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Abstract:

The present work explores the impact of Fe insertion on the physical properties of

Ba0.95Bi0.05Ti1-xFexO3 (x=0.025, 0.050, and 0.075) prepared via sol gel method. The resulting

samples crystallize in the tetragonal structure with space group P4mm and their

morphological features point out the variation of the microstructure with Fe content. In turn,

the dielectric constant versus temperature plot reveals the existence of two transition phases:

the first one is ferroelectric-paraelectric transition phase (TF-P) and the second one is

ferroelectric orthorhombic - ferroelectric tetragonal phase (TO-T). Analysis of conductivity

curves using Jonscher’s augmented equation (for x=0.025) and Jonscher’s power law (for

x=0.075) suggests the Non-Overlapping Small Polaron Tunneling (NSPT) model as a

conduction mechanism.

Keywords: Dielectric properties, AC conductivity, NSPT model, Activation energy, VRH

model.
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1. Introduction

Perovskite materials with general formula ABO3 have attracted the attention of various

researchers due to their interesting and versatile properties as ferroelectric, dielectric,

magnetic, multiferroic, among others [1–4]. In this line, multiferroic materials are defined as

materials in which more than one ferroic order (ferroelectric, ferromagnetic, and/or

ferroelastic) coexist[5]. Currently, multiferroic materials draw the attention of researchers

because of their wide applications such as spintronics, microelectronics, magnetic memory,

and sensors[6]. A compound in which coexists both magnetic and electric polarization is rare

in nature. BiFeO3 (BFO) is probably one of the most studied multiferroic material by its

nature with a rhombohedral distorted perovskite structure and space group R-3c at room

temperature[4]. BFO is ferroelectric under TC = 1103 K and antiferromagnetic below TN =

643 K[7]. However, BFO possesses some drawbacks for room temperature operation devices

such as high leakage current and large dielectric losses caused by oxygen vacancies[8]. As a

result, BFO cannot be used in many applications due to the negatives points mentioned above.

Aiming to extend the field of BFO’s applications, some researchers have resorted to prepare a

nanocomposite material by the combination of two or more materials. For example, (1-x)

(Al0.2La0.8TiO3) +x (BiFeO3) nanocomposites display numerous interesting properties which

could help to improve the use of BFO in many technological areas [9]. Specifically, the

negative dielectric constant ε’, negative dielectric loss ε’’, and negatives electrical parameters

for sample with x=0.4, demonstrate that these samples could be applicable in energy

harvesting, space applications, efficient microwave absorbers, antenna design, among others

[9,10].

Generally speaking, ferroelectricity is governed by a transition metal compound with

empty d-shells (d0), while ferromagnetism required a transition metal compound with a

partially filled d (dn). In fact, the scarcity of these materials is explained by the contradiction

between the conventional mechanism necessary for ferroelectricity (FE) and ferromagnetism

(FM), what is called the problem as “d0 vs. dn”.

In the aim of producing multiferroic materials, Liu et al[11] proposed three methods: (1)

Let polar and magnetic active ions occupying various Wyckoff positions, (2) prepare a

double perovskite in which one is ferroelectric and the other one is magnetic, and (3) prepare

a magnetic perovskite in which ferroelectricity is related to spiral magnetic order. Moreover,

there were several approaches towards the investigation of a multiferroic materials, several

investigations have resorted to doping in the site B of the ferroelectric materials with



transition metal atoms. In the family of perovskites oxides ABO3, barium titanate BaTiO3

(BTO) is an interesting compound because of its ferroelectric properties and its high

dielectric constant. BTO is a ferroelectric prototype which goes through a sequential crystal

structure transitions with temperature from ferroelectric to the paraelectric phase[2]. The

ferroelectric effect observed in the tetragonal BTO is due to the displacement of Ti ions along

the c-axis from its centro-symmetrical position in the unit cell, favoring the creation of an

electric dipole. Despite its important ferroelectric and dielectric properties, BTO also presents

some drawbacks like a high leakage current, relatively low Curie temperature, and a weak

piezoelectric response. In order to improve its properties, BTO is usually doped or substituted

by specific elements[12–15]. In the present study, we focus on Bi-substitutions in the BTO

system since local structural distortions are effectively generated, providing new rotation

polarization pathways [16,17]. Regarding its synthesis, several researchers prepare Bi-

substituted BaTiO3 ceramics via solid state reaction [18–20]. Nevertheless, some other

researchers use the sol-gel method because of its low processing temperature, the obtained

samples display a high purity and homogeneity, and it is achieved an excellent stoichiometry

control of the products[21–23].

Interestingly, Tihtih et al[24] have investigated the effect of Bi on the structural and

optical properties of BaTiO3 nanoceramics via sol-gel method. They have found a decrease in

the band gap which suggest that the prepared samples can be used in optoelectronic

applications. Based on the findings of Islam et al[19], Bi-doped BTO could also minimize the

dielectric losses and the AC electrical conductivity was found maximum for 5% of Bi doping

BTO. In addition to the specific concentration of 5% of Bi doping, a maximum of the

dielectric constant is achieved in other works[25]. Finally, according to Maurya et al[18], Bi

doping into BTO could ameliorate ferroelectric properties as well, since Bi could promote an

increase in both remanent polarization Pr and the coercive field Ec. Therefore, the addition of

Bi can offer a wide range of improved ferroelectric properties with respect to the BTO ones

using relatively lower percentages.

As mentioned in previous research, BTO with tetragonal structure is a ferroelectric

material. Doping with a transition metal element in the Ti sites can provide magnetic features

in BTO as well as improve its ferroelectric properties. Various works have investigated doped

BTO with a transition metal (Cr, Mn, Fe, Co, Ni, and Cu) in the Ti sites [26–30]. Specifically,

Fe-doped BTO was prepared by various methods like hydrothermal [26] , solid state [31] and

sol-gel method[32]. Guo et al[33] showed that doping with Fe could lead to enhance both

ferroelectric and magnetic properties. As identified by Khirade et al [34], doping with Fe



ameliorates dielectric properties of BTO since the conductivity increases as temperature rises,

showing a semiconducting behavior in the compounds. Also, they noted that the dielectric

properties were higher at low frequencies.

Recently, several researchers focused on doped-BTO in both sites A (Ba) and B (Ti),

among which Bi and Fe stand out because of their unique multiferroic properties. In this line,

Gouitaa et al [35] have studied the effect of Fe on the structural and dielectric properties of

Ba0.95Bi0.05Ti1-xFexO3 (x = 0, 0.1 and 0.2), using the solid-solid method. Yansen et al[36],

have elaborated and reported the structural and multiferroic properties of Ba0.95Bi0.05Ti1-

xFexO3 (0≤x≤0.1) via solid-solid process. Electrical properties of Ba0.92Bi0.08Ti0.92Fe0.08O3

have been reported by Wang et al [37]. These are examples of how new strategies are being

pursued to try to confer noticeable improvements in ferroelectric properties while obtaining a

magnetic response.

For those reasons, we have synthesized Bi and Fe co-doped BTO with different

concentrations by the sol-gel method with the objective of examining the structural and

dielectric properties of Ba0.95Bi0.05Ti1-xFexO3 with x = 0.025, 0.050 and 0.075. The purpose of

this research is to investigate the effects of temperature and frequency on the electrical and

dielectric properties. In this regard, the electrical conductivity, dielectric constants, and

electrical impedance as a function of the frequency and temperature are thoroughly examined.

2. Experimental procedure

3.1 Sol-gel synthesis

The Ba0.95Bi0.05Ti1-xFexO3 with x = 0.025, 0.05 and 0.075, were prepared using sol-gel

processes (see Fig.1). After weighing in stoichiometric proportions Bi(NO3)2.5H2O (98%,

Sigma-Aldrich), Ba(NO3)2 (99%, Sigma-Aldrich) and Fe(NO3)3.9H2O (98%, Sigma-Aldrich),

they were dissolved in distilled water for 1 hour at room temperature using a heating plate

equipped with a magnetic stirrer. The temperature was then increased up to 60 °C and

absolute ethanol (CH3CH2OH, 99.8% LabKem) plus titanium isopropoxide Ti(OCH(CH3)2)4
(97%, Sigma-Aldrich) were added, followed by a few drops of the nitric acid HNO3 (69%,

Sigma-Aldrich). A homogenous viscous solution was obtained and it was subsequently dried

at 85 °C for 24 hours. Afterwards, the resulting powder was milled and calcined at 750 °C for

12 hours in an air environment. Finally, the calcinated powder was milled again and sintered

at 1000 °C for 2 hours in an air environment.

3.1 Characterization techniques



Phase composition and crystal structure was studied by X-ray diffraction (XRD) using a

Cu-Kα radiation = 1.541874 Å). The range employed was from 20 to 85° with a step size of

0.03°. Morphological features and microstructure were determined by scanning electron

microscopy (SEM), the morphologies of all samples Ba0.95Bi0.05Ti1-xFexO3 were identified

(SEM). Image processing was performed by the ImageJ software to estimate the particle size

distribution. Optical properties were performed using Fourier Transform Infrared (FTIR)

spectroscopy. Dielectric properties were examined by impedance spectroscopy with an

equipment HP4284A LCR meter as a function of the frequency and temperature.

3. Results and discussion

3.1 Structural analysis

The XRD of the samples shown in Fig.2 were analyzed using FullProf program[38].

The XRD patterns of Ba0.95Bi0.05Ti1-xFexO3 ceramics with x=0.025, 0.05, and 0.075 are found

to match the tetragonal phase with space group P4mm. The lattice parameters calculated from

the FullProf fit are given in Tab.1. There is a good agreement between the observed and

calculated profile since the values of 2<1.93.

Fig.3 shows a slight shift of the diffraction peak (111) towards lower angles with the

increase in Fe concentration. The splitting in the peaks (200) and (002) around 2 = 45° can

be detected for all the samples (Fig.4). These two peaks appear to merge into each other when

the Fe doping is increased up to x=0.075 and it may be due a decrease in tetragonality (c/a)

[36] (see Tab.1). Islam et al [39] suggest that the loss of tetragonality is usually related to the

stabilization of a cubic phase. However, the broadening of the peak (200) for x=0.075 is

relatively wide, so it can be considered to be a pseudo-cubic structure and/or size effects.

Tab.1 shows an increase of the lattice constant a, while there is a decrease in the lattice

constant c. Therefore, the tetragonality ratio is reduced. Masó et al [40] also reported that the

decrease in tetragonality is favored by increasing the Fe concentration. In addition, the cell

volume of our samples rises with Fe doping (ionic radius 0.645 Å), which is probably due to

the substitution of Ti4+with ionic radius (0.605Å) (Tab.1) [41]. Similar results were obtained

by Craciun et al [42]. Furthermore, the increase of the cell volume is generally related to a

decrease in the strain [43]. For x=0.025, the sample shows a high purity since there no

secondary phases are detected (Fig.2). Nevertheless, x=0.05 and 0.075, an unknown

secondary phase (called as X in Figure 2) appears with a relatively low percentage of 2.96%

and 0.52%, respectively. Therefore, the X-phase disappears by increasing the Fe content.

Subsequently, an estimation of the crystallite size is calculated for several methods:



i. Scherrer method

The general method to determine crystallite size is by Debye Scherrer equation[44]:

� =
� ∗

β cos θ (1)

Where D is the crystallite size (nm),  is the wavelength, β is the full width at half maximum

(FWHM) of the peak,  is the diffraction angle of the peak, and K is a constant equal to 0.94

(considering particles with a spherical shape).

ii. Modified Scherrer method (MS)

In order to decrease the error in calculating crystallite size, the modified Scherrer

equation is based on this principle through which the average crystallite size D is obtained via

all major peaks by least square method [45]. Subsequently, the Scherrer modified formula

can be written as:

ln � = ln (
� ∗

�
) + ln (

1
cos �

) (2)

By plotting ln ( 1
cos θ

) as a function of a graph between ���, a linear fit is obtained (see Fig.5)

with an intercept value equal to ���������� = �� ( �∗
�

) .

D=
K*

�������������
(3)

iii. Williamson –Hall plot method (W-H)

Scherrer formula considers only the impact of crystallite size on the XRD peak

broadening. However, the lattice strain of the material could also causes a broadening of the

diffraction peaks[43,46].

The total broadening can be written as:

������ = �� + �� (4)

From equation (1) we can write broadening of crystallite size [46]:

�� =
� ∗

� cos �
(5)

�� = 4 ∗ � tan � (6)

�� =
� ∗

� cos � + 4 ∗ �
sin �
cos �

(7)



Finally, we get: cos � ∗ �� = 4 ∗ � ∗ sin � + �∗
�

(8)

After plotting, cos � ∗ �� versus 4 ∗ sin θ should be a straight line where the slope provides

the strain ε and the yintercept gives the value of
�∗

�
(see Fig.6).

iv. Size strain plot method

W-H plot shows that the broadening is essentially isotropic which means that diffracting

domains are also isotropic and there is also a contribution of micro strain. Size strain plot

(SSP) is a method which considers that the XRD peak profile is a combination between

Lorentzian and Gaussian function, where the crystallite size broadened profile comes from

the Lorentzian function ( �� ) and the strain broadened profile comes from the Gaussian

function (�� ) [47]. The total broadening of SSP can be expressed as:

�� = �� + �� (9)

Besides, the SSP method gives always a better result for an isotropic broadening as it

provides an importance for lower angles reflections since accuracy is more than at higher

angles. The SSP method is performed using the following equation[47,48]:

(�ℎ�� ∗ �ℎ�� ∗ cos � )2 =
� ∗

�
∗ (�ℎ��

2 ∗ �ℎ�� ∗ cos � ) +
�2

4
(10)

Where �ℎ�� is the lattice distance between the (h k l) planes. Similarly, to W-H plot, we plot

(�ℎ�� ∗ �ℎ�� ∗ cos � )2 versus (�ℎ��
2 ∗ �ℎ�� ∗ cos � ) , obtaining the crystallite size from the

slope and the strain from the yintercept (see Fig.7).

The results obtained from Debye Scherrer, modified Scherrer, Williamson Hall plot, and

SSP method are given in Tab.2. It can be noticed that the values obtained by the different

models vary systematically. Specifically, it is evidenced from Tab.2 that the modified

Scherrer method is close to the result obtained by the Debye Scherrer one. However, SSP

method shows a large variation related to the difference in the average of the crystallite size

distribution since it can be modified by the inclusion of strain. In this regard, it is considered

from Tab.2 that there is an inversely relationship between crystallite size and strain[43,49]

and similar results have been observed in some doped BaTiO3 samples[50–52]. The obtained

nano-metric size is probably due to the method of preparation used in this work.

3.2 Morphological analysis

A morphological characterization is carried out by SEM in order to obtain an accurate

estimation of the microstructure and morphology of the samples. SEM images of

Ba0.95Bi0.05Ti1-xFexO3 ceramics illustrated in the inset of Fig.8 show that the microstructure



exhibits a variation with Fe content. The observed distribution can be described using a

Lorentz fit (Fig.8/ (a, b, and c)). The average grain size was calculated from SEM images

using the ImageJ software and is depicted in Tab.3. As can be observed, the grain size

decreases as Fe content increases. Similar results have been reported in some dopants within

the BTO system[53,54].This decrease may be explained in terms of the formation of grains

with lower sizes with the increase of Fe content. It is clear that the average grain size is larger

than crystallite size, indicating that each grain size observed by SEM consists of numerous

nanoparticle domains.

3.3 FTIR analysis

The FT-IR transmission spectra of the Ba0.95Bi0.05Ti1-xFexO3, in the range of 400-1500

cm-1 at room temperature is represented in Fig.9. The absorption bands from 400 to 858 cm-1

are attributed to the stretching vibrations of Ti-O band which are characteristic for BTO [55–

59]. Besides, bands located between 1100 – 1200 cm-1 are assigned to O-O stretching

frequency[60]. As mentioned in the literature, bands between 1000 -1700 cm-1 are assigned to

organic groups[61]. Bands at around 1380 cm-1 are related to the deformation vibrations of

CH3. However, the modes ranging from 1400 to 1600 cm-1 are assigned to O-H bending

vibrations[62], which may be a moisture coming from water in the KBr matrix[63,64].

Moreover, there are no additional contributions coming from the dopant. In this sense, there

is only a shift in the Ti-O band accompanied by an improvement with the increase of Fe

content (see Tab.4.), which it may confirm the effective incorporation of Fe3+ into Ti4+

sites[65,66].

3.4 Dielectric properties

3.4.1 Dielectric properties versus temperature

Dielectric measurements are taken at four distinct frequencies from room temperature to

660 °C (1 KHz, 10 KHz, 100 KHz, and 1 MHz). Fig.10/a shows the evolution of the

dielectric constant � as a function of temperature at 1 KHz for all samples. It is observed

different maxima located at different temperatures depending on the Fe content. In order to

describe correctly the evolution of the dielectric constant ε’, we establish two different

regions: the first one (R1) corresponds to a ferroelectric-paraelectric transition phase (TF-P)

located at the lower temperature region from 49 to 250 °C. The second one (R2) is related to

the higher temperature region between 250 and 650 °C, in which a dielectric anomaly is

observed for all samples. Starting for x=0.025, Fig.10/b represents the evolution of dielectric



constant at different frequencies. At the R1, it is noticed that ε’increases with temperature

reaching a maximum at ~100 ºC, corresponding to the Curie temperature. The increase of

ε’up to TC is explained in terms of ferroelectric domains separation into numerous polar

nano-regions. On the contrary, a decrease of ε’is detected after TC and it is attributed to the

phase transition from a ferroelectric to paraelectric state. However, in R2, ε’rises with

temperature until reaching a new maximum value again which corresponds to a dielectric

anomaly at the vicinity of 500 °C. This dielectric anomaly is relatively high and strongly

dependent on the frequency since it decreases as frequency rises. Subsequently, the variation

of dielectric constant for x=0.05 is shown in Fig.10/c. As observed, ε’also increases as

temperature increases, irrespective of the studied frequencies. Similarly, ε’goes up slowly

until 200 °C, then it increases rapidly towards the higher temperatures. Therefore, no peak is

identified in the region R1. This behavior may be due linked to the evolution of the prepared

sample in the paraelectric phase as mentioned by other researchers[67,68]. The dielectric

anomaly is weakened and almost suppressed as frequency increases. The behavior could be

attributed to Maxwell-Wagner mechanism of polarization where the grain boundary

contribution is dominant. Similar results are proved by Gupta et al[69]. Likewise, Fig.10/d

displays the variation of dielectric constant for x=0.075. ε’ also rises with temperature and

broadened maxima are shown in both regions (R1 and R2). Enlarged loops are illustrated

especially for this sample from room temperature to 300°C (see Fig.11/a, b, c and d). All

curves, except the first one at 1 KHz, display one peak in the region R1, suggesting a

transition from the ferroelectric to the paraelectric phase. Regarding the region R2, all

samples present one dielectric anomaly around 500 °C which decreases as frequency

increases. This anomaly may correspond to the phase transition from ferroelectric-

orthorhombic to the ferroelectric-tetragonal phase TO-T, as mentioned by numerous

works[35,70,71]. Interestingly, ε’possesses higher values at low frequencies, suggesting the

presence of all types of polarization in the prepared compounds. Besides, the atomic number

of Fe (ZFe=26) is higher than the atomic number of Ti (ZTi=22), which becomes the ionic

polarization more important at low frequencies[72]. At higher frequencies, some of these

types of polarizations could have a less contribution to the dielectric constant, leading to a

dielectric dispersion behavior. In addition, the shift of the maxima to higher temperatures as

frequency increases, indicates a relaxor behavior in our samples. As seen from Fig.10/a,

dielectric constant, for x=0.05 is lower than for x=0.075. This reduction may be due to the

formation of impurity phases in the ceramics[73], which is confirmed by the presence of a

secondary phase (X-phase) in our samples as a residual contribution (2.96% for x = 0.05 and



0.52% for x = 0.075). Consequently, this secondary phase may cause the broadness of the

dielectric constant, promoting a heterogeneous composition with various local dielectric

constant values[73]. As a result, the rest of this study is focused on the dielectric properties

for x=0.025 and x=0.075.

3.4.2Dielectric properties versus frequency

3.4.2.1 Impedance analysis

The purpose of this section is the determination of the effect of Fe on Ba0.95Bi0.05TiO3

ceramics by the impedance analysis, discerning between grain and grain boundary effects.

The complex impedance Z* can be written as:

�∗ = �' � − ��'' � (11)

Where ω is the angular frequency (ω = 2πf), and Z′, Z′′ are the real and imaginary parts of

complex impedance, respectively.

Fig.12 / (a, b) represents the variation of Z′ against frequency recorded at high

temperatures (450-650 K) for both prepared samples. As shown, Z′ presents higher values at

a low frequency around ~102 Hz for x =0.025 and at a higher frequency, ~104 Hz for x=0.075,

then it reduces with frequency. The high values of Z′ at low frequencies and their decrease at

higher frequencies could be attributed to the phenomenon of space charges accumulation at

the interface[74]. By contrast, Z′ declines as temperature rises, indicating a negative

temperature coefficient of resistance NTCR behavior in our samples. Furthermore, the

reduction of Z′ with frequency and temperature, reveals an enhancement inversely

proportional of the AC conductivity[75]. For x=0.025, the real part Z′ above 105 Hz becomes

frequency independent and the values merge for all the temperatures, manifesting the

presence of a space charge polarization.

Fig.13 / (a, b) displays the frequency dependence on the imaginary part Z′′ with

temperature in range 450-650 K for both studied compounds (x=0.025 and 0.075). As seen in

Fig.13, Z′′ attaints a maximum value Z′′max for all the temperatures. A reduction in the

magnitude of Z′′ could be related to a reduction of the resistivity of the presented samples.

Moreover, the Z′′ curves possess a broad peak which moves to higher values of frequencies

as temperature increases, suggesting the presence of relaxation phenomenon in our materials.

This behavior use to be a result of the impact of the presence of defects and/or gaps for high

temperatures and immobile species for low temperatures[76]. Additionally, the intensity of



the peak reduces with temperature accompanied by a large broadening for both studied

samples, indicating that the conduction process are thermally activated in our compounds.

With the purpose of the separation between grain and grain boundary contributions to

the electrical properties of Ba0.95Bi0.05Ti0.975Fe0.025O3 and Ba0.95Bi0.05Ti0.925Fe0.075O3 ceramics,
the Nyquist plots are depicted in Fig.14/ (a, b). As observed, for the x=0.025 sample, it is

detected an incomplete semicircle arc in the range 450-550 K and a semicircle in the range

575-650 K. For x=0.075, all the curves are characterized by the appearance of an incomplete

semicircle. A decrease in the radius and the maximum of the experimental semicircles with

the augmentation of temperature is displayed, suggesting a negative temperature coefficient

of resistance NTCR behavior and also a semiconducting behavior in the studied samples.

Moreover, the observed single semicircles and semi-arcs suggest that the grains are

responsible for the conduction process[77]. Furthermore, the decentralization of the

semicircles in the prepared samples also suggests a non-Debye type relaxation process.

Besides, the reduction of broad nature of semicircles and arc of semicircles with temperature

for both samples may be explained by the shift of the relaxation to high frequencies[74].

The impedance experimental data is fitted to extract the grain and grain boundary

effects in our compounds, using Zview software to an equivalent circuit composed by series

of two parallel combinations for both samples:

For x=0.025, two regions appear: the first one between (RI) from 450 to 550 K and

the second one (RII) from 575 to 650 K.

RI: grain resistance Rg, capacitance Cg and modified capacitance CPEg (Rg //

Cg // CPEg), representing the contribution of grain, followed by the grain boundary

contribution (Rgb // Cgb // CPEgb)

RII: grain resistance Rg and modified capacitance CPEg (Rg // CPEg),

representing the grain contribution, followed by the grain boundary contribution (Rgb //

CPEgb).

For x=0.075, the fitting process leads to a series combination of grain resistance Rg

and capacitance CPEg (Rg//CPEg), showing the grain contribution followed by the grain

boundary (Rgb // CPEgb).

The theoretical parameters extracted from the fit of the experimental impedance are

summarized in Tab.5. and. 6. Importantly, the resistivity of grain and grain boundary

decrease as temperature increases, demonstrating the presence of a negative temperature



coefficient of resistance NTCR behavior in our samples. In turn, these features also indicate

that both grain and grain boundary components ameliorate the conductivity. On the other

hand, the decrease of the resistivity with temperature evidences a rise of the DC

conductivity[78]. It is apparent that Rgb resistance is higher than Rg resistance. This results

proves that grain conductivity is higher than the grain boundary grain one which is caused by

the presence of voids between grain and the non-stoichiometric distribution of oxygen

vacancy at the grain boundary[79].

Additionally, the overlapping of the grain at higher frequencies and the grain boundary

at low frequencies are the mainly causes of the broadening peaks of the imaginary part Z′′

with temperature.

For the determination of the conduction mechanism, a study of the electrical

conductivity in our samples appears essentially. The electrical conductivity �� , ���, and ����

are calculated using the previous values of grain resistance Rg and boundary grain resistance

Rgb, using the following equations:

�� =
�

�� ∗ � (12)

��� =
�

��� ∗ � (13)

���� =
�

(�� + ���) ∗ �
(14)

The logarithmic variation of ��, ��� and ���� as a function of 1000/T is shown in Fig.15. The

value of activation energy of the grain is greater than the grain boundary one, indicating a

higher electrical conductivity of the grain behavior. As seen in Tab.7, the activation energy is

found to decrease by increasing the doping ratio. This decrease could be related to the greater

conductivity of grain and grain boundary for x=0.075. According to Chchiyai et al[80], a

lower activation energy is associated with a higher conductivity.

To investigate the intrinsic response of the prepared samples and the dependence of the

real part Z′ on temperature, we calculate the average normalized change (ANC) via the

following equation:

��� =
∆�'

∆�
�'0

(15)



Here, ΔZ’ = Δ Z′low-Δ Z′high, Δf = Δfhigh- Δflow, where Z’low and Z’high are the corresponding

values of Z’ respectively at low and high frequencies, noted flow and fhigh. Z′(0) is the value of

Z’ at zero frequency for all temperatures[81].

The evolution of ANC vs. temperature for the studied samples is illustrated in Fig.16/a. For

x=0.025, ANC starts to decline slowly in the range of 450-550 K and it continues to

decreases rapidly. For x=0.075, ANC decreases rapidly as temperature increases. These

behaviors describe not only the decrease of the trapped charge carriers density, but also, the

existence of various conduction processes[82]. A representation of �(���)/�(�) is depicted

in Fig.16/b. For x=0.075, a modification of the slope occurred at a specified temperature

called temperature of average normalized change TANC. In these temperatures, all the trapping

centers become empty. Two different temperatures are detected TANC1 = 550 K and TANC2 =

600 K. The first one at TANC1 = 550 K, it is suggested a change in the conduction mechanism,

whereas at the second one at TANC2 = 600 K, the total disappearing of the trapping charges

leads to the activation of other conduction mechanism[83]. By contrast, the trapping centers

are not be empty for x=0.025 and some charge carriers are still frozen. This means that the

x=0.025 sample requires a higher temperature to release all the trapping centers[84].

3.4.2.2 Electrical study

3.4.2.2.1 AC conductivity regime

Fig.17// (a, b) shows the variation of electrical conductivity of Ba0.95Bi0.05Ti0.975Fe0.025O3

and Ba0.95Bi0.05Ti0.925Fe0.075O3, in the range 450-650 K for frequencies varying from 10 Hz to

1 MHz Two different regions can be discerned in the curves. At the low frequency region, the

conductivity is stable, indicating a non-dependence frequency nature for conductivity,

evidencing the DC conductivity (σDC). However, the conductivity rises at high frequencies

and represents a dispersion behavior. The obtained high values of AC conductivity at high

frequencies is explained by the oscillation of electric dipoles with high velocity[77]. At low

frequencies, DC conductivity increases by increasing the temperature due to the long-distance

movement of the charge carriers. The increase of σAC with temperature, suggests the presence

of a semi-conductor behavior in our materials.

To determine the conduction mechanisms, we focus on the variation of AC conductivity σAC
which follows the Jonscher’s universal power law[85]:

��� = ��� + ��� (16)



where σDC represents the DC conductivity, A is a temperature dependent constant which is

the dispersion factor representing the strength of polarizability, and s is an exponent function

of temperature which refers to the degree of interaction between the lattice and the mobile

carrier.

For x=0.075, the total conductivity is adjusted using the equation (16). A good agreement

between the experimental data and fit is observed (see Fig.17// (c, d)), which means that this

sample obeys to the Jonscher’s universal power law. On the contrary, this law cannot be

applied to the other sample.

For x=0.025, the total conductivity is adjusted using the following equation:

��� � =
��

1 + �2�2 +
�∞�2�2

1 + �2�2 + ��� (17)

where σs is the conductivity at low frequencies, σ∞ is an estimate of conductivity at high

frequencies, τ represents the characteristic relaxation time, ω is the angular frequency. The

detailed analysis of the total conductivity is perfectly adjusted using the equation (17),

showing a good confirmation between theoretical fit and experimental data (see Fig.17// (c,

d)).

A plot of the s-T variation is necessary for the determination of the conduction

mechanism. The variation of s with the temperature dependence is described by numerous

theoretical models. Fig.18// (a, b) depicts the s-T variation of the two samples with x= 0.025

and 0.075. s increases with temperature, suggesting the non-overlapping small polaron

tunneling (NSPT) model for the two specimens. In this case, the exponent s can be written

as[86]:

� = 1 +
1 + 4���

�� − �����(��0)
(18)

where WM is the maximum barrier height, representing the polaron hopping energy, �0 is the

characteristic relaxation time, � is the angular frequency and KB is the Boltzmann constant.

In the case of large values ofW, equation (18) can be approximated to:

� = 1 +
1 + 4���

��
(19)

WM is calculated from the slope of the curve 1-s against T, as represented in Fig.18// (c, d).

The calculated values are 0.178 and 0.238 eV for x=0.025 and 0.075, respectively.

3.4.2.2.2 DC conductivity regime

At lower temperatures, the DC conductivity could be described using a variable range

hopping VRH model described by Mott law’s equation:



��� = �0�(−�0
�)1/4

(20)

with �0 is a constant and T0 is Mott’s characteristic temperature.

Using this model, the hopping range can be larger than the distance between the

neighboring equivalent sites, which is caused by the small activation energy by the VRH

model[87]. The logarithmic variation of DC conductivity as a function of T-0.25 at 1 KHz, 10

KHz, and 100 KHz, for both samples is illustrated in Fig.19/ (a, b). The linear variation of the

plotted curves proves the hypothesis given by Mott[87]. The decrease in the concentration of

the free carriers at low temperatures and the present low thermal energy (no hopping process

activation), are responsible for the generated behavior. Similar results are obtained by others

researchers[88,89]. The extracted values of T0 are indicated in Tab.8.

The characteristic temperature T0 is equal to:

�0 =
16

���(��)�3 (21)

where KB is the Boltzmann’s constant, N (EF) represents the density of states in the area of

the Fermi level, and α is the localized length (~2.22 nm).

As seen in Tab.8, N(EF) increases with Fe content, which is in a good agreement with the

variation of the grain activation energy.

The hopping energy W can be calculated using the following equation:

� =
���3/4�0

1/4

4 (22)

The thermal variation of hopping energy W(T) (see Fig.20/ (a, b)) shows an increase with

temperature, suggesting a polaronic VRH conduction dynamic for both samples.

In the same figure, the meaning hopping distance Rh is calculated via the below

equation:

�ℎ =
3
8

�(
�0

�
)1/4 (23)

It is clear from the thermal variation of Rh (T) (see Fig.21/ (a, b)), that hopping distance

decreases with temperature until reaching a maximum temperature of 550 K for x=0.025 (RI)

and 650 K for x=0.075 (RII). The results correspond to the shortest hopping distance and

promote the robustness of the VRH model. In turn, those temperatures are associated with the

crossover point from VRH model to Arrhenius model[89].



The variation of DC conductivity is proportional to temperature (see Fig.22/ (a, b)),

indicating the presence of a semiconductor behavior in our materials. In particular, the

variation of the conductivity obeys to SPH model, defined by the following relation[90]:

��� ∗ � = ��
−��
��� (24)

where A is a constant, Ea is the activation energy, �� is Boltzmann’s constant and T is the

absolute temperature.

The logarithmic variation of DC conductivity (σDC *T) as a function of 1000/T is

represented in Fig.22/(c, d) for 1 KHz, 10 KHz, and 100 KHz. They feature a linear variation,

indicating the activation of the small polaron hopping (SPH) process[89]. The calculated

values of Ea are calculated from the slope of the curves and they are summarized in Tab.9.

The activation energy is inversely proportional with frequency. This decrease proves that the

applied frequency could enhance the jumps of charge carriers between localized states[91].

Additionally, the increase of the AC conductivity with frequency are attributed to small

values of activation energy, suggesting that the conduction mechanism could be expressed

using Tunneling conductivity[91].

3.4.2.3 Dielectric permittivity versus frequency:

A study of the dielectric permittivity is carried out to obtain more information about the

relaxation phenomenon. The variation of the real part of the permittivity �' and the dielectric

loss �'' are shown in Fig.23/ (a, b, c, and d). It is evidenced that, for both samples, ε’and ε’’are

dependent of temperature at low frequencies. However, all curves merge into each other at

high frequencies, displaying a constant trend. This particular behavior was attributed to

Koop’s phenomenon or also called “double layer dielectric model”, which illustrates that

larger values of ε’and ε’’could be achieved at lower frequencies[92]. Following this model,

the polycrystalline perovskite is formed by two layers, one for the core of the grains (higher

conductivity) and the other for the boundary of the grains (lower conductivity). In this sense,

the grain boundaries are more active at low frequencies[77], implying that the charge carriers

are piled up at the grain boundary interface when a polarization is applied. The energy of the

charge carriers is lower compared to the energy of the grain boundaries and a condition of

saturation polarization is reached in this frequency range. As a result, they act like additional

electrical dipoles leading to an improvement of the charge polarization distribution. However,

the electrical dipoles do not follow the applied field when high frequencies are applied. The

charge carriers absorb the energy and some charges break the grain boundary interface,



reaching a situation of electric grain conduction. In this regime, a decrease of the ε´ and ε´´ is

noticed, promoting a rise of the AC conductivity as frequency increases[93–95].

As mentioned in the literature, the higher value of ε’at low frequencies suggests the

presence of all types of polarizations (interfacial, dipolar, electronic, and ionic). Specifically,

to low frequencies, dipolar and interfacial polarizations are dominant and they are strongly

dependent on temperature. On the contrary, electronic and ionic polarizations are dominant at

high frequencies[84]. In addition, ε’decreases as frequency increases. According to Panday et

al[96], this decrease of ε’could be related to the presence of space charge polarization and the

polaron contribution. Furthermore, the high value of polarization and the charges mobility are

responsible of the augmentation of the ε’ [97].Finally, ε’’increases as temperature increases,

suggesting the dependence of relaxation time on temperature. The greater values of dielectric

constant are linked with a low dielectric loss, promoting that both samples can be suitable for

dielectric materials.

4. Conclusion

The sol-gel method is used to fabricate series of Ba0.95Bi0.05Ti1-xFexO3 (x = 0.025, 0.05,

and 0.075). All samples exhibit a tetragonal phase and a pseudo-cubic phase (P4mm) occurs

as doping concentration increases. With increasing x, cell volume increases, while

tetragonality decreases. The size of crystallites is determined using several methods,

including Debye Scherrer, modified Scherrer, W-H plot, and size strain plot. When compared

to other models, the modified Scherrer approach is more accurate than the Debye Scherrer

one. SEM data show that the grain size is approximately 1.967, 1.711, and 0.402 µm (for x =

0.025, 0.05, and 0.075, respectively). The dielectric constant with temperature reveals the

presence of two-phase transitions (TF-P and TO-T). The contribution of grain and grain

boundaries influence on the electrical properties of the samples is confirmed by impedance

measurements. The presence of a thermally activated relaxation process is revealed by the

complicated impedance analysis. For x=0.025, the conductivity spectra are well fitted by the

enhanced Jonscher's equation, and for x=0.075, the Jonscher's power law. The non-

overlapping small polaron NSPT model is used to calculate conductivity for both samples.

The DC conductivity proves a VRH process at low temperatures and a SPH model at high

temperatures. The dielectric constant vs frequency exhibits huge values at lower frequencies,

implying that both dipolar and interfacial polarizations are present. Consequently, the

compounds under study possess various properties such as NTCR behavior, a high dielectric



constant, and moderate dielectric losses. These trends make these compositions suitable for

thermal sensor, energy, and/or high-frequency applications.
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Figure 1: The synthesis process of Ba0.95Bi0.05Ti1-xFexO3 (x= 0.025, 0.050 and 0.075) 



 

 

 

Figure 2: X-ray diffraction patterns (XRD) of Ba0.95Bi0.05Ti1-x FexO3 
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Figure 3: Variation of the peak (111) of Ba0.95Bi0.05Ti1-x FexO3 

 

 

 
                         Figure 4: Splitting of the peaks (002) and (200) of Ba0.95Bi0.05Ti1-x FexO3 
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Figure 5: Modified Scherrer equation representation of Ba0.95Bi0.05Ti1-xFexO3 for (a) x=0.025, (b) x=0.050 

and (c) x=0.075
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Figure 6: Williamson-Hall plot for Ba0.95Bi0.05Ti1-xFexO3 for (a) x=0.025, (b) x=0.050 and (c) x=0.075 

 



 
 

 

Figure 7: SSP methods for Ba0.95Bi0.05Ti1-xFexO3 with (a) x=0.025, (b) x=0.050 and (c) x=0.075
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Figure 8: SEM micrographs and particle Size distribution of Ba0.95Bi0.05Ti1 − xFexO3 with (a) x=0.025, (b) 
x=0.050 and (c) x=0.075

a b 



 

 

 

 

 

 

 

 

 
 

 

Figure 9: FTIR spectra of Ba0.95Bi0.05Ti1-xFexO3 
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Figure 10:The evolution of the dielectric constant as a function of temperature of Ba0.95Bi0.05Ti1-xFexO3: 1/a 

evolution of dielectric constant at 1KHz, 1/b variation of dielectric constant for x=0.025, 1/c variation of 

dielectric constant for x=0.050, 1/d variation of dielectric constant for x=0.075 



  
 

 

 

 
 

Figure 11: Enlarged loops for each frequency of Ba0.95Bi0.05Ti1-xFexO3 with x=0.075 
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Figure 12: Variation of reel part of impedance for both samples with (a) x=0.025 and (b) x= 0.075 

 

 

 

 

 

 

 

Figure 13: Variation of imaginary part of impedance for both samples with (a) x=0.025 and (b) x= 0.075 
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Figure 14: Nyquist plots of the two prepared samples with (a) x=0.025 and (b) x= 0.075 
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Figure 15: Variation of grain, grain boundary and total conductivities as function of 1000/T of 

Ba0.95Bi0.05Ti1-xFexO3 ((a) x=0.025 and (b) x= 0.075) 

 



 

 

  
 

Figure 16: a) Temperature dependence of average normalized change (ANC) for 

Ba0.95Bi0.05Ti1-xFexO3(x=0.025 and 0.075), b) Temperature dependence of the derivative of the average 
normalized change for both samples 



 

 

 

 

 

 

 
 

 

 
 

 

 

Figure 17: (a, b) Frequency dependence of the AC conductivity at different temperature for both samples with (a) 

x=0.025 and (b) x=0.075 //(c, d) fitting AC conductivity for both samples with (c) x=0.025 and (d) x=0.075
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Figure 18 :( a, b) s-T variation of Ba0.95Bi0.05Ti1-xFexO3 ((a) x=0.025 and (b) x= 0.075) and (c. d) Evolution of 1-s 

as function of temperature for Ba0.95Bi0.05Ti1-xFexO3 ((c) x=0.025 and (d) x=0.075) 
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Figure 19: the variation of ln σDC versus T-0.25 (a/x=0.025 and b/x=0.075) 



 

 
 

 

Figure 20: The variation of the hopping energy for Ba0.95Bi0.05Ti1-xFexO3 ((a) x=0.025 and (b) x= 0.075) 
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Figure 21: Thermal variation of hopping distance for Ba0.95Bi0.05Ti1-xFexO3 ((a) x=0.025 and (b) x= 0.075) 
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Figure 22: (a, b) Thermal variation of AC conductivity at 1 KHz, 10 KHz and 100 KHz ((a) x=0.025 and (b) x= 0.075) and (c, 

d) Logarithmic variation of DC conductivity versus 1000/T for both samples ((c) x=0.025 and (d) x= 0.075)
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Figure 23: (a, b) Frequency dependence of the dielectric permittivity for Ba0.95Bi0.05Ti1-xFexO3 ((a) x= 0.025 and (b) x= 0.075) 

and (c, d) Frequency dependence of the dielectric loss tan δ for Ba0.95Bi0.05Ti1-xFexO3 ((c) x=0.025 and (d) x = 0.075) 
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Table 1: X-ray diffraction refinement results of Ba0.95Bi0.05Ti1-xFexO3 

 a (Å) c (Å) c/a V(Å3) 2 

Ba0.95Bi0.05Ti0.975Fe0.025O3 4.0016 4.0286 1.0067 64.5091 1.93 

Ba0.95Bi0.05Ti0.95Fe0.05O3 4.0097 4.0164 1.0016 64.5744 1.57 

Ba0.95Bi0.05Ti0.925Fe0.075O3 4.0124 4.0128 1.0001 64.6034 1.92 

 

Table 2: Crystallite size calculation of Ba0.95Bi0.05Ti1-xFexO3 

Samples 

Debye 

Scherrer 

D(nm) 

Modified 

Scherrer 

method 

D(nm) 

Williamson -Hall plot 

method 

 

Size strain plot 

method D(nm) 

 

D(nm) 𝜀 D(nm) 𝜀 

Ba0.95Bi0.05Ti0.975Fe0.025O3 29.25 23.98 26.16 5.49E-4 35.09 8.72E-4 

Ba0.95Bi0.05Ti0.95Fe0.05O3 30.56 36.40 40.94 5.12E-4 47.52 7.75E-4 

Ba0.95Bi0.05Ti0.925Fe0.075O3 23.05 23.34 26.11 2.36E-4 26.93 5.88E-3 

 

Table 3: SEM results of Ba0.95Bi0.05Ti1-xFexO3 

Samples Average grain size(µm) 

Ba0.95Bi0.05Ti0.975Fe0.025O3 1.967 

Ba0.95Bi0.05Ti0.95Fe0.05O3 1.711 

Ba0.95Bi0.05Ti0.925Fe0.075O3 0.402 

 

Table 4: Absorption bands values for Ba0.95Bi0.05Ti1-xFexO3 

Composition / Wavenumber (cm-1) 
Assignment 

x = 0.025 x = 0.050 x = 0.075 

- 410 409 

Ti-O 

 

541 549 550 

-- 664 668 

-- 858 858 

-- -- 1123 O-O 

1383 1387 1382 CH3 

-- 1433 1429 O-H 

 

 

 



Table 5: Theoretical parameters obtained from the fitted data with the equivalent circuit for x=0.025 

 Grain contribution Boundary grain contribution 

T(K) Rg(Ω) 

Cg 

(E-11F) 

CPEg 

(F) 

αg Rbg(Ω) 

Cbg 

(E-11F) 

CPEbg 

(F) 

αbg 

450 1.314e6 3.749 1.153E-6 0.239 1.564e6 13.05 1.533E-9 0.791 

475 908250 8.471 1.106E-9 0.855 955280 3.397 1.138E-6 0.261 

500 596970 2.609 1.260E-9 0.860 651870 3.419 2.160E-6 0.239 

525 104280 2.854 8.887E-7 0310 336360 1.079 9.295E-10 0.904 

550 15283 2.108 2.434E-8 0.561 234790 2.601 1.255E-9 0.857 

575 57975 

-------- 

5.760E-8 0.539 89407 

-------- 

5.958E-10 0.989 

600 9591 9.257E-9 0.663 72377 8.830E-10 0.909 

625 8569 2.020E-8 0.617 36547 8.225E-10 0.926 

650 6047 1.678E-8 0.632 21217 7.567E-10 0.934 

 

 

Table 6: Theoretical parameters obtained from the fitted data with the equivalent circuit for x=0.075 

 Grain contribution Boundary grain contribution 

T(K) Rg(Ω) Cg (E-9F) Rbg(Ω) Cbg (E-8F) αbg 

450 2562 0.062 15053 1.105 0.675 

475 1846 2.828 10358 1.488 0.618 

500 1300 2.784 7596 1.721 0.613 

525 954.2 2.728 5654 1.842 0.613 

550 717.1 2.681 4257 1.817 0.618 

575 544.2 2.656 3249 1.692 0.626 

600 419.1 2.637 2521 1.410 0.640 

625 279.1 2.984 1968 1.259 0.651 

650 242.9 2.626 1554 0.874 0.674 



 

Table 7: Activation energy obtained from the fitted data of ln (σg, bg, tot*T) as function as 1000/T 

 

Activation energy Ea(eV) 

x=0.025 

x=0.075 

RI RII 

𝜎𝑔 1.781 0.956 0.384 

𝜎𝑏𝑔 0.454 0.692 0.330 

𝜎𝑡𝑜𝑡 0.578 0.782 0.332 

 

Table 8: DC conductivity parameters  

 

x=0.025 

x=0.075 

RI RII 

T0(K) 

1KHz 1.350E9 5.344E9 2.031E8 

10KHz 1.155E7 8.775E9 2.012E8 

100KHz 3.201E6 4.385E8 1.564E8 

N(EF)(eV-1cm-3) 

1KHz 1.257E16 3.178E15 3.063E15 

10KHz 1.475E18 1.934E15 8.433E16 

100KHz 5.303E18 3.870E16 1.084E17 

 

Table 9: Activation energy obtained from the fitted data of ln (σac*T) as function as 1000/T 

 

Activation energy Ea(eV) 

1KHz 10KHz 100KHz 

x=0.025 

RI 0.475 0.276 0.138 

RII 0.610 0.389 0.200 

x=0.075 0.334 0.333 0.315 

 


