1-xPbx Fe1-x TixO3 = (1-x) Bi2O3 + x PbO + (1-x) Fe2O3 + xTiO2  

(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5)    

The formation of the compound was confirmed by the powdered XRD method. The complex impedance analysis 

(CIS) is used for calculation and analysis electric modulus [4]. 

3. Results and Interpretation: 

The interpretation of the dielectric and ferroelectric behavior of a polycrystalline material in terms of impedance 

and modulus spectroscopy highlights different features of the sample over wide-frequency range at high and low 

temperatures [5-7]. The impedance plot picks out the effects of higher resistive elements whereas the modulus 

plots picks out the effects of elements causing the capacitive reactance in the sample. At a given temperature, the 

peaks observed in the    ~frequency (not presented here) and    ~ frequency graphs explains the type and 

strength of relaxation in the material. For ideal Debye type relaxation, both    and    have the maximum value at 

the same frequency. But for inhomogeneous materials (represented by more than one RC element) the relaxation 

is non-Debye type, hence    
max and    

max occur at different frequencies [8,9]. 

 

3.1 Frequency response of real and imaginary parts of electric modulus of BFPTO compounds: 

 Figures-1(a-f) and Figure-2(a-f) shows the variation of real part (  )  and imaginary part (   ) of electric 

modulus M
*
 of the compound BFPTO (Bi1-xPbxFe1-xTixO3) with x = 0.0 ,0.1 , 0.2 ,0.3, 0.4, 0.5  with frequency in 

a wide range at various temperature between 300
o
C to 400

o
C.  
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Fig 1(a-f):     Frequency graph for (Bi1-xPbxFe1-xTixO3) BFPTO compounds 
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Fig-2: (a-f)      Frequency graph for (Bi1-xPbxFe1-xTixO3) BFPTO compounds 

As observed from Figure-2 (a-f).    ~ frequency plots show peaks at higher temperatures and the frequency 

corresponding to peaks shift towards the higher frequencies (as the temperature increases). The frequency 

corresponding to the peak represents a threshold for the short range mobility of charge carriers. The lower 

frequency side of the peak represents the range of frequencies in which charge carriers are mobile over long 

distances whereas the charge carriers have short range motion on the high-frequency side of the peak because the 

ions are spatially confined within their potential wells and execute localized motion at higher frequencies [10]. 

The broadening of the peaks at higher temperatures indicates decrease of relaxation time of charge carriers as the 

temperature increases. The modulus spectrum indicates the temperature dependent hopping of charge carriers in 

the material. The effect of composition is clearly observed from the graphs. The frequency fmax corresponding 

to the peak value of    shifts towards the higher frequency at each temperature for compound with x= 0.1 as 

compared to the compound with x = 0.0, which suggests the ionic polarizations in the material can withstand a 

high-frequency perturbation.  As the value of x increases above 0.1, the relaxation peaks again shift towards the 

low-frequency side, In the compounds with x=0.4 and 0.5, two relaxation peaks appear at each temperature. This 

behavior may be related to the consequence of structural transition observed in the compound when x value 

becomes more than 0.3 (as discussed in the previous chapter when PT concentration becomes larger the crystal 

structure changes to tetragonal form, (reported also by Katoch et al)[11]. The increase in asymmetric nature of 

plots with increase in concentration of PT suggests the enhancement in multiple relaxation phenomena in the 

material. 

3.2 Complex modulus plot for BFPTO compounds: 

Figure-3(a-f) shows the complex modulus spectra of the compounds BFPTO (Bi1-xPbx Fe1-x TixO3, with x = 0.0, 

0.1, 0.2, 0.3, 0.4, 0.5) at various temperature between 300
o
C to 400

o
C. The real and imaginary parts of the 

complex modulus of the dielectric material at different frequencies can be plotted in a complex modulus plane by 

taking    along the abscissa and     along the ordinate. The electrical properties of the material, which show a 

single semicircular arc on the modulus plane is equivalent to the electrical behavior of a parallel RC circuit 

where R &C represents grain resistance and grain capacitance respectively. The intercept of the semicircular arc 

with the real axis gives the total resistance and the inverse gives total capacitance. 
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Fig-3 (a-f): complex modulus spectra of the Bi1-xPbx Fe1-x TixO3 (BFPTO) compounds 

The pattern of plot at each temperature in all the compounds (except the compound with x=0.1) is characterized 

by the presence of two resolved semicircles. It is observed that as frequency tends to zero, values of M’ and M’’ 

are temperature independent in each compound. As the value of x increases from 0.1 to 0.5,  two semicircles 

gradually becomes more prominent indicating that the inter-grain and intra-grain capacitive reactance of the 

compounds increases with increase in extent of doping. The first semicircle represents the capacitive effect of 

grain boundaries at low frequencies, and the second semicircle represents the capacitive effect of grains at higher 

frequencies [12-14]. This fact suggests presence of single-electrical relaxation phenomenon in the material in a 

specific frequency domain in the observed temperature range. For each sample, the grain and grain boundary 
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capacitance increase with increase in temperature. Also, it is observed that with increase in doping percentage 

the capacitance effect of grains increases (except for x= 0.1). For the BFPTO compound (with x = 0.1), the 

modulus spectra are incomplete semicircles at the higher frequencies indicating that the capacitive effect of the 

compound is smaller than other compounds, and also than BFO. In all the samples, the capacitive effect 

increases with increase in temperature. As the PT content increases in the BFPTO compound, the inter-grain 

capacitive effect increases.  

4. Conclusion: 

The above results lead to the following conclusions: 

 The impedance analysis shows the existence of the bulk and grain boundary effects in the material at 

high temperature. 

 The relaxation of charge carriers is temperature dependent. 

 The suppressed Nyquist plots of the studied compounds indicate that the relaxation process is non-

Debye type. 

 The materials exhibit NTCR behavior like semiconductors. 

 Electrical modulus analysis suggests the presence of single relaxation in most of the materials at some 

characteristic frequencies. 

 The conductivity problem associated with BFO can be effectively reduced by the substitution of 

selected materials on A- and B- site of BFO compound. 
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