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ABSTRACT

The (La0.8Ca0.2)0.9Bi0.1FeO3 (LCBFO) compound has been synthesized by the sol-

gel method and characterized by X-Ray Diffraction (XRD), Scanning Electron 

Microscope (SEM), Raman spectroscopy and electrical impedance spectrometry. 

XRD results revealed that (La0.8Ca0.2)0.9Bi0.1FeO3 crystals are orthorhombic, 

belonging to the Pnma space group. The SEM measurements showed that the 

sample presents a large distribution of nano-grains connected to each other. The 

relaxation process and the electrical conductivity are awarded to the same type of 

charge carriers characterized by similar values of the activation energy determined 

from loss factor tangent , the imaginary part of the permittivity and from the 𝑡𝑔(𝛿)

Modulus spectrum. The ac-conductivity was analysed to examine the conduction 

mechanism, using the Jonscher’s universal power-law given by: . 𝜎𝑎𝑐(𝜔) = 𝜎𝑑𝑐 + 𝐴𝜔𝑠

Based on the parameter s behavior, the conductivity was studied according to the 

NSPT model (non-overlapping small polaron tunneling).

Keywords: multiferroic/ Sol-gel/ dielectric/ ac-conductivity/ Permittivity.

I. INTRODUCTION

Perovskite ferrites with general formula AFeO3 are one of the most promising 

materials for several application areas. Recently, they have been used for solid oxide 

fuel cells, sensors, magnetic memories, spintronic devices, etc.. [1-5].
Besides, it was proven that LaFeO3 compound is a multiferroic material at room 

temperature with a weak coupling between the electric and magnetic orderings [6].
The (La1-xAx)(Fe1-yBy)O3 compounds (A = Ba, Ca, Pb, Sr/ B = Cr, Sm, Nb..) have 

been widely studied by combining the substitution and the preparation method effects 



  

in order to enhance the dielectric, ferromagnetic and ferroelectric properties [7-9]. 
Furthermore, these materials presented a giant dielectric constant and low dielectric 

loss at around room temperature [7]. Materials with high dielectric permittivity are 

used to manufacture electronic devices especially as Capacitors and Dynamic 

Random Access Memory (DRAM) [10-12].
The Ca-doped LaFeO3 materials were used as solid oxide fuel cell cathode (SOFC) 

and as gas sensors [13-18]. In our preceding study, the relaxation process in the 

La0.8Ca0.2FeO3 compound was found to be a polaronic one with the hopping motions 

of charge carrier between iron ions [19]. The non-overlapping small polaron 

tunnelling (NSPT) model was used to study the conduction mechanism for this 

compound.

Moreover, it was reported that the introduction of the diamagnetic bismuth element 

enhances the ferromagnetic and ferroelectric properties [20, 21]. In another previous 

work, we have proven that the simultaneous substitution of lanthanum and calcium 

ions by the bismuth ones in (La0.8Ca0.2)1-xBixFeO3 compounds sintered at 900 °C, did 

not affect the crystallinity structure with an enhancement of the magnetization. This is 

thanks to the increase of the Fe3+ ions with the introduction of Bi3+ ions in A-site, 

which directly increases the ferromagnetic Fe3+-Fe3+ interactions [22]. Besides, it was 

reported that a 10% concentration of bismuth ions presents a critical value above 

where the unit cell volume changes its behavior to decrease after increasing below 

this concentration value [23]. Also, it was found that the La0.9Bi0.1FeO3 compound 

presents the highest saturated magnetization value with smallest crystallite size 

value.” 

According to the previous purposes, we studied in this work the effect of insertion of 

10 % of Bismuth ion in the A-site of the La0.8Ca0.2FeO3 compound on the structural, 

morphological, dielectric and electric properties.

II. EXPERIMENTAL DETAILS

II.1. Synthesis
The ferrite sample (La0.8Ca0.2)0.9Bi0.1FeO3 (LCBFO) was prepared by the sol–gel 

method [24, 25] using as raw materials lanthanum nitrate , bismuth (𝐿𝑎(𝑁𝑂3)36𝐻2𝑂)
nitrate , calcium nitrate , ferric nitrate (𝐵𝑖(𝑁𝑂3)35𝐻2𝑂) (𝐶𝑎(𝑁𝑂3)34𝐻2𝑂)



  

 and citric acid (all pro-analysis purity) according to the following (𝐹𝑒(𝑁𝑂3)39𝐻2𝑂)
reaction equation:

0.72 × 𝐿𝑎(𝑁𝑂3)3 + 0.18 × 𝐶𝑎(𝑁𝑂3)2 + 0.10 × 𝐵𝑖(𝑁𝑂3)3 + 𝐹𝑒(𝑁𝑂3)3→(𝐿𝑎0.8𝐶𝑎0.2)0.9𝐵𝑖
0.1𝐹𝑒𝑂3

In a first step, according to this reaction equation, we have dissolved the adequate 

amount of each initial nitrate precursor in an ion free water. Afterwards, citric acid, 

used as a metal chelating agent, was added to the mixture in a molar ratio n (Metal 

ions): n (citric acid) = 1:2. Then, the polyethylene glycol was added to the mixture, 

which was maintained under constant stirring, for almost 2 hours until the formation 

of a viscous gel. The resulting gel was then heated to 170 °C until a black powder 

was formed. For subsequent annealing, the samples were placed in an electric oven 

at 300 °C, for 12 hours. Then, the powder was pressed into thin pellets, of about 12 

mm in diameter and 1.5 mm in thickness, and subjected to heat treatments at 

different temperatures (400 and 600 °C for 12 hours), interrupted by grinding cycles. 

Finally, the obtained powder was heated at 800 °C for 4 hours.

II.2. Apparatus
The phase purity, homogeneity, lattice structure and cell parameters of the 

synthesized compound were obtained by X-Ray Diffraction (XRD) analysis, using a 

Bruker 8D Advance X-ray powder diffractometer, with Cu-Kα1 radiation                 

, in the θ–2θ Bragg-Brentano geometry. The acquisition was in the 2θ (𝜆 = 1.5406 Å)

range of 5-90°, with a step of 0.02° and an acquisition time for each step of 1 s. The 

XRD data were also used for obtaining the lattice parameters by means of Rietveld 

analysis [26], using the FULLPROOF program. Microstructures and grain sizes were 

observed by a TESCAN VEGA3 SBH microscope, operating at 20 kV and equipped 

with an EDS detector BrukerXFlagh 410M, which allowed the detection of the 

characteristic X-rays emitted by the sample and, consequently, the identification of its 

chemical elements. For the analysis, a little amount of the compound powder was 

deposited on a carbon tape.

The dielectric measurements were performed in air atmosphere using an electric 

furnace equipped with a Eurotherm 3508 controller. For these measurements, a 

Network Analyzer Agilent 4294, operating between 100 Hz and 1 MHz in the Cp-Rp 

configuration (capacitance in parallel with resistance) was used [27]. The ac 

impedance of the sample was measured between 110 and 330 K. During the 



  

measurement, the pre-heated pellet was mechanically pressed between two parallel 

platinum plates working as electrodes.

III. RESULTS AND DISCUSSION

III.1. Structural properties

The performed Rietveld refinement of the XRD data (Fig. 1) revealed that the 

studied compound crystallizes in an orthorhombic structure with the Pnma space 

group (a = 5.513(6) Å; b = 7.797(2) Å; c = 5.527(6) Å).

The crystallite size of the prepared compound was calculated by basing ourselves 

on the XRD results with the Scherer formula and the Halder-Wagner (H-W) method. 

The average crystallites size was calculated according to the following Scherer 𝐷𝑆𝐶 

formula [28]:

                                                 Eq. (1)𝐷𝑆𝐶 =
0.9 × 𝜆

𝛽 × 𝑐𝑜𝑠𝜃

Where  is the used wavelength, θ is the Bragg angle for the most intense peak, and 𝜆

β is the half-height-width of this peak. The calculated  value was found to be 𝐷𝑆𝐶

equal to 36.4 nm, which confirmed the nanosize nature of the obtained crystallites.

The Halder-Wagner (H-W) method is another method for determining the crystallites 

size using the following equation:

                                Eq. (2)(𝛽 *
h𝑘𝑙

𝑑 )
2

=
1

𝐷𝑊𝐻(𝛽 *
h𝑘𝑙

𝑑 * 2
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) + (𝜀
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where: ,  and  is a coefficient related to the effect of stress 𝛽 *
h𝑘𝑙 =

𝛽h𝑘𝑙 𝑐𝑜𝑠𝜃
𝜆  𝑑 *

h𝑘𝑙 =
2 𝑠𝑖𝑛𝜃
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on the crystallites. 

Afterwards, by the representation of  as a function of  (Fig. 2), we can (𝛽 *
h𝑘𝑙

𝑑 )
2 (𝛽 *

h𝑘𝑙

𝑑 * 2
h𝑘𝑙

)
determine the crystallites size  and the microstrain , respectively, from the (𝐷𝑊𝐻) (𝜀)

inverse of the slope of the linearly fitted data and from the intercept of the line. The  

 and values are found to be equal to 44.8 nm and 1.2 x10-5, respectively. It (𝐷𝑊𝐻) (𝜀) 

is clear that the calculated crystallites size value using the Halder-Wagner method is 

slightly higher than that calculated by the Debye Scherrer formula. This difference 

could be explained by the fact that the Scherrer’s formula does not take into account 

strain contribution to the X-ray line broadening.



  

It is important to mention that porosity is one of the key parameters to understand the 

electrical and dielectric properties. This parameter was calculated using the following 

equation [29]: 

                                                        Eq. (3)                    𝑝(%) = 1 ‒
𝑑
𝑑𝑥

where dx is X-Ray Density (dx = M/NA.a3) [29], while d is the bulk density. 

The porosity of the prepared compound was found to be around 48,444 %. This 

value is in a good agreement with previous works [30, 31]. 

III.2. Morphological study

We exposed the TEM image of the prepared LCBFO compound in Fig. 3(a), which 

showed a relatively uniform distribution, confirming that the sol-gel method is a good 

process for preparing uniform and dense powders. We also noticed that all particles 

were found to be nearly spherical. In order to confirm the purity of the synthesized 

material, EDX analysis was undertaken (Fig. 3(b)). The peaks revealed the presence 

of La, Ca, Bi and Fe elements, which confirms that they are all non-volatile and that 

there is no loss of any integrated element after sintering. 

The average grains size, obtained from an automatic statistical count of particle size 

performed on SEM image using the Image-J software, was found to be around (43.7 

7.2) nm (Fig. 3(c)). It is clear that SEM gives an average value 6.6 times bigger 

than the average one determined by X-ray diffraction diagrams and 5.3 times bigger 

than the average value established from the Halder-Wagner method. This 

discrepancy confirmed that each grain is formed by several crystallites. 

III.3 Dielectric study

Temperature and frequency dependence of the dielectric constant  and the (𝜀')
dielectric loss  were recorded in the temperature range between 110 and 330 K (𝑡𝑔𝛿)

and the frequency from 5 kHz to 1 MHz (Fig. 4(a)). We can note that when increasing 

temperature,  increases until a critical temperature , known as the transition 𝜀' (𝑇𝑚)

temperature, and above which it decreases with further increase in temperature. This 

temperature is attributed to the first-order Ferroelectric-Paraelectric (FE-PE) phase 

transition. This transition was obtained in the same temperature range for pure and 

Cr-doped GdFeO3 compounds [32, 33], but at higher temperature for LaFeO3 sample 

[34]. This behavior can be related to the thermal energy; the increase of temperature 

allows the electric dipoles to gain thermal energy and to be aligned with the applied 



  

electric field, which increases the dielectric constant. Above Tm, the thermal energy is 

sufficiently large. So, the dipoles start to be randomly oriented and the sample 

becomes Paraelectric [34]. We can deduce that the insertion of both calcium and 

bismuth ions decreases the FE-PE phase transition temperature. Also, compared to 

the pure LaFeO3 compound, the LCBFO sample presents a higher dielectric constant 

(  was around 600 at 715 K for LFO compound).𝜀 '
𝑚𝑎𝑥

Fig. 4(b) showed the thermal variation of the dielectric loss  measured at (𝑡𝑔𝛿)

different frequencies. It is seen that the appearance of a thermally activated 

relaxation peak, with an augmentation of its intensity when increasing frequency. The 

frequency dependence of the dielectric loss relaxation peak indicated a polaronic 

conduction relaxation mechanism as it was reported for pure and Ca-doped LaFeO3 

[19]. 
Moreover, the dielectric constant showed an inflection point for each frequency at 

low temperatures accompanied by a peak in the corresponding dielectric tangent loss 

curve. The peak position (Tm) was found to obey the Arrhenius relation defined as 

follows:

                                      Eq. (4)𝑓 = 𝑓0 𝑒𝑥𝑝( -
𝐸𝑎

𝑘𝐵 × 𝑇𝑚)
Where f0, Tm, Ea and kB have the known meanings. We plotted the  as the  𝐿𝑛(𝑓)

function of  and fitted the curve according to the Eq. (4). The Arrhenius curve, the ( 1
𝑇𝑚)

extracted activation energy and the relaxation time values are shown in Fig. 5. The 

activation energy , obtained from the slope of the well fitted straight line, is found (𝐸𝑎)

to be equal to 0.344 eV, which is slightly higher than that found for La0.2Ca0.2FeO3 

compound [19]. The relaxation time calculated from the intercept of the linear fitting 

of the Arrhenius plot , f0= exp(Intercept) and found around 10-14 s. Both (𝜏0 =
1

2𝜋𝑓0)
values are in a good agreement with literature [19, 35, 36] and confirmed that the 

dielectric process is related to the polaron dynamics.

Fig. 6 showed the frequency dependence of the imaginary part of the complex 

Modulus  measured at different temperatures. The appearance of two peaks for (𝑀'')
each temperature are clearly seen. Peaks with maximum values around  7 × 10 - 3,

shown in Fig. 6(a), are attributed to the grains contribution while those with maximum 

values around  (Fig. 6(c)) correspond to the boundary grains contribution. 3 × 10 - 4



  

One can see that all peaks shift to the high frequency region when increasing the 

temperature indicating a thermally activated relaxation mechanism. We have 

analysed the Modulus relaxation peaks for both contributions using the Arrhenius 

formula as shown in Figs. 6(b) and (d) for grains and boundary grains contributions, 

respectively. The activation energies for both contributions were found so close and 

equal to that obtained from the dielectric tangent loss. 

III.4. ac-conductivity and conduction mechanism

In Fig. 7 we plotted the variation of  recorded at certain 𝐿𝑛(𝜎𝑎𝑐𝑇) 𝑣𝑠. (1000 𝑇)
frequencies (0.5, 1, 5, 10 and 50 kHz). Over the temperature range of 140 to 300 K, 

the ac-conductivity is characterized by two different regions, suggesting that electrical 

conduction occurs via two different processes. In the low temperature region 

, the conductivity is not thermally activated in contrast to the behavior (𝑅1:𝑇 < 220 𝐾)

at the second region  where the conductivity increases with increasing  (𝑅2:𝑇 ≥ 220 𝐾)
the temperature and show a frequency dependence. In the second region, we 

calculated the ac-conductivity activation energy, which was around 0.346 eV. This 

value is very close to those previously deduced from the dielectric tangent loss and 

the imaginary part of the Modulus, which suggests that both the conduction and the 

relaxation mechanisms are polaronic and are due to the electrons hopping between 

iron states (Fe2+ and Fe3+).

In the first region, where the ac-conductivity is frequency independence, the 

conduction mechanism will be discussed according to the thermal variation of the 

Jonscher’s power-low “s” parameter.

We plotted in Fig. 8 the ac-conductivity as function of both frequency and 

temperature for the LCBFO compound. As one can see, the ac-conductivity is almost 

constant for low frequency region and increases with increasing temperature. This 

behavior corresponds to the dc-conductivity and confirms the decrease of the 

resistance with increasing temperature. At high frequency region, the ac-conductivity 

becomes frequency dependent. 

The ac-conductivity curves were fitted according to the Jonscher’s power-low:

                                  Eq. (5)𝜎𝑎𝑐(𝜔,𝑇) = 𝜎𝑑𝑐 + 𝐴 × 𝜔𝑠(𝑇)

where ,  and s have the known meaning. 𝜎𝑎𝑐  𝜎𝑑𝑐

The fitted curves for the LCBFO compound are shown in Fig. 9. 



  

It was reported that according to the behavior of the , there are four suggested 𝑠(𝑇)

models; Quantum Mechanical Tunneling (QMT) model [37], Correlated (𝑠 ≈ 0.8) 

Barrier Jump (CBH) model (  decreases with rising temperature) [38], the Non-𝑠

overlapping Small Polaron Tunneling (NSPT) (  increases with temperature) [39] and 𝑠

the Overlapping Large-Polaron Tunneling (OLPT) model (  decreases and then 𝑠

increases with increasing temperature) [40].
In the present case, the Jonscher’s power-low s exponent was found to increase 

when increasing the temperature. We deduced that the ac-conductivity obeys the 

Non-overlapping Small Polaron Tunneling (NSPT) model. According to this model, 

the exponent temperature dependence of the s exponent can be written as:

                             Eq. (5)𝑠(𝑇) = 1 + (4 × 𝑘𝐵

𝑊𝑚
× 𝑇)

Where kB is the Boltzmann’s constant and Wm is the binding energy of the carrier in 

its localized sites. Wm was calculated using the slope of the straight line fitting of the 𝑠

 curve and its value was found to be equal to 80.413 meV (inset of Fig. 9).(𝑇)

IV. CONCLUSION

In this work, we have synthesized the  (LCBFO) compound by 𝐿𝑎0.72𝐶𝑎0.18𝐵𝑖0.1𝐹𝑒𝑂3

the sol-gel method and performed its structural and morphological characterization by 

XRD, EDX and TEM. The XRD refinement revealed that the LCBFO compound 

crystallizes in the orthorhombic structure (Pnma space group). TEM image showed a 

uniform distribution of nanosize grains. The relaxation process and the electrical 

conductivity are awarded to the same type of charge carriers, which consists in the 

electrons' jump between iron states. This result is confirmed by the near values of the 

activation energy determined from both ac-conductivity (0.305 eV), the dielectric 

tangent loss (0.295 eV) and from modulus spectrum (0.298 eV). It has also been 

found, from the analyses of the Jonscher’s power low exponent s that the ac 

electrical conduction obeys the NSPT model.
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Figure. 1: Rietveld analysis of the X-ray diffraction pattern for (La0.8Ca0.2)0.9Bi0.1FeO3 

compound.



  

Figure. 2: Halder–Wagner plot of (La0.8Ca0.2)0.9Bi0.1FeO3 compound.



  

 

Figure. 3: (a) SEM image, (b) EDX analysis, (c) particle size distribution of 

(La0.8Ca0.2)0.9Bi0.1FeO3 compound.



  

Figure. 4: The temperature dependence of the dielectric constant  (a) and the (𝜀')
dielectric loss  (b) at several frequencies of (La0.8Ca0.2)0.9Bi0.1FeO3 compound.(𝑡𝑔𝛿)

 



  

Figure. 5: Variation of Ln(f) as function of 1000/Tm of (La0.8Ca0.2)0.9Bi0.1FeO3 

compound.



  



  

Figure. 6: (a) and (c) frequency dependence of the imaginary part of the Modulus 

(M”) correspondent to grains and boundary grains relaxations, respectively (b) and 

(d) the Arrhenius plots for both relaxations (inset the corresponding activation energy 

and the relaxation time values).  



  



  

Figure. 7: Variation Ln (σac x T) of as a function of 1000/Tm of (La0.8Ca0.2)0.9Bi0.1FeO3 

compound.



  

Figure. 8: Variation of the ac-conductivity σac as a function of both frequency and 

temperature of (La0.8Ca0.2)0.9Bi0.1FeO3 compound.



  

Figure. 9: Variation of the ac-conductivity σac as a function of frequency and of the s 

exponent as a function of temperature of (La0.8Ca0.2)0.9Bi0.1FeO3 compound.



  

Table 1: Rietveld refinement results of the (La0.8Ca0.2)0.9Bi0.1FeO3 compound.

a (Å) b (Å) c (Å) Fe-O1 (Å)
5.513(6) 7.797(2) 5.527(6) 1.96483(5)

Fe-O2 (Å) Fe-O1-Fe (°) Fe-O2-Fe (°)
2.11114(6) 159.748(6) 151.611(6)



  

RESEARCH HIGHLIGHTS

 (La0.8Ca0.2)0.9Bi0.1FeO3 (LCBFO) compound was synthesized by the sol-gel 

method using the citric acid route and crystallized in the orthorhombic 

structure with the (Pbnm) space group

 The TEM confirmed the nanosize of particles.

 The modulus formalism indicating the presence of a single relaxation peak.

 The activation energy values obtained from both ac conductivity, the tang (δ) 

spectrum and from modulus spectrum are found to be very similar.

 The activation energy was calculated from the ac-conductivity, the dielectric 

loss tangent, the dielectric constant and from the imaginary part of Modulus. 

All values are very close and confirmed the polaronic relaxation. 

 The electrical conductivity curves obeying to the Jonscher’s universal power 

law where the S parameter behaviour confirmed that the NSPT model is the 

suitable one to analyse the ac-conductivity.



  

Variation of the ac-conductivity (σac) as a function of frequency and of the s exponent 

as a function of temperature of (La0.8Ca0.2)0.9Bi0.1FeO3 compound.
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properties of the multiferroic (La0.8Ca0.2)0.9Bi0.1FeO3 compound. The dielectric 

properties were found to be strongly dependent on both temperature and frequency. 

A relaxation was shown in the imaginary part of the modulus (M”), in the dielectric 

tangent loss tg(δ) and in the dielectric constant curves.  From the calculated 

activation energies from all parameters we assign the relaxation process to be 

polaronic. 

 In addition, the analysis of the frequency-dependent of the ac-conductivity revealed 

that then non-overlapping small polaron (NSPT) is the most appropriate model of 

conduction into the prepared compound.


