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Abstract. 
Polycrystalline perovskite nanomaterials (Pb0.88La0.12)
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O3 were prepared by sol-gel reaction method. The crystal structure examined by X-ray powder diffraction indicates that the material was single phase with pseudocubic structure.  EDX and SEM studies were carried out in order to evaluate the quality and purity of the compounds. The crystal symmetry, space group, and unit cell dimensions were determined from Cell-Ref software, whereas crystallite size was estimated from Scherrer’s formula. A correlation between grain size and diffuse character for the samples has been observed. Dielectric studies exhibit a diffuse phase transition characterized by a strong temperature and frequency dispersion of the permittivity and a relaxor behaviour. We have observed that dielectric constant decreases and ac conductivity increases with the frequency. The dielectric relaxation has been modeled using the Curie-Weiss and modified Curie-Weiss laws. The calculated activation energy 
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% and 3% was between 0.91–2.1 eV and 0.425–1.08 eV, respectively. The relaxation times were estimated from the Arrhenius law.


1. Introduction
Perovskite-structured ferroelectric crystals have the general formula ABO3, where A is mono- or divalent ion with large radius and low valence, while B is a tetra- or pentavalent ion with small radius and high valence [1]. Among the perovskite-type oxides, titanate ceramics have been considered as interesting materials for room temperature applications, mainly due to their interesting dielectric properties [2]. Lead titanate (PbTiO3), with a very high Curie temperature of 490°C, belongs to a most important perovskite family due to its remarkable ferroelectric and piezoelectric features in polycrystalline form [3]. The phase transition behavior in PbTiO3 single crystal is relatively simple; it exhibits a single transition from paraelectric with cubic phase to ferroelectric with tetragonal phase [4]. It has been observed that substitution of any suitable ions at the Pb and/or Ti site of lead titanate results in substantial modification in their electrical properties so as to make them suitable for a wide variety of industrial applications. The doping subsistent can either occupy A-site, B-site, or both, as a donor or an acceptor, based on chemical valence with respect to the original ions. The electrical properties of the ceramics are a result of different contributions from various components and processes in the materials. The charge transport can take place via modes, such as dipole reorientation, charge displacement, and space charge formalism [5]. It is wellknown that transition ions, having partially filled d-orbital like Mn3+, Fe3+ ions, are generally used at B-site. Fluctuation of the oxidation state of these ions results in the formation of oxygen ion vacancies which causes thermally activated conduction. Thus, most of the multiferroic materials show high leakage current and low ferroelectric polarization [6]. In order to improve the ferroelectric properties, lanthanum (La) has been introduced. An appropriate and optimum amount of La lowers the leakage current and provides good bistable polarization, which is a primary requirement for nonvolatile random access memory (NVRAM) applications [7].
Sol-gel process has been used to synthesize nanocrystalline ferroelectrics. This method offers several advantages (such as gaining time, saving energy, and better homogeneity) more than the other conventional methods. It was shown that the crystallization of PLFT occurred at 500°C [8]; this temperature is inferior to that reported for the same composition prepared by the traditional solid-state reaction technique [9]. Complex impedance spectroscopy (CIS) is a well-known technique to investigate electrical properties of materials. It describes the electrical processes occurring in a system on application of an AC signal as input perturbation [10]. It is a useful technique with enormous potential and possibilities not only for investigation but also for characterization of the electrical and electrochemical properties of electroceramics materials. It has also a great ability to analyze the relaxation phenomenon occurring in the material, whose time constants range over several orders of magnitude [11]. A much more profound analysis is possible by combining the impedance analysis with use of the complex electrical formalism [12].


2. Experiment
In this work, lanthanum (
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) and iron (Fe3+) modified lead titanate (PLFT) ceramics, with a general formula Pb0.88La0.12
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, 0.03), were synthesized from high purity precursors by the sol-gel reaction method [13]. Then, the powders were calcinated at optimized temperature (700°C) and time (2 h) in a programmable oven. The formation of single-phase compounds was confirmed by XRD. The calcinated powders were used to make cylindrical pellets using a hydraulic press at a pressure of 5 kbar. These pellets were sintered at the optimized temperature (1100°C) for 2 h in an air atmosphere. Electrical measurements were carried out at an input signal level of 1 V in a wide temperature range of 50°C–600°C using a computer controlled impedance analyzer, in the frequency range from 1 kHz to 1 MHz.
3. Results and Discussion
Figure 1 shows the X-ray diffraction patterns collected at room temperature of PL12FxT (
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 and 3%) powders. Lead titanate is a displacive type ferroelectric compound, having tetragonal structure with very large lattice distortion from a cubic structure [14]. All the peaks of the XRD patterns of the PLFT ceramics were indexed and the lattice parameters were determined in various crystal systems, using a computer program (Cell-Ref). Since the ionic radius of Fe3+ is smaller than that of Ti4+, the tetragonal ratio (c/a) and the unit cell volume decrease with increasing Fe content. The samples crystallized completely without the presence of peaks corresponding to reactant oxides or any other secondary phases and exhibited a diffractogram characteristic of a single-phase compound that has a pseudocubic structure belonging to the space group Pm-3m, which is consistent with our previous published papers [15, 16] and which demonstrates that the crystallization process occurred between 400 and 500°C. The lattice parameters and volume cell were estimated and gathered in Table 1.
Table 1: Cell parameters and Vogel-Fulcher fitting parameters of PL12F
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Figure 1: Room temperature XRD pattern of Pb0.88La0.12
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 or 0.03) compounds.


  Figure 2 shows the SEM micrographs of the PL12FxT ceramics (
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 in Figure 2(a) and 
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 in Figure 2(b)) annealed at 1100°C for 2 h. The grains present an average size of 200 nm for 
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. Analysis of the SEM micrographs suggests that larger particles can be formed by a single particle or by an agglomeration process of smaller particles. The average grain sizes determined from the analysis of the XRD patterns of PL12F1T and PL12F3T samples were  24.95 nm and  33.25 nm, respectively. Table 1 shows the crystallite size values of the two samples evaluated with the help of Scherrer's formula [17] using the full width at half height of (1.1.1) peaks from the XRD patterns recorded for the two samples. The average crystallite size was calculated using the full width at half height of 1.1.1 peaks from the XRD patterns recorded for the two samples. The average crystallite size is smaller than the average grain size evaluated from the SEM measurements, meaning that each particle observed by SEM imaging consists of several coherent diffracting domains and suggesting that high temperature and sintering time favor the grain growth, leading to micrometric grain sizes, which is in agreement with previous studies [13, 15]. Moreover, it is seen that the grain size of PLFT ceramics increases with an increase of Fe content. Figure 2 shows the dispersive energy X-ray spectroscopy (EDX) spectra for the samples with 
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 and 3%, which indicates the arbitrarily selected region containing Pb, La, Fe, Ti, and O.
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(b)
Figure 2: SEM micrographs of the PL12FxT (
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 in (a) and 3% in (b)) ceramics sintered in 1200°C for 2 h and their EDX spectra.


The temperature dependence of the dielectric constant (
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) of the PLFT specimens at different frequencies is shown in Figure 3(a). As expected, dielectric measurements show a frequency dispersion at the temperature of the maximum of the dielectric curves (
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 at 1 kHz) allowing characterizing the samples as relaxor ferroelectric materials. Addition of Fe in PLT decreases the values of  
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 increases with an increase of Fe content. This may be due to the increase of translational symmetry and the size of polar regions. The neighboring ions are redistributed by the incorporation of Fe. The same behavior was observed with La modified NBT [18–20]. On the contrary, the increasing concentration of Ca on the B-site in the BCT-C ceramics results in suppressing greatly the dielectric peaks and decreasing the temperature 
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 [21]. This result was attributed to the increase of the internal stress resulting from the lattice distortion due to the Ca occupancy of B-site in BCT-C ceramics [22]. The dielectric loss is reduced by the formation of B-site Ti-vacancies in Fe modified PLT that inhibits the occurrence of O-vacancies during high-temperature sintering process.
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(b)
Figure 3: Temperature dependence of the dielectric constant (Figure 3(a)) and loss (Figure 3(b)) for PLFT ceramics measured at various frequencies.


At higher temperatures, dispersion in the permittivity curves is observed in both real and imaginary parts. Furthermore, the dielectric curves of the samples are largely broadened indicating a higher degree of the diffuse character in the dielectric behavior at the transition, which became important with increasing the frequency. From previous published papers [23, 24] it is known that pure PLT ceramics act like a relaxor ferroelectric from 15% content in La [25]. The degree of relaxation behavior became important and larger with increasing iron concentration. This occurrence is difficult to observe due to dielectric dispersion that emerges at low frequencies around and above Curie temperature [26]. This is possibly related to the polarization mechanism associated with the thermally activated conduction of mobile ions and/or other defects [27]. Pure PL12FxT ceramics exhibit, at room temperature, a dielectric constant of 496,66 for 
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, which increases its value, while the dielectric constant at the Curie temperature decreases with the increasing of iron concentration (Table 2). Our results clearly show that, in the case of nanostructured ceramic sample, even with the sample presenting a nanometric grain size, the polar long-range order is not respected and the domain structure is characterizing the relaxor ferroelectric compound with a diffuse phase transition. Moreover the increase in the grain size leads to a reduction from approximately 5000 to 2500 in the magnitude of the dielectric permittivity (
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. Dielectric losses of PL12F1T and PL12F3T are shown in Figure 3(b). It is observed that the values of 
	
		
			
				t
				a
				n
				𝛿
			

		
	
 are very low (at approximately 50°C, 
	
		
			
				t
				a
				n
				𝛿
			

		
	
 at 1 kHz is 0,275 and 0,569 for 1% and 3%, resp.). Fe doping influences the increase of 
	
		
			
				t
				a
				n
				𝛿
			

		
	
 at room temperature and at higher temperatures. Beyond the 
	
		
			

				𝑇
			

			

				𝑐
			

		
	
, dielectric losses exhibit a significant increase due to the space charge polarization. Above Curie temperature the conductivity begins to dominate, influencing the 
	
		
			
				t
				a
				n
				𝛿
			

		
	
 rise. It is well known that the dielectric constant of normal ferroelectrics follows the Curie-Weiss law (CW):
	
 		
 			
				(
				1
				)
			
 		
	

	
		
			

				1
			

			
				
			
			

				𝜀
			

			

				𝑟
			

			
				=
				𝑇
				−
				𝑇
			

			
				c
				w
			

			
				
			
			
				𝐶
				,
			

		
	

					where 
	
		
			

				𝐶
			

		
	
 is the CW constant and 
	
		
			

				𝑇
			

			
				c
				w
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. The linear fitting of all the data was found to be not exactly linear, confirming that the behavior of the two samples disagrees with Curie-Weiss law and hence it exhibits a diffuse phase transition (Figures 4(a) and 4(b)). The degree of deviation from the Curie-Weiss behavior could be given by 
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Table 2: Physical properties of PL12F
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(f)
Figure 4: Curie-Weiss law ((a) and (b)) and modified Curie-Weiss law ((c) and (d)) of PLFT ceramics for different temperatures at 10 kHz. Relaxation and diffuseness parameters ((e) and (f), lines are given as eye guides).


Another parameter, which is used to characterize the degree of relaxation behavior in the frequency range from 1 kHz to 1 MHz, is described [28] as 
						
	
 		
 			
				(
				3
				)
			
 		
	

	
		
			
				Δ
				𝑇
			

			
				r
				e
				l
				a
				x
			

			
				=
				𝑇
			

			
				𝑚
				(
			

			
				H
				F
			

			

				)
			

			
				−
				𝑇
			

			
				𝑚
				(
			

			
				L
				F
			

			

				)
			

		
	

					(HF and LF stand for high and low frequencies, resp.). The value of 
	
		
			
				Δ
				𝑇
			

			
				r
				e
				l
				a
				x
			

		
	
 was determined for the PL12FxT ceramics as shown on Table 2.
The above characterization, done on the basis of the Curie-Weiss law and the value of empirical parameters, like 
	
		
			
				Δ
				𝑇
			

			

				𝑚
			

		
	
 and 
	
		
			
				Δ
				𝑇
			

			
				r
				e
				l
				a
				x
			

		
	
, suggests that the permittivity of the PLFT ceramics follows the Curie-Weiss law only at temperatures much higher than 
	
		
			

				𝑇
			

			

				𝑚
			

		
	
. Thus the large deviation from the Curie-Weiss behavior and the large relaxation temperature 
	
		
			
				Δ
				𝑇
			

			
				r
				e
				l
				a
				x
			

		
	
 suggest that PLFT is a relaxor ferroelectric. It indicates that a very little amount in Fe3+, substituted in a PLT-based ceramic, can induce the relaxor behavior.
The following modified CW law is usually used to describe the 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 peak behavior at high temperature and the diffuse character of the phase transition [29, 30]:
						
	
 		
 			
				(
				4
				)
			
 		
	

	
		
			

				1
			

			
				
			
			

				𝜀
			

			

				𝑟
			

			
				=
				1
			

			
				
			
			

				𝜀
			

			
				𝑟
				𝑚
			

			
				
				
				1
				+
				𝑇
				−
				𝑇
			

			

				𝑚
			

			

				
			

			

				𝛾
			

			
				
			
			
				2
				𝛿
			

			

				𝛾
			

			
				
				,
			

		
	

					where 
	
		
			

				𝛿
			

		
	
 describes the diffuse character of the material. When 
	
		
			
				𝛾
				=
				1
			

		
	
 the material is described as a normal ferroelectric, and a relaxor when 
	
		
			
				𝛾
				=
				2
			

		
	
, which corresponds to the polar domains fluctuations. The diffused phase transition is observed in the two samples, as exemplified by the broadening of the dielectric peak (Figure 3(a)). Therefore, we have studied the nature of diffusivity. A plot of  
	
		
			
				l
				n
				[
				2
				(
				(
				𝜀
			

			
				𝑟
				𝑚
			

			
				/
				𝜀
			

			

				𝑟
			

			
				)
				−
				1
				)
				]
			

		
	
 as a function of  
	
		
			
				l
				n
				(
				𝑇
				−
				𝑇
			

			

				𝑚
			

			

				)
			

		
	
 at different frequencies is presented in Figures 4(c) and 4(d) for PL12FxT ceramics. The obtained values of 
	
		
			

				𝛾
			

		
	
 (from experimental data at various frequencies) are shown in Table 2. It is also clear that with the increase of iron concentration the diffusivity is more evidenced. From fitting the curves (Figures 4(c) and 4(d)), slopes are obtained for different frequencies and values of 
	
		
			

				𝛾
			

		
	
 and 
	
		
			

				𝛿
			

		
	
 are calculated. The value of 
	
		
			

				𝛾
			

		
	
 at 10 kHz is 1.48 and 1.62 for 1% and 3% content in Fe, respectively, which confirms the diffuse phase transition in PL12FT system. In addition, high values of 
	
		
			

				𝛾
			

		
	
 and 
	
		
			

				𝛿
			

		
	
, for high frequencies, demonstrate that the degree of relaxation and diffuse character are very important (Figures 4(e) and 4(f)). It is observed that 
	
		
			
				𝜀
				(
				𝑇
				)
			

		
	
 can be fitted quite well at low- and high-temperature regions, but still the fitting works better at 
	
		
			
				𝑇
				>
				𝑇
			

			

				𝑚
			

		
	
. One can notice that the increase of 
	
		
			

				𝛿
			

		
	
 with the increase of Fe concentration in the PL12FxT indicates an increase of the degree of the diffuse character of the dielectric peak. In general, the broadening or diffusivity occurs mainly because of the compositional fluctuations, due to Fe doping and to the structural short-range disorder in the arrangement of cations in one or more crystallographic sites of the structure. 
The conductivity of the samples was estimated from the dielectric parameters. As long as the pure charge transport mechanism is the major contributor to the loss mechanisms, the ac conductivity may be calculated using the relation 
	
		
			
				𝜎
				=
				𝜔
				𝜀
			

			

				𝑟
			

			

				𝜀
			

			

				𝑜
			

			
				t
				a
				n
				𝛿
			

		
	
 [31, 32], in which 
	
		
			

				𝜀
			

			

				0
			

		
	
 is the vacuum dielectric constant and ω is the angular frequency. In reality, loss tangent is due to the culmination of a variety of loss mechanisms, and distinguishing between all these contributions remains a formidable task. The conductivity for all the samples was estimated over a certain temperature range. The total conductivity follows the universal law 
						
	
 		
 			
				(
				5
				)
			
 		
	

	
		
			
				𝜎
				(
				𝜔
				)
				=
				𝜎
			

			
				d
				c
			

			
				+
				𝜎
			

			
				a
				c
			

			
				(
				𝜔
				)
				,
			

		
	

					where 
	
		
			

				𝜎
			

			
				d
				c
			

		
	
 is the dc conductivity and 
	
		
			

				𝜎
			

			
				a
				c
			

		
	
 is the ac part of the conductivity. From the obtained values of 
	
		
			

				𝜎
			

			
				d
				c
			

		
	
 at different temperatures, one can calculate the activation energy 
	
		
			

				𝐸
			

			

				𝑎
			

			
				d
				c
			

		
	
 according to Arrhenius law [33, 34]:
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				=
				𝜎
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				𝐸
				e
				x
				p
			

			

				𝑎
			

			
				d
				c
			

			
				
			
			

				𝑘
			

			

				𝐵
			

			
				𝑇
				
				.
			

		
	

From the plot of ln(
	
		
			

				𝜎
			

			
				d
				c
			

		
	
) versus 103/
	
		
			

				𝑇
			

		
	
 (Figure 5), the activation energy (
	
		
			

				𝐸
			

			

				𝑎
			

		
	
) of the samples was calculated at a temperature in the ferroelectric region near the 
	
		
			

				𝑇
			

			
				m
				a
				x
			

		
	
, where the losses are relatively low. Values of activation energy 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 are also given in Table 2. In the PL12F3T ceramic the decrease in the activation energy as compared with the PL12F1T may be imputed to oxygen vacancies. With further increase of iron concentration, 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 decreases due to the increase of conducting species in the samples. For two doped samples the Arrhenius plots of conductivity were linear over a temperature range of 250–260°C. In our investigation the conductivity increases with a temperature increase due to thermal activation of conducting species in the samples. 
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(b)
Figure 5: Plot of ln(
	
		
			

				𝜎
			

			
				d
				c
			

		
	
) versus 103/T for PL12FxT.


Electrical behavior of the compounds has been characterized over wide temperature and frequency ranges by using ac impedance methods as the semiempirical complex Cole-Cole equation. Data may be analyzed in terms of four possible complex formalisms, the impedance 
	
		
			

				𝑍
			

			

				∗
			

		
	
, the electrical modulus 
	
		
			

				𝑀
			

			

				∗
			

		
	
, the admittance 
	
		
			

				𝑌
			

			

				∗
			

		
	
 (or 
	
		
			

				𝐴
			

			

				∗
			

		
	
), and the permittivity (
	
		
			

				𝜀
			

			

				∗
			

		
	
) [35]. These parameters are related according to the expressions [36–38]
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				,
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				)
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				+
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				+
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				
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				=
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				𝜀
			

			

				∗
			

			

				,
			

		
	

					where 
	
		
			

				𝜔
			

		
	
 is the angular frequency and  
	
		
			

				𝐶
			

			

				𝑜
			

			
				=
				𝜀
			

			

				𝑜
			

			
				S
				e
			

		
	
 is the vacuum capacitance of the measuring cell. The use of the function 
	
		
			

				𝑀
			

			

				∗
			

		
	
 is suitable for the resistive and/or capacitive analysis when localized relaxation dominates, while the 
	
		
			

				𝑍
			

			

				∗
			

		
	
 function is appropriate when the long-range conductivity dominates. In particular, the use of 
	
		
			

				𝑍
			

			

				∗
			

		
	
 formalism allows for a direct separation of the bulk, grain boundary, and electrode phenomena and also determination of each individual resistance [39]. From this formalism the electric loss is given by
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				𝑌
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				.
			

		
	

					Similar evolution of 
	
		
			

				𝜀
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, and 
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 is expected and so is that of 
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, and 
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. Thus, we have considered 
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 and 
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 plots as function of frequency at various temperatures.
Complex modulus formalism is a very important and convenient tool to detect the bulk phenomena properties as apparent conductivity and relaxation times. It provides an insight into the electrical processes characterized by the smallest capacitance of the material [40]. The smallest semicircle in the Nyquist plot (i.e., 
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 versus 
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				
			

		
	
) corresponds to the highest capacitance. In order to analyze and interpret experimental data, it is essential to have an equivalent circuit model that provides a realistic representation of the electrical properties. 
Figure 6 shows complex permittivity spectra (Nyquist plots) for PLFT ceramics. The effect of temperature on impedance behavior is much important at higher temperatures. The pattern of permittivity spectrum is characterized by the presence of semicircular arcs at different temperatures. This may possibly be attributed to the presence of single electrical relaxation phenomena in the material under investigation [41]. The radius of the semicircular arc increases with increasing temperature to reach a maximum. The intercept of a semicircular arc with the real axis gives an estimation of sample resistance. The high-frequency dispersion curves are attributed to the bulk properties of the material and arise due to bulk phenomena, while the low-frequency semicircle has been assigned to the grain boundary conduction [42]. The bulk resistance decreases with increasing temperature. Thus, the bulk conductivity of the materials increases with temperature. This behavior is analogous to the negative temperature coefficient of resistance (NTCR) property which is a normal behavior of semiconductor. Each semicircle represents the contribution of a particular process (electrodes and contacts, grain boundaries) to the total impedance of the sample. Measured values in the form of Nyquist plots are rarely ideal semicircular. Most of the authors describe them as depressed semicircle with their center lying below the 
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-axis. This phenomenon is called non-Debye relaxation [43]. Thus in our investigation we can argue that PL12F1T shows a Debye relaxation while PL12F3T reveals a non-Debye relaxation.
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(b)
Figure 6: Complex permittivity spectra (Nyquist plots) for PLFT ceramics.


Figure 7 shows the variation of the real part of the permittivity (
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				
			

		
	
) as a function of frequency over a wide range of temperature for the two samples. The nature of variation shows a monotonous decrease in the value of 
	
		
			

				𝜀
			

			

				
			

		
	
 with increasing frequency. For 
	
		
			
				𝑇
				>
				𝑇
			

			

				𝑚
			

		
	
 the permittivity value is higher at lower temperatures in the low-frequency region and decreases gradually with increasing frequency. This observation may possibly be related to a lack of restoring force governing the mobility of charge carriers under the action of an induced electric field at higher temperatures. This behavior supports that as frequency increases each ion moves a shorter and shorter path of electric field until the electric field changes so rapidly that the ions only “rattle” within the confinement of their potential energy wells. It also indicates the long-range mobility of charge carriers [44]. Larger 
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 values at lower frequency and temperature indicated larger effects of polarization. The decrease in 
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				
			

		
	
 with rise in temperature and frequency also indicates a possibility of increase in the ac conductivity with increase in temperature and frequency. The merger of real part of permittivity (
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				
			

		
	
) in the higher frequency domain for all temperatures indicates a possibility of the release of space charge as a result of lowering in the barrier properties of the material [45]. These results indicate that electrical conduction will increase with rise in temperature and the phenomenon is dependent on release of space charge. 
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(b)
Figure 7: Variation of the real and imaginary part of the permittivity as a function of frequency.


Moreover, Figure 7 shows the variation of the imaginary part (
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				
				
			

		
	
) of the permittivity with frequency (i.e., loss spectrum) at different temperatures. A peak has been observed which further broadened with rise in temperature. The trend of variation of 
	
		
			

				𝜀
			

			
				
				
			

		
	
 with frequency is typical of the presence of electrical relaxation phenomena in the materials which is temperature dependent. The asymmetric broadening of the peaks suggests the presence of electrical process in the materials with a spread of relaxation time [46]. The low-frequency side of the peak represents the range of frequency in which charge carriers are mobile over long distances. The higher frequency side of the 
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				
				
			

		
	
 peak represents the range of frequencies in which the ions are spatially confined to their potential wells and the ions can make only short-range motion within the well [47]. The region where the peak occurs is indicative of the transition from long-range to short-range mobility with increase in frequency. The behavior of the modulus spectrum is suggestive of temperature-dependent hopping type mechanism for electrical conduction (charge transport) in the system. 
The shifting of peaks indicates that the net relaxation time is decreasing with the increase in temperature. In a relaxation system, the conduction relaxation time (
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) can be estimated from 
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 versus log 
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 plot using the relation: 
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, where 
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				a
				x
			

		
	
 is the relaxation frequency. Using a nonlinear fitting method, the experimental data can be well fitted by the Debye peak with a distribution in relaxation time and an exponential background [48, 49]. Figure 7 displays the fitting results of the frequency dependence of the dielectric losses at various temperatures. It can be seen that the fitting lines almost pass all the experimental points, and only one Debye peak is observed. According to the fitting results, the relaxation strength increases, while 
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 decreases, with increasing temperature, which suggests a thermally activated process. The activation energy can be deduced from the Arrhenius law [50]: 
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,  where 
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 is the preexponential factor, 
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 is the Boltzmann constant, and 
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 is the absolute temperature. It is observed that the value of 
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 decreases with increase of temperature, which is a typical semiconductor behavior. It is clear that the value of activation energy decreases with an increase in Fe concentration. The small value of activation energy in PL12F1T may be due to the ionized oxygen vacancies. The insert of Figure 8 describes the linear relationship between the ln(
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) and inverse temperature. From this figure, the relaxation parameter 
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 and the activation energy 
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 were evaluated and given in Table 1. 
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 is close to that for the diffusion of oxygen ions, suggesting that the dielectric relaxation process is associated with oxygen ion diffusion. Moreover, activation energy 
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				𝑎
				𝜏
				𝑐
			

		
	
 increases with Fe content. There may be a change in the concentration of oxygen vacancies due to the variable oxidation states of Fe.




	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	







































	
		
		
		
		
		
		
		
	






	
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
			
		
		
			
		
		
			
			
		
	


	
		
			
			
			
			
			
		
		
			
		
		
			
		
	













Figure 8: Linear relationship between the ln(
	
		
			

				𝜏
			

			

				𝑐
			

		
	
) and inverse temperature.


4. Conclusions
 La3+ and Fe3+ modified PbTiO3 (PLFT) compounds were prepared by sol-gel process using the colloidal destabilization method (DSC) followed by some heat treatments. Structural studies revealed that the structural phase of the compounds, after adding Fe ions, remained pseudocubic. According to SEM micrographs, the grain growth was suppressed in Fe-doped samples, and a significant improvement in the density of the Fe-doped samples was observed. The temperature of transition from ferro- to paraelectric phase, 
	
		
			

				𝑇
			

			

				𝑚
			

		
	
, decreased with Fe content, and the dielectric peak broadens (increase of the parameter 
	
		
			

				𝛿
			

		
	
) showing the increase of the degree of diffusivity of the dielectric peak. In our investigation, the conductivity increases with temperature increase due to thermal activation of conducting species in all samples. With a further increase in the acceptor concentration, the conductivity becomes p-type and starts to decrease. Complex impedance spectroscopy, in terms of a simultaneous analysis of the complex permittivity, was used to investigate the electrical behavior of PLFT ceramics. From impedance data, semicircular arcs, corresponding to the electrical response of grains and grains boundary are clearly observed for the samples. The broader complex plots observed in samples are attributed to the random arrangement of cation in the structure, leading to microscopic heterogeneity in the composition. Complex impedance spectra indicate the possible contribution of the bulk and grain boundaries at higher temperatures and also the temperature-dependent relaxation phenomena. Measured values in the form of Nyquist plots are semicircular for PL12F1T, which demonstrates a Debye relaxation, and consist in depressed semicircles for PL12F3T revealing a non-Debye relaxation. With the help of the Arrhenius law, a linear relationship between the ln(
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) and inverse temperature and the values of 
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				𝑎
				𝜏
				𝑐
			

		
	
 suggest that the dielectric relaxation process is associated with oxygen ion diffusion. Moreover, activation energy 
	
		
			

				𝐸
			

			
				𝑎
				𝜏
				𝑐
			

		
	
 increases with Fe content, which may indicate a change in the concentration of oxygen vacancies due to the variable oxidation state of Fe.
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