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Study of the effect of the substitution of Fe by Ti on
the microstructure and the physical properties of
the perovskite system Lag ¢7Cag.>Bag 13Fe; Ti, O3
with x = 0 and 0.03 at low temperatures

R. Dhahri, ©2*@ M. A. Valente, ©@° P. Graca®P® and B. F. O. Costa®

Lag.67Cap »Bap.13Fe1_TixOs samples (x = 0 and 0.03) were synthesized by the auto-combustion method.
Analysis of XRD diffractograms revealed that these compounds crystallize in the cubic system with the
space group Pm3m. The dielectric properties have been studied in the 102~10° frequency range and the
120-280 K temperature range. Analysis of AC conductivity shows that the conduction mechanisms are
of polaronic origin and that they are co-dominated by the NSPT and OLPT models. The monotonic
increase in conductivity with increasing temperature results from the reduction of defect centers and the
increase in charge carrier mobility. Such variation is consistent with impedance variation at different
frequencies and temperatures indicating semiconductor behavior. Nyquist diagrams are characterized by
the appearance of semi-circular arcs. These spectra are modeled in terms of equivalent electrical circuits
confirming the contribution of grains (Ry//CPEy) and grain boundaries (Rqu//CPEgy). The dielectric
analysis showed an evolution of the dielectric constant in accordance with Koop's theory and the
phenomenological model of Maxwell-Wagner. The low conductivity and the high values of the real
permittivity at low frequency make our compounds potential candidates for energy storage and
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1. Introduction

Nanotechnologies have received considerable attention due to
their many applications, such as photocatalysis, environment,
disease diagnosis, and energy."” At a nanometric scale, the
materials possess exceptional properties, such as mechanical,
optical, magnetic and electrical due to the high surface-to-
volume ratio compared to bulk materials.>* Metal oxide nano-
particles have been widely studied and used in different fields.®
More recently, iron-based perovskite oxides have attracted
increasing interest due to their chemical stability, low price,
catalytic activity and exceptional properties. In general, perov-
skite has the formula ABX; where A is usually an alkali or rare
earth ion, B is usually a transition metal ion, and X is usually an
oxygen or sulfur ion. The B cation occupying the octahedral site
is surrounded by six X ions and is called the BX, octahedron.
The significant factor that defines the structure is the tolerance
factor introduced by Goldschmidt as follows:

(ra) +rx
V2((rs) + rx)

Ic =
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applications for electronic devices and microwaves.

where 74, 15 and rx are the ionic radii of ions A, B and X respec-
tively. The ideal structure of perovskite is cubic. In this structure,
the tolerance factor ¢ varies between 0.8 and 1.° The properties of
these materials such as physical, photochemical, catalytic activity,
and redox potential are variable depending on the replacement of
positions A and B in these compounds.” The LaFeO; compound is
a very attractive material due to its thermal stability, excellent
catalytic activity, good oxidation power, super conductivity® high
dielectric permittivity, chemical stability, low dielectric loss and
high electrical resistivity. It exhibits an orthorhombic geometric
structure with a Pbnm space group.® This compound offers a wide
range of applications in different fields such as photocatalysis,
energy production and storage, sensors, environment.'®"* Even at
low temperatures, it is very efficient in converting carbon
monoxide to carbon dioxide and has been used as a sensor for
detecting CO gas leaks."” The hopping process with double/super
exchange interaction and the charge transfer mechanism are the
basis for the electrical conduction mechanisms of ABO; perov-
skite. In addition, the electronic conductivity of perovskites can
be explained by thermally activated small polarons. The charge
jumps from one interstitial site to the other via the oxygen ion (B-
O-B) depends strongly on the B-O distance and the B-O-B super
angle. In the literature, substitution in the A site generates
a cationic disorder which influences the structural, magnetic
properties and affects the iron valence state, the mobility and the
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charge density, which modifies the exchange processes and
involves a modification of the electrical properties of mate-
rials.”®*** On the other side, B-site substitution leads to changes in
magnetocaloric properties and affects relative cooling power.'>*®
Similarly, it modifies the value of the activation energy, which
implies a change in the electrical conduction process."” Several
works have reported that the substitution in sites A and/or B of
the La;_,AFe;_yM,0O; system improves the physical properties
(optical, electrical and magnetic) giving good candidates for many
applications, such as the detection of toxic gases, batteries, solid
oxide fuel cells (SOFCS)."** Hudspeth et al* and Sun et al.*
noticed that the substitution of calcium for a rate of 20% Ca or
10% Ba leads to a mixed oxidation state of iron which causes
a considerable increase in conductivity and influences the
magnetic properties of these materials. Recent research con-
ducted on Laygs,Cay,Bay 13FeO; has a valid semiconductor
behavior for a wide temperature range.>” The electrical conduc-
tion process is attributed to the correlated barrier jump model.
The replacement of Fe by a transition ion (Cr, Mn, Ti, Co...)
strongly affects the magnetic, optical, catalytic, electrical and
dielectric properties and leads to a strong impact on the ferro-
electricity and the piezoelectricity of the aforementioned
compound.* According to previous research, the substitution of
Ti on the Fe-B sites induces unexpected properties compared to
its pure compounds® The interest in replacing Fe with Ti in
ferrites comes from the fact that Ti ions can exist in the structure
in a variety of valence and spin-orbital states, as well as the
anticipated wide range of magnetic and electrical phenomena
linked to various levels of substitution. Ti** ions with (Ar)3d%4s°
electronic configuration have an ionic radius (rr+ = 0.605 A)
significantly smaller than that of Fe*" (g = 0.645 A). Substitu-
tion by Ti*" affects the valence and number of Fe*" ions. This
substitution considerably affects the double exchange process
leading to the appearance of weak ferromagnetic behavior with
an increase in magnetic susceptibility and saturation magneti-
zation.>** Kumar et al. reported that the substitution of Fe** with
Ti*" leads to a decrease in leakage current, which may help to
improve the ferroelectric and dielectric properties of the doped
sample.*® Sasikala et al.>” described that Ti doping (40-60%) on
the Fe sites, synthesized via the sol-gel method, increases the
optical band gap E, in the 2.05-2.61 €V range as the Ti content
rises. Moreover, the lattice parameters and/or cell volumes are
reduced as Ti concentration increase. Lancucki et al. showed that
increasing Ti content results in improved phase stability followed
by a decreased crystallite size in three-dimensionally ordered (3
DOM) materials based on LaFe, ,Ti,O; with 0-20 mol% Ti
content.”® As a result, we discovered that substituting a small
amount of Ti in Fe has an impact on the type of activated
conduction mechanism (this allows for the activation of the non-
overlapping small polaron tunneling conduction process at low
temperature, which improves the studied sample's electrical
properties). Additionally, the inter-site distance and activation
energy are impacted by the substitution of 3% Ti.

In the present work, the La, 6,Ca, ,Bag 13Fe; ,Ti O3 (x = 0 and
0.03) compounds were synthesized via the auto-combustion
method. Therefore, the objective of this work is to study the
effect of doping LaCaBaFeO; with tetravalent ions (Ti**) on the
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physical properties of a perovskite ferrite. In addition, the present
work focuses on structural properties, low-frequency dielectric
relaxation behavior and conduction at low temperatures. These
measurements allow us to examine the suitability of La, ¢,Cag »-
Bay 13Fe.97Tig 0303 for electronic devices and microwaves.

2. Detailed experimentation

To prepare the Lag 6;Ca ,Bag 13Fe; _,Ti,O; compounds with x =
0 and 0.03, we used the auto-combustion technique. In this
context, reagents of analytical quality were chosen such as iron
nitrate Fe(NOs);-9H,0, lanthanum nitrate La(NOj3);-6H,0,
calcium nitrate Ca(NOj3),-4H,0, barium nitrate Ba(NOs), and
titanium nitrate Ti(NO;);-6H,O from Sigma Aldrich. First, the
metal reagents were diluted in distilled water and stirred thor-
oughly at room temperature for 1 hour. Then, a quantity of
glycine fixed based on a glycine/nitrate ratio = 1.2 was added to
the solution (composition rich in fuel so that the combustion
reaction is complete). The obtained solution was heated, using
a hot plate, to 80 °C with continuous magnetic stirring. The
excess water evaporated and the solution turned into a viscous
gel when the temperature was increased to 180 °C. An auto-
combustion reaction is started at 300 °C. Finally, the obtained
powders were sintered at 900 K for 30 min.

The X-ray diffraction (D8 ADVANCE, Bruker) was used to
identify the crystal structure of the auto-combustion prepared
sample via Cu-K,, radiation source (A = 1.5406 A) in 6-26 Bragg-
Brentano geometry. Structural acquisition data were reported in
the 10-90° range. The XRD patterns were used to determine the
lattice parameters of the samples through the Fullprof program
by the Rietveld method. The SEM (Scanning Electron Micro-
graphs) analyses were taken using a TESCAN VEGA3 SBH
microscope equipped with an EDS detector Bruker XFlagh
410 M. An impedance spectrometer was used to determine the
compound's electrical characteristics. The powder was formed
into a pellet using a hydraulic press. The powder was mechan-
ically compacted between two parallel platinum plates during
the electrical measurement. A Network Analyzer Agilent 4294
with a Cp-R;, setup (capacitance in parallel with resistance)
operating between 100 Hz and 1 MHz was used for the
measurement in the frequency range of 10°-10° Hz. The
compounds were placed in Janis VPF 800-cryostat to vary the
temperature parameter between 120-280 K.

3. Results and discussion

3.1. X-ray diffraction study

The recorded X-ray diffractograms are shown in Fig. 1(a and b)
for both compounds. One can clearly notice the presence of
broad and intense peaks, which indicate the good crystalliza-
tion of these compounds. The reflections of the atomic planes
indexed by the Miller indices confirm the formation of the
perovskite phase which crystallizes in the face-cantered cubic
structure with the space group Pm3m. These diffractograms
were refined according to the Rietveld method using FullProf
software.”® The superposition of the observed profile and that
calculated indicates the effectiveness of this structural

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
Williamson—Hall plot.

refinement, which validates the structural parameters calcu-
lated and reported in Table 1. As shown in Fig. 1c we can notice
that the introduction of Ti leads to a slight decrease in the
intensity of the main peak with a small shift towards the high
angles. Also, it can be noted that the substitution of Fe by Ti
causes the reduction of the width at half maximum which leads

Table 1 Crystallographic parameters calculated from the Rietveld
refinement, X-ray density(px-ray), theoretical density (py), specific
surface (S) and porosity (P)

Lag.67Cap 2Bag.13Fe03 Lag.67Ca0.2Bag.13F€0.97Tl0.0303

x’ 1.57 2.28
Aexp (A) 3.906, 3.9054
Volume (A%) 59.597, 59.584,
Pxeray (g cm ™ ?) 5.4742 5.172,
Pexp (g cm ™) 3.0114 2.664,
P (%) 45 48

Dsc (nm) 32 39
Dy_y (nm) 53 65

ex 107t 14.9 19.2

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a and b) X-ray diffractograms refined by the Rietveld method for x = 0 and 0.03 respectively, (c) an enlarged view of the main peak and (d)

to the increase in the crystallite size. The microstructure
parameters such as lattice parameter, volume, densities (theo-
retical and experimental) and porosity are calculated using the
following equations:*°

AR ARTE om
Qexp = E T = dexp Px-ray = M
8 M x-ray ~ Mex
= X—3 P(%) = Pxeray — Pexp x 100

anP Na px-ray

with hkl are the Miller indices, ¢ is the diffraction angle, m is the
mass, r is the radius, # is the thickness, M is the molar mass and
N, is the Avogadro number.

The particle size can be calculated by the Debye-Scherrer
formula by the following formula:*"*?

K2

Dsc = Beos(8)

where K is the shape factor (K = 0.96 for the spherical shape), 2 is
the wavelength and g is the width at half height of the main peak.

RSC Adv, 2023, 13, 27613-27623 | 27615
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However, this formula only takes into account the most
intense peak and neglects the local deformation of the lattice, Beos(d) = Dw_n
which leads us to use the Williamson-Hall formula expressed
by the following relation:**

+ 4esind

where ¢ is the lattice deformation.

T EE
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Fig. 2 (a and b) SEM image. (c and d) EDAX elemental analysis of x = 0 and 0.03 respectively.
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temperature, (d) variation of log(a4.T) versus 1000/T and (e) variation of log(ayc) versus (1/T)%.

The Williamson-Hall curve (8 cos(6) versus 4 sin §) is shown

in Fig. 1d. The crystallite sizes are shown in Table 1.

The morphology study of the particles within these
compounds was carried out by scanning electron microscopy.
As shown in Fig. 2(a and b), these grains have irregular shapes

© 2023 The Author(s). Published by the Royal Society of Chemistry

(@ and b) Frequency response of ac conductivity at several temperatures of x = 0 and 0.03 respectively, (c) variation of log(egc) versus

and are strongly agglomerated. The cartographic images pre-

sented in boxes of these figures reveal a uniform and homoge-

neous distribution of the constituent elements of these
materials. Moreover, in order to verify the chemical composi-
tion of these compounds, we have plotted the energy dispersion

RSC Adv, 2023, 13, 27613-27623 | 27617
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Table 2 The values of the activation energies (E,), the Mott temper-
ature (Tp) and the density of charge carriers near the Fermi level (Ngg)

Compounds Lag 67Ca0.2Bag 13Fe103 Lag.67C20.2Ba0.13F€0.07Ti0.0303
E, (meV) 64.47 92.84

T, (K) x 10° 1.8 3.23

N(Er) 1.3 2.3

(ev em™) x 10*°

spectra (EDS) in Fig. 2(c and d). All the peaks are associated with
the constituent chemical elements of these samples, which
demonstrates the purity of our compounds.

3.2. Conductivity analysis

The conductivity variation analysis as a function of frequency
shown in Fig. 3(a and b), reveals the presence of two different
behaviors. At low frequencies, this variation is characterized by
a static behavior independent of the frequency increase. It is
associated with the low amplitude of the electrical excitation at
low frequencies to generate conductivity by long-range charge
hopping.** As the temperature increases, the conductivity

View Article Online

Paper

in these materials. Beyond certain particular frequencies, the
conductivity begins to move away from its static behavior
towards a dispersive behavior. This last behavior can be
explained by considering the frequency as a pumping force
whose increase improves the extraction of the charges trapped
in the structural defects.***® This evolution is described by
Jonscher's classical law given by the following formula:*

Oac = Ogc + A0’

Where o4, represents the steady state conductivity, A is
a temperature dependent factor, w is the angular frequency and
s has an important physical significance since it indicates the
degree of interaction between moving charges and their envi-
ronment.*® According to Funke, values of s less than 1 signify
a translational motion of charges with a sudden jump, while
values greater than 1 signifies a jump of charge carriers between
neighboring localized sites.*” In addition, this parameter is used
to determine the model that dominates the conduction process.
According to the thermal variation of s, several models can
intervene in the conduction in two different ways: electronic
and/or polaronic. When s decreases with increasing tempera-

ture, the barrier-correlated jump model predominates
increases which indicates the thermal activation of conduction
100 (b)
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Fig. 4

(@ and b) The frequency dependence of the real parts of impedance at several temperatures for x = 0 and 0.03 respectively and (c and d)

The frequency dependence of the imaginary parts of impedance at several temperatures for x = 0 and 0.03 respectively.
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Table 3 The values of the equivalent circuit elements representative of Lag g,Cag 2Bag 13FeOs3

Tforx =0 R, x10° (Q) CPEg x10™'* (F) oy Rgp, X10° (Q) CPEgb x10 "' (F) gl

120 24.85 2.5288 0.892 216.3 1.0793 0.9426
140 15.19 2.8451 0.885 122.4 1.2342 0.9616
160 0.9613 5.5574 0.882 23.47 2.1275 0.9595
180 0.3294 6.881 0.875 13.22 1.8366 0.9569
200 0.1100 10.482 0.863 9.393 1.8557 0.9598
220 0.0428 20.816 0.833 5.837 1.9427 0.9371
240 0.0201 2.784 1.9455 0.9412
260 0.0032 1.854 2.5949 0.9518
280 0.0017 1.541 2.6312 0.9621

conduction (CBH).* Then when s increases with temperature
the conduction mechanisms are governed by the non-
overlapping small polaron model (NSPT).** However, when s
decreases to a minimum value then it increases the charge
transport process is done following the model of large over-
lapping polarons (OLPT) dominates.”” Another model of
tunneling by quantum mechanics (QMT) will take place when s
is insensitive to the variation of the increase in temperature and
always remains near 0.81.*

As shown in the insets of Fig. 3(a and b) the thermal variation
of s indicates that the conduction mechanisms are of polaronic

origin and that they are co-dominated by the NSPT and OLPT
models. The thermal variation of the o4. conduction, repre-
sented in Fig. 3c, shows a monotonic increase with increasing
temperature resulting from the reduction of the centers of the
defects and the increase of the mobility of the charge carriers.
Such variation is attributed to semiconductor behavior.** To
study the different electric transport mechanisms within
compounds, two electric transport models can be introduced in
this context: the small polaron hopping model (SPH) and the
variable distance jump model. In the SPH model, conductivity
and temperature are correlated by the following formula:*’

Table 4 The values of the equivalent circuit elements representative of Lag ¢7Cag 2Bao.13F€0.97Tin.0303

T for x = 0.03 Ry x10° (Q) CPEg x10 ! (F) g Rgp x10° (Q) Cop x107" (F)
120 45.7 3.0479 0.91188 169.7 45.224

140 23.82 1.8048 0.90538 55.92 1.0431

160 20 3.4123 0.87312 23.98 1.179

180 7.917 1.0145 0.8212 10.35 1.0849

200 7.622 6.8932 0.83705 12.45 4.591

220 2.232 6.9162 0.85342 7.802 5.4689

240 1.749 6.4998 0.87495 4.095 4.4369

260 0.855 5.6372 0.89484 1.917 3.9508

280 0.382 5.1791 0.90729 0.967 3.6273

© 2023 The Author(s). Published by the Royal Society of Chemistry
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04T = o9 exp(—E./KpT)

With ¢, as a pre-exponential factor, E, represents the conduc-
tion activation energy and Kg is the Boltzmann constant.

For this, we have plotted the variation of In(o4.7) as a func-
tion of 1000/T in Fig. 3d which presents a linear behavior in the
high-temperature region. The values of the activation energies
of these compounds are reported in Table 2. Some authors have
reported that the activation energy greater than 1 eV is associ-
ated with the process of conduction by ion transfer between the
different crystallographic sites. While the activation energy
around 0.4 eV is associated with conductions by electronic and/
or polaronic exchange.*

On the other side in the variable distance hopping transport
model the conductivity is expressed by the following Mott

relation:*®
T 1/4
Odc = 0oEXp (?)

with Ty is called the Mott temperature and is determined from
the slope of the linear fit in the low-temperature region as
shown in Fig. 3e. This temperature is used to determine the
density of charge carriers near the Fermi level N(Eg).*
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where £ represents the cation-cation distance for the tetrahe-
dral sites, which is the order 3A.
The values of these parameters are reported in Table 2.

3.3. Impedance analysis

The variation of the real part of impedance (Z') as a function of
the frequency for different temperatures is represented in
Fig. 4(a and b). This variation shows the presence of two distinct
behaviors depending on the frequency. Initially, this evolution
is characterized by a plateau regardless of the increase in
frequency. However, for a given frequency, the value of Z’
decreases considerably with increasing temperature. This
behavior is in good agreement with that of the continuous
variation of conductivity at low frequencies, which confirms the
semiconductor behavior of our compounds. In the intermediate
frequency zone, the increase in frequency decreases the charges
accumulated at the grain boundaries and consequently induces
a decrease in Z. At high frequencies, the spectra of Z' tend to
merge independently of frequency and temperature, which
reflects the release of space charges following the reduction of
the potential barrier.*® This static behavior can be explained by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the fact that in this frequency range, the mobile charges reach
their relaxation frequencies and can no longer follow the
external electrical excitation. The same evolution has been re-
ported for similar compounds.*

The variation of the imaginary part of the impedance Z” as
a function of the frequency for different temperatures is rep-
resented in Fig. 4(c and d). It can be seen for each temperature
that each curve is characterized by the existence of a single
relaxation peak at a particular frequency. These peaks indicate
the change in moving charge dynamics from long range to short
range.>® We can also notice that with the increase in tempera-
ture, these peaks shift towards high frequencies, which under-
lines that the relaxation process is thermally activated
(activation of the dipoles). Also, the increase in temperature is
accompanied by a decrease in the maximum of these peaks.
Such aresult is due to the decrease in the electrical resistance of
these compounds. Conduction mechanisms are governed by
various contributions from grains, grain boundaries and elec-
trodes. Fig. 5(a and b) represents the impedance curves in the
complex plane for x = 0 and 0.03 respectively. This represen-
tation is known as the Nyquist diagram and reveals the presence
of semi-circular arcs whose maximum decreases with
increasing temperature, which confirms the semiconductor
nature.” The spectra of each compound are well modeled using
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Zview software (red line) in terms of two series-connected
equivalent electrical circuits representing the contribution of
grains and grain boundaries. The configuration of the equiva-
lent circuit is [(Ry//CPE,) + (Rgn//CPEg,)] for our two compounds
(x = 0 and 0.3). The values of these parameters are collected in
Tables 3 and 4 for x = 0 and 0.03 respectively.

3.4. Modulus analysis

The variation as a function of the frequency of the real part of
the modulus M’ at different temperatures is represented in
Fig. 6(a and b). At low temperatures, M’ increases continuously
with frequency. At high temperatures, the frequency evolution
of M’ begins with a static behavior at low frequencies and then
increases to an intermediate frequency where it reaches a satu-
rated value independent of the frequency. This behavior can be
associated with the quantum confinement which is at the origin
of the change in the dynamics of the charge carriers.’* The low
value of M indicates that the polarization of the electrodes is
completely negligible.* The variation of the imaginary part of
the modulus M” as a function of the frequency for different
temperatures is represented in Fig. 6(c and d). This figure shows
for each temperature, the presence of two relationship peaks.
The thermal activation of the mechanisms of this relaxation is
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(a and b) The frequency dependence of the real parts of permittivity at several temperatures for x = 0 and 0.03 respectively and (c and d)

the frequency dependence of the imaginary parts of permittivity at several temperatures for x = 0 and 0.03 respectively.
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approved by the shift of the frequencies of the peaks towards
the high frequencies with the increase in temperature.>

3.5. Permittivity analysis

The frequency dependence of the real part of the permittivity at
different temperatures is shown in Fig. 7(a and b). At low
frequencies, the high value of permittivity is associated with
the effect of grain size and the existence of different types of
polarization such as ionic, electronic, dipolar and interfacial.>*
With increasing frequency, the permittivity slowly decreases
until it reaches an almost constant low value at high
frequencies, suggesting the presence of space charges. The
speed of this decrease is uniform for low temperatures, while
for high temperatures, ¢ shows a quasi-stability at low
frequencies before being rapidly reduced beyond certain
frequencies. This evolution can be interpreted by the increase
in the density of mobile charges and/or the difficulty encoun-
tered by the electric dipoles in following the applied electric
excitation. The frequency dependence of the imaginary part of
the permittivity at different temperatures is shown in Fig. 7(c
and d). With the increase in frequency the values of ¢ decrease
rapidly until reaching a minimum value at certain frequencies
around 10* Hz and beyond this frequency ¢” becomes insen-
sitive to the increase in frequency and temperature.® This
evolution has been explained by Koop's theory and the
Maxwell-Wagner phenomenological model. The dielectric
structure of these compounds is formed by grains that have
high conductivity and are more effective at high frequencies.
These grains are separated by grain boundaries having low
conductivity and which are more effective at low frequencies.
At low frequencies, the charge carriers are strongly accumu-
lated on the grain boundaries due to their resistive behavior.*®
At high frequencies, the grains are activated and the charge
jump frequency no longer follows the frequency of the AC
excitation therefore ¢’ becomes independent of the frequency
in this region.’** It is also observed that ¢’ increases with
temperature which may be associated with the enhancement
of charge carrier jumping and the thermal activation of the
conduction process.

4. Conclusion

Analysis of X-ray diffractograms confirmed the formation of the
perovskite phase of these compounds which crystallize in
a face-cantered cubic structure with the Pm3m space group. The
variation of the AC conductivity g,. in a frequency range from
100 to 10° Hz is well adapted by Jonscher's power law. The
increase in temperature from 120 to 200 K is accompanied by
a decrease in the electrical resistance indicating that the charge
carriers are thermally activated and thus confirming the semi-
conducting nature of these compounds. The substitution of Fe
by Ti in small quantities (3%) does not affect the conduction
mechanisms. At low temperatures, for both samples, the
appropriate model is the NSPT, while it is the OLPT model at
high temperatures. Nyquist diagrams are characterized by the
appearance of semi-circular arcs, modeled in terms of an
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equivalent electrical circuit representing the contribution of
grains and grain boundaries.
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