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Abstract: Numerous multipurpose perovskite materials have been prepared in recent years as a result of the 

remarkable versatility of perovskite structure in accommodating various dopant ions. By doping divalent 

Zr4+ ions into the octahedral positions of lead zirconate-titanate perovskite, we hope to create stable and 

extremely high dielectric constant lead-based materials for supercapacitors. Due to its intriguing 

ferroelectric, dielectric, piezoelectric, and other electrical properties, lead titanate based materials have 

attracted a lot of attention from material scientists.Here in this study, we report synthesis of PbZr0.01Ti0.99O3 

material by high temperature solid synthesis technique. The Rietveld refinement of the sample confirms the 

pure phase of tetragonal structure with space group of P4mm.William son-Hall analysis of the XRD data 

revels the size of crystallite to be about 50nm and the strain arising from the high firing and intense grinding 

effect to be 8.54*10-3. The electrical impedance and electrical modulus as a function of ac field was 

investigated to emphasize on the conduction mechanism in the sample. 

 

Index Terms - Crystal Structure, Rietveld Refinement, Williamson-Hall Method, Conduction 

Mechanism. 

I. INTRODUCTION 

The intriguing ferroelectric, piezoelectric, and other electrical properties of lead titanate zirconate (PbZr1-

xTixO3) commonly denoted as PZT solid solutions have attracted a lot of attention from material scientists. 

Multilayer capacitors, micro-electromechanical systems (MEMS), and integrated devices including 

ferroelectric memory, infrared sensors, ic memories, micro actuators, etc are among the many applications 

for lead-based perovskite ferroelectric ceramics. Materials with superior ferroelectric and dielectric qualities 

are required for many of these applications. Since the late 1940s, lead zirconium titanate (PZT), one of the 

best lead-based materials, has been the subject of much research as it shows potential features to fullfill the 

above requirements 

The stoichiometry of PZT ceramic affects its dielectric properties. When PZT compositions are 

doped with foreign ions, they exhibit notable merit. The site that the foreign ion occupies in the ABO3 

perovskite structure affects its dielectric and piezoelectric characteristics. The attachment of various dopants 

to the "A" or "B" sites of PZT improves or customizes its features. With the general formula ABO3 (A = 

divalent, B = tetravalent cation), PZTs are a member of the perovskite family. Zr4+ or Ti4+ occupy "B" sites, 

whereas Pb2+ occupies "A" sites. The ability to alter the characteristics of ceramic ferroelectrics by adding 

dopants that replace a portion of the host atom is one of its many important advantages. A dopant may enter 

the A site or the B site, depending on its valence and ionic radius. Cation vacancies compensate donor 

dopants, while oxygen vacancies compensate acceptor dopants. 
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Solid solutions of lead titanate zirconate (PbZr1-xTixO3), or PZT, crystallize into a variety of 

deformed perovskite structures. Here, in this report The PZT materials are prepared in bulk by solid state 

route, investigated for structural, dielectric, morphology, composition and band gap properties. The 

dielectric properties were studies as a function of frequency and all the characterizations carried out were 

measured at room temperature 

II. EXPERIMENTAL DETAILS 

2.1 Sample Synthesis 

Using the conventional solid-state reaction ceramic synthesis process, a polycrystalline PbTi0.99Zr0.01O3 

sample was prepared. TiO2, ZrO2, and PbO were the raw analytic-grade materials. All of these precursors 

were mixed together in stoichiometric amounts in oxide powder form to form the PbTi0.99Zr0.01O3 sample. 

The material was mechanically ground for five hours using a pestle and agate mortar. To guarantee that the 

contents of the sample were dispersed uniformly, acetone was used. calcined in air at 1050 °C for five 

hours. The same process was repeated at a calcination temperature of 1150 °C. 

After the material was calcined, it was crushed for an hour to produce a fine powder that could be 

used for characterizations. With a pressure of 4 tons per inch, a little amount of the fine powder from the 

synthesized sample was compressed into pellets with a diameter of 10 mm and a thickness of almost 1 mm. 

The pellet in the shape of a circular disc was sintered in air at 1200 °C for eight hours. For the purpose of 

creating an electrode and conducting efficient electrical measurements, the pellet's compact form was 

polished on its circular faces. 

2.2 Characterizations 

 The crystal structure, phase type, and crystallite size of the PbTi0.99Zr0.01O3 sample was determined using 

the X-ray powder diffraction technique at room temperature using a Bruker D8-Advance X-ray 

diffractometer equipped with CuKa1 (1.5406 Å) radiation. The X-ray was generated using 40 kV and 40 

mA power settings, and the data was collected with a step size of 0.02° along the angular range 2θ (20° < 2θ 

< 80°). FullProf refinement software was used to perform Rietveld refinement on the XRD data. Employing 

UV-Vis spectrometer (Perkin Elmer, Lambda 950 - USA), the sample was examined for optical bandgap by 

recording the UV-Vis Diffuse Reflectance Spectroscopy (DRS). Using a Novocontrol alpha-A high 

performance frequency analyzer at room temperature, dielectric measurements were made as a function of 

frequency in the 100Hz–1MHz range. 

Figure 1: Rietveld Refinement of XRD  data of PbTi0.99Zr0.01O3 

III. RESULTS AND DISCUSSIONS 

3.1 X-ray Diffraction Data Analysis 

The X-ray data of PbTi0.99Zr0.01O3 sample was examined for structural analysis using Rietveld refinement. 

The refined XRD data is displayed as Figure 1. To carry-out Refinement, FullProf software was exploited. 
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After the complete refinement, it was observed that all the diffraction peaks apparent in the diffraction pattern 

are matching with the tetragonal phase of the sample. This means that the sample has crystallized into the 

tetragonal phase and the space group of the phase is P4mm. The accuracy of the phase formation is indicated 

by the Bragg positions and it is clear that no diffraction peak is left un-refined. After the refinement, various 

structural parameters were obtained and all the parameters are summarized in the Table 1. 

To calculate the particle size and strain induced by mechanical grinding with higher temperature treatment, 

we used Williamson-Hall method. As W-H approach of particle size determination is an effective method, it 

has been employed effectively.  

Williamson-Hall equation is represented by the equation 

βhkl = kλ/Dcosθ+Cԑtanθ ------------------------------------------------------------------(I) 

This equation is re-arranged as 

βhkl cosθ = kλ/D + C ԑ sinθ ------------------------------------------------------------- (II) 

Here, β is full width at half maximum and, k = 0.9 is called the shape factor, λ= 1.5406Å is the wavelength 

of the X-rays used, C is taken as 4 and D indicates the particle size. The data is arranged according to  

equation (II). A graph  is  plotted between βhkl cosθ along y-axis and 4ԑsinθ along x- axis and  displayed as 

Figure 2. The graph is then linearly fitted, with the intercept of the linear fit representing the strain caused in 

the sample and the slope of the graph being used to estimate the particle size. The estimated particle size is 

approximately about 50nm and strain caused in the as synthesized materials is 8.54*10-3. 

 

Figure 2: Williamson-Hall analysis for crystallite size determination 

Table 1: Structural parameters obtained from Rietveld refinement of 

XRD data of PbTi0.99Zr0.01O3 

Parameters Numerical Values 

Crystal structure Tetragonal 

Space group P 4/m m m 

Lattice parameters a = 3.9710, b = 3.9710, c = 3.9605 (Å) 

Volume  62.4519 (Å)3 

density 8.058 g/cm3 

Chi Square (χ2) 3.2 

Goodness of Fit (GoF) 2.4     
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Equation y = a + b*x

Plot D

Weight No Weighting

Intercept 0.00854 ± 1.19335E

Slope 0.00282 ± 5.61206E

Residual Sum of Squar 6.1351E-7

Pearson's r 0.99529

R-Square(COD) 0.9906

Adj. R-Square 0.99021
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3.2 Compositional and Micro-structural/Morphological Studies 

The PbTi0.99Zr0.01O3sample has been studied for compositional studies using a reliable technique known as 

energy dispersive analysis of X-rays (EDAX). The EDAX spectrum of the sample is displayed as Figure 3. 

From the plot, it is evident that all the components of the sample are present. The peaks in the spectrum are 

intense according to the concentration.  

 

Figure 3: EDX spectrum and FESEM (Inset) image of PbTi0.99Zr0.01O3 sample 

The micro-structural studies were carried out using Field emission scanning electron microscopy (FESEM) 

displayed as inset of Figure 3. It is evident that the grains are well developed and have acquired large size 

due to diffusion phenomenon facilitated by high temperature treatment. The growth of grains is an 

agglomeration type process. Furthermore, the grains are well separated from adjacent grains by well-defined 

grain boundaries. The average grain size is calculated using ImageJ software and the average size of grains 

is 1.2 micro-meter. 

Figure 4: Electrical impedance [Real(Z’)] spectrum of PbTi0.99Zr0.01O3 Perovskite sample 

3.3 Frequency Dependent Electrical Impedance 

The real part of the impedance (Z') varies with frequency, as seen in Figure 4. We observe that when 

frequency increases, the value of Z' lowers, indicating an increase in ac conductivity. Z’ values fall at low 

frequencies, exhibiting behavior akin to that of semiconductors. The release of space charge brought on by 

the material's independent at high frequencies. Figure 5 illustrates how the imaginary part of the impedance 

(-Z") changes with frequency. One broad asymmetric peak is visible; the Z" values rose with frequency, 

peaked at -Zmax, and then started to decline. This shows how long it takes for a polycrystalline sample to 

relax. 
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Figure 5: Electrical impedance [Imag(Zʺ)] spectrum of PbTi0.99Zr0.01O3 Perovskite sample 

3.4 Electrical modulus analysis 

The electrical modulus formalism is used to study the electrical relaxation mechanism in ion conducting 

materials. The benefit of this method is that it reduces the impact of electrode polarization. Figure 6 

represents real impedance response to applied field and   suggests that electrode polarization has minimal 

impact. Additionally, M' reaches its maximum value at higher frequencies. The dispersion between these 

frequencies may be due to the relaxation process of conductivity. As frequency rises, a continuous 

dispersion could be caused by the charge carriers' short-range mobility. 

The imaginary component of electric modulus (M") varies with frequency, as shown in Figure 7. 

The plots in this picture are characterized by the presence of a relaxation peak. The greater frequency of the 

peak and its asymmetry, which displays the dispersion of relaxation time with different time constants, 

suggest the non-Debye type of relaxation in the material. The frequency region below the M peak indicates 

the range in which mobile ions travel over vast distances. In the frequency range above the peak position, 

the ions have unrestricted mobility within the wells and are spatially limited to prospective wells. The 

frequency range where the peak occurs suggests a change from long-range to short-range mobility. The 

relaxation duration of the process was determined using the plot of M vs. Logf (Hz) 

Figure 6: Electrical Modulus [Real(M’)] spectrum of PbTi0.99Zr0.01O3 perovskite sample 
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Figure7: Electrical Modulus [Imag(M”) ] spectrum of PbTi0.99Zr0.01O3 perovskitesample 

IV. CONCLUSION 

A polycrystalline PbTi0.99Zr0.01O3 perovskite sample was successfully synthesized by solid state technique. 

The XRD data fitting by Rietveld refinement method establishes pure phase of tetragonal structure of the 

sample with space group of P4mm.The tetragonal structured PbTi0.99Zr0.01O3 perovskite sample. Employing 

Williamson-Hall approach, we estimated particle size to be  about 50nm. Compositional study using EDAX 

technique confirmed the presence of all the constituents of the sample. The FESEM image of the sample 

reveals that the sample have acquired huge grain size greater than 1micro-meter with well defined grain 

boundaries separating the grains which is attributed to the diffusion process facilitated by diffusion process 

arising from intense grinding and high firing effects. The ac field dependent impedance studies reveal the 

sample behavior akin to the semiconductors whereas electric modulus studies have confirmed dielectric 

dispersion and non-Debye type relaxations in the sample. 
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