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ABSTRACT

The La0.8Ba0.1Ce0.1FeO3 compounds were prepared by the auto-combustion

route and annealed at two different temperatures to study their effect on the

structural, morphological and dielectric properties of the Barium- and Cerium-

substituted LaFeO3 compound. The X-ray diffraction analysis revealed that both

compounds crystallized in the orthorhombic structure belonging to the Pnma

space group. The rise of the annealing temperature from 700 to 900 �C was

found to lead to the increase of the average grain size value as characterized by

SEM. Furthermore, two clear relaxations phenomena have been detected using

the Nyquist and Argand’s plots of dielectric impedance and Modulus curves at

different temperatures, which are attributed to both grain and grain boundary

contributions. Their activation energies have been calculated not only from the

frequency dependence of both imaginary parts of impedance (Z00) and modulus

(M00) but also from the contribution of the resistances deduced from the Nyquist

plots. These plots have been adjusted using two circuits in series, each of which

containing a resistance in parallel to a CEP capacitance. The conduction mech-

anism was analyzed by ac conduction using the Jonscher’s power law. The

NSPT conduction model has been confirmed for both compounds in which the

rise in heat treatment decreases the binding energy of carriers.
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1 Introduction

The perovskite oxides with ABO3 structure, in which

the A-site cation is a rare-earth element and the B-site

is a transition metal (Cr, Mn, Fe, Co, etc.), have been

the most studied oxides as potential candidates for

various applications over the past few years [1–5].

These perovskites, with ‘La’ in position A and ‘Fe’ in

B position, are called the lanthanum orthoferrites

‘‘LaFeO3’’ (LFO3), which present an orthorhombically

distorted perovskite structure (Pnma space group).

These lanthanum orthoferrites are known as an

antiferromagnetic (AFM) metals with a high ordering

temperature TN * 740 K [6]. Think to their different

physical properties, they are used for a long time ago

in many applications: magnetic materials [7], a novel

sensing material for detecting toxic gases [8], as oxide

fuel cells [9], batteries [10] and as catalytic materials

[11]. Recently, according to a great number of

researchers, the lanthanum orthoferrites compounds

were synthetized by different methods, such as Sol–

Gel [12]; co-precipitation [13]; hydrothermal [14]; the

auto-combustion of citrate and nitrates process [15]

and the Solid-State reaction [16].

It has been shown that the substitution in A and B

sites in LFO3 systems by a transition metal, with

general structure La(1-x)A(x)FeO3 and LaFe(1-x)B(x)O3,

enhanced their properties [17, 18]. Earlier studies

showed that the insertion of ‘‘Ba’’ ion in the A-site of

the LFO3 [19] compound improved his response to

ethanol gas. Moreover, Xiang et al. [20] have con-

firmed that the activity of the Lanthanum Ferrite

perovskite is strongly improved by the insertion of

the Cerium in the A-site. They have also proven that

the CeO2 secondary phase is generated when the

amount of Ce ions exceeds a value of 10%. Further-

more, they have demonstrated that the appropriate

amount of substitution of Lanthanum ions is almost

equal to 20% and that in the case of double substi-

tutions in A-site, an amount of 10% for each inserted

ion enhances the physico-chemical properties of the

multi substituted lanthanum ferrite LFO3 compounds

[21–23]. In our previous research work, we have

studied the effect of synthesis method on the physico-

chemical properties of the La0.8Ba0.1Ce0.1FeO3 com-

pound and concluded that the best properties have

been found when using the auto-combustion method

[24].

The present paper is interested in the study of the

effect of the annealing temperature on the structural,

morphological and dielectric properties of La0.8Ba0.1-

Ce0.1FeO3 compound prepared by the auto-combus-

tion method.

2 Experimental

The La0.8Ba0.1Ce0.1FeO3 compound was prepared by

the auto-combustion route using the

glycine [25]. According to this method, the corre-

sponding amounts of Lanthanum nitrate La(NO3)3-

6H2O; Barium nitrate Ba(NO3)2; Cerium nitrate

Ce(NO3)3�6H2O and ferric nitrate Fe(NO3)3�9H2O are

dissolved in distilled water. The obtained solution

was kept under magnetic stirring, at room tempera-

ture until obtaining a transparent solution. Then, the

glycine was added to the mixture as a chelating agent

and the temperature was raised to 90 �C till the for-

mation of a viscos gel. After that, the self-combustion

took place giving birth to a black powder. This

powder was pressed into pellets and sintered at

700 �C. To study the effect of the annealing temper-

ature on the different properties, the pellets were

then annealed at 900 �C.

The structure of our two samples annealed at 700

and 900 �C was studied using the X-Ray Diffraction

(XRD). The measurements were realized at room

temperature using Cu-Ka with step size of 0.022497�
in the range of 2 h = 18� to 80�. The microstructure of

our two samples was carried out using a VEGA3

TESCAN scanning electron microscope (SEM). For

the dielectric measurements, the two samples were

placed between two electrodes, in a range of tem-

peratures between 140 and 400 K. The impedance

was measured between 100 Hz and 1 MHz using an

Agilent 4294 A Precision impedance analyzer, in the

Cp–Rp configuration.

3 Results and discussion

3.1 Structural and morphological
properties

The X-ray diffraction (XRD) patterns of LBCFO-700

and LBCFO-900 compounds plotted in Fig. 1 were

compared to the XRD diffractogram determined in

the case of the La0.8Ba0.1Bi0.1FeO3 sample of our pre-

vious work [24] to confirm the phase structure of the

prepared samples. As can be clearly seen, the XRD of

() :16220–16234 16221



all presented compounds revealed the same reflec-

tion peaks, indicating the good crystallinity and

confirming the ability of the auto-combustion

preparation method, with both heat treatment tem-

peratures, to produce pure phases with high crys-

tallinity. The obtained XRD were subjected to

Rietveld analysis using FULLPROF software [26] and

the results of the refinement are shown in Fig. 2a,

b. The reflection peaks of both samples are assigned

to the orthorhombic structure with Pnma space group

pertaining to the results of the previously studied

compound LaFeO3 [27]. The structural refinement

allows us to draw the graphical model of both sam-

ples with Pnma space group (Fig. 2a, b). The unit cell

with the FeO6 octahedra of both compounds have

been drawn using the Vesta software and shown in

Fig. 2a0, b0. As one can see, the structure of both

LBCFO-700 and LBCFO-900 compounds is a com-

posed by tilted and deformed corner-sharing FeO6

octahedra (Fe ions occupied the center while Oxygen

ions occupied the six vertices of the octahedra) with

larger A cations filling the cavities between eight

FeO6 octahedra. The Refined structural parameters

are collected in Table 2. The both Fe–O bond lengths

were found to be around 1.99 Å and 2.15 Å for

LBBCFO-700 compound and 1.97 Å, 2.06 Å for

LBBCFO-900 compound, which are in good agree-

ment with the previous work [28]. The bond angles

Fe–O1–Fe and Fe–O2–Fe increase with the increase of

the sintering temperature indicated a decrease in the

octahedral rotations [29] (Table 1).

On the other hand, the average crystallite size was

calculated using the Williamson–Hall formula illus-

trated by the following equation [30]:

b cos hð Þ ¼ K � k
DW�H

þ 4e� sin hð Þ ð1Þ

where DW�H is the average crystallites size, e is the

effective strain and h is the diffraction angle for each

peak. Also, K = 0.9 is the shape factor, k is the X-ray

wavelength (equal to 1.5405 Å for Cu-Ka radiation),

and b is the full width at half maximum. Following

the W–H method, the variation of (b � cos (h)) vs. (4

� sin (h)) was presented and the DW–H was calculated

from the intercept values of a linear adjustment of

these two curves (Fig. 2c). The crystallite size values

of both compounds were found to be 59.25 nm and

77.09 nm for the LBCFO-700 and LBCFO-900,

respectively, are collected in Table 2. It can be noted

that the crystallites size of our samples grows when

raising the annealing temperature. The crystallites

sizes of both compounds. Accordingly, the nanosize

criteria for both samples were confirmed.

The surface morphologies of the LBCFO-700 and

LBCFO-900 nanoparticles were investigated by the

scanning electron microscope (SEM). As can be

observed in Fig. 3a, b, the SEM images of both sam-

ples showed different shapes (spherical and polygo-

nal) which depends on the increase of the annealing

temperature. Furthermore, to interpret the elemental

compositions of our samples, we used the X-Ray

Dispersive Energy (EDX) (Fig. 3). In the spectrum of

EDX for both compounds, the presence of charac-

teristic peaks of La, Ba, Ce, Fe, and O is evidently

noticed. Indeed, Fig. 3 reveals the presence of all

initial elements, confirming that no loss of any ele-

ment occurred during the reactions without the

existence of any impurity elements. Furthermore, the

mapping analyses corroborated a homogeneous dis-

tribution of all chemical elements throughout the

compound surface. The grain size has been per-

formed on TEM images using image-J software as

shown in Fig. 4. According to a Lorentzian adjust-

ment of the grain size distributions, the grain size

(DTEM) are found around 107 nm and 173 nm for

LBCFO-700 and LBCFO-900 compounds, respec-

tively. For both compounds, the DTEM values are

almost 2 times higher than those of crystallites size,

which can be explained by the fact that a grain is

composed of more than one crystallite.

Fig. 1 Room temperature XRD patters of our samples

a LBBFOAC (La0.8Ba0.1Bi0.1FeO3 prepared with the auto-

combustion route), b LBCFO-700 and c LBCFO-900
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As compared to our previous work [24], the par-

ticle size decreases as consequence of the insertion of

Cerium ions in A-site instead of Bismuth ones which

is related not only to the ionic radius of these two

Fig. 2 a and b Rietveld

refinement plots of the

LBCFO-700 and LBCFO-900

compounds, respectively. a0

and b0 the three-dimensional

unit cell with the FeO6

octahedra of the same

compounds. c Williamson–

Hall plots of the studied

compounds

Table 1 Cell parameters of our two compounds: LBCFO-700 and

LBCFO-900

LBCFO-700 LBCFO-900

Space group Pnma Pnma

a (Å) 5.539 5.542

b (Å) 7.860 7.865

c (Å) 5.557 5.558

V (Å3) 241.93 242.21

v2 1.967 2.017

Fe–O1 (Å) 1.995 1.974

Fe–O2 (Å) 2.154 2.066

Fe–O1–Fe (�) 159.363 168.237

Fe–O2–Fe (�) 1151.689 155.410

Table 2 Average crystallite size determined using the

Williamson–Hall’s method (W–H) and Grain size determined

using SEM pictures of LBCFO-700 and LBCFO-900 compounds

Crystallites size (DW-H)

(nm)

Grains size (DTEM)

(nm)

LBCFO-700 59.250 107.052

LBCFO-900 77.091 173.640
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ions but also to the change in Iron states concentra-

tions which influence the tilted octahedron FeO6.

3.2 Impedance analysis

Figure 5a, b shows the variation of the real part of

impedance (Z0) as a function of the frequency of

LBCFO-700 and LBCFO-900 compounds, respec-

tively, at selected temperatures. It is observed that the

real part values are higher in the low-frequency

range. It was also found that Z0, whose value

decreased with the increase in temperature, is tem-

perature-dependent, indicating the increase of con-

ductivity [31]. It is worthy to note that, from a certain

frequency, the variation of (Z0) becomes almost fre-

quency independent with a merge of all Z0 curves

due to the release of space charge promoted by a

lowering in the barrier properties of the nanomate-

rials [32]. Importantly, it is obviously seen that the

value of the real part of impedance decreases with the

increase in the annealing temperature from 700 to

900 �C, which spotlights a decrease in the electrical

resistance, and thus an enhancement of conductivity.

In Fig. 5c, d, the imaginary part of the impedance

(Z00) for both samples are plotted as a function of the

frequency at the temperature range between 260 and

360 K. Both compounds set forth that the Z00 values

increase with the increase of frequency, reaching a

maximum peak (Z00
max) at a characteristic frequency

called relaxation frequency [33] Afterward, they

decreased for further frequency rising, indicating the

presence of a relaxation phenomenon in the

Fig. 3 SEM images and EDX spectrum of the studied compounds: a LBCFO-700 and b LBCFO-900
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synthesized samples [34]. Besides, the Z00 peaks of

both samples are proven to shift to a higher fre-

quency range with the increase in temperature,

which affirms the presence of a thermally activated

process in the materials. To calculate the activation

energy, the temperature dependence of the relaxation

frequency for each compound was plotted according

to the Arrhenius law expressed as follows:

fmax ¼ f0 exp � Ea

kB � T

� �
ð2Þ

where f0 the pre-exponential term, Ea the activation

energy and kB Boltzmann constant. The logarithmic

variation of the fmax is plotted as a function of 1000=T

in Fig. 5e. Using the slope of the well-fitting curves,

the obtained values of the activation energy were

found to be around 0.273 eV for LBCFO-700 and

0.258 eV for LBCFO-900. It can be concluded that the

rise in the sintering temperature decrease the acti-

vation energy. For both compounds, the activation

energy was found to be very close to the needed

activation energy for the electron hopping between

Iron states known as the polaronic relaxation which

required around 0.26 eV to be achieved [35]. Thus, it

is deduced that the relaxation process in the studied

compounds is of a polaronic type that acquired

between Iron states. We found previously the same

relaxation type for La0.8Ba0.1Bi0.1FeO3 compound [24]

with a higher activation energy value which confirms

again the effect of the nanosize criteria on the

dielectric relaxation process.

On another hand, the Nyquist diagrams of the

complex impedance (Z00 versus Z0) are plotted in

Fig. 6a, b at selected temperatures for both samples.

The dielectric properties of multi-doped Lanthanum

ferrites have been previously reported [21], confirm-

ing the presence of more than one contribution from

the modulus analysis as well as from the adjustment

of the impedance Nyquist plots. It has also been

reported that most of the ferrite materials show a

non-Debye-type relaxation, generally characterized

by asymmetric or small depressed semicircles, whose

centers are found to be below the real axis. According

to the material nature and type and within a selected

Fig. 4 TEM images and

particles size distribution of

our compounds a LBCFO-700

and b LBCFO-900
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temperature and frequency regions, the Nyquist plots

may consist of arcs, spikes or overlapped semicircles

or a combination of more than one of them [36]. From

a first analysis of these Nyquist plots, it can be

deduced that the heat treatment reduces the electrical

resistance as shown from the Z00 curves. A clear

depressed semi-circle can be seen at low-frequency

range, while the existence possibility of another

contribution would be confirmed from the adjust-

ment of the Nyquist plots using the Z-view software

[37]. The Nyquist plots were fitted by the most ade-

quate electrical equivalent circuits, containing two

parallel combinations of R and CPE elements, which

are connected in series. While the first one corre-

sponds to grain contribution at higher frequencies,

the second corresponds to the grain boundary one at

low-frequency range.

The behavior of both contributions would be used

to describe the relaxation phenomenon of the syn-

thesized compounds at the indication temperature

range.

From the results of the experimental fit of the

Nyquist curves, the parameters Rg,Rgb, CPEg,

CPEgb,ag and agb are obtained and summarized in

Table 3(a) and (b). For both compounds, we can

deduce that the resistance values of the boundaries

grains and grains decrease with the rise of tempera-

ture, which is due to the increase of the mobility of

charges carriers or the decrease of the average

potential barriers energies. This behavior was repor-

ted to be a characteristic of p-type semiconductor

material [38]. Importantly, we reported a reduced

electric resistance for both compounds as compared

to the pure and to the doped LaFeO3 bulk compound

[39–41] which allow as to conclude the advantage of

Fig. 5 a, b Frequency

dependence of the real (Z0)

part and c, d the variation of

imaginary part (Z00) of the

impedance as a function of the

frequency at selected

temperatures of the LBCFO-

700 and LBCFO-900

compounds. e The logarithmic

variation of the fmax as a

function of 1000=T for both

studied compounds
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the used preparation method and the Cerium ions

insertion in A-site for gas sensing applications of the

Lanthanum ferrite system.

Moreover, the grain boundary resistance (Rgb) is

higher than that of the grain (Rg). This can be

explained by the presence of defects, for example the

non-stoichiometric distribution of oxygen [42] near

the grain boundaries. These defects act as traps for

charge carriers at low temperatures. However, when

the temperature increases, Rgb decreases and induces

an augmentation in alternative conductivity rac. As

can also be seen, the values of a are close to the unit,

which indicates that the CPE is very close to an ideal

capacitor.

Furthermore, with the rise of the sintering tem-

perature, the values of the grains and boundaries

grains resistances were found to decrease. The

logarithmic variation of the two resistances (Rg and

Rgb) of the prepared compounds can be plotted as a

function of 1000=T (Fig. 6d) and seems to follow the

Arrhenius relation (shown by the red solid lines in

Fig. 6d):

R ¼ R0 exp
Ea

kB � T

� �
ð3Þ

where R0 is the characteristic resistance,kB Boltzmann

constant and Ea presents the activation energy. To

estimate the activation energy of each contribution,

we use the slope of the well-fitting curves and the

values of the activation energies are summarized in

Table 4. For the grain boundary contribution, the

activation energies decrease from 0.252 to 0.223 eV

with the increase in the heating temperature. Hence,

the density of trapped carriers decreases when the

Fig. 6 Nyquist plot at selected

temperatures and equivalent

circuit of the a LBCFO-700

and b LBCFO-900 samples.

c the adjustment results for

both compounds at 350 K with

the used equivalent circuit.

d The Arrhenius plots of the

resistances of grain (Rg) and

grain boundary (Rgb) versus

103/T of the both compounds
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temperature increases, indicating the existence of a

partial blocking of the free carrier movements by the

grain boundaries, which affects the conductivity of

the doped samples. the same behavior was also seen

for grain contribution. For the contributions of both

compounds, the activation energy values were found

to strengthen the previous values and thus confirm

the polaronic relaxation type throughout the studied

compounds.

3.3 Dielectric constant e0

The frequency dependence of the dielectric constant

(e0) of the LBCFO-700 and LBCFO-900 compounds at

selected temperature range are plotted in Fig. 7,

showing that the highest values of the dielectric

constant are at low-frequency region, which decrea-

ses with the increase in frequency. The variation in

dielectric constant with frequency is explained on the

basis of space charge polarization [43]. Furthermore,

it has been confirmed that the existence of different

Iron states rendered the pure and doped LaFeO3

Table 3 Values of electrical

parameters deduced from the

complex diagram at selected

temperatures for (a) LBCFO-

700 and (b) LBCFO-900

compounds

T (K) Rg (9 105 X) CPE1 (9 10-10) a1 Rbg (9 106 X) CPE2 (9 10-11) a2

(a)

260 14.862 3.951 0.880 8.786 3.566 0.997

270 11.206 4.044 0.875 5.947 3.582 0.990

280 8.720 2.937 0.884 4.187 4.830 0.953

290 6.203 2.009 0.990 3.670 5.322 0.946

300 5.014 1.049 0.996 2.464 5.694 0.942

310 3.515 1.388 0.998 2.019 5.701 0.943

320 2.768 6.410 0.908 1.445 4.322 0.963

330 1.880 4.928 0.930 1.283 4.623 0.960

340 1.552 4.783 0.941 0.996 4.795 0.950

350 1.137 4.242 0.967 0.861 4.688 0.956

360 0.808 2.255 0.970 0.660 5.157 0.955

T (K) Rg (9 104 X) CPEg (9 10-10) a1 Rbg (9 06 X) CPEbg (9 10–11) a2

(b)

260 12.104 1.058 0.851 4.726 7.820 0.878

270 7.783 1.072 0.842 3.094 7.832 0.872

280 6.250 1.001 0.859 2.294 8.675 0.860

290 4.662 6.833 0.880 1.707 9.271 0.869

300 3.558 9.690 0.865 1.263 9.400 0.863

310 2.731 1.180 0.853 1.088 9.743 0.865

320 2.099 1.242 0.870 0.807 10.207 0.861

330 1.614 1.281 0.835 0.665 10.451 0862

340 1.197 1.388 0.847 0.503 10.700 0.868

350 0.970 1.473 0.860 0.407 10.411 0.850

360 0.809 1.404 0.850 0.295 10.780 0.861

Table 4 Activation energy of

our samples calculated from

the different dielectric

parameters

LBCFO-700

Ea (eV)

LBCFO-900

Ea (eV)

Modulus (M00) Grain contribution – 0.208

B. grain contribution 0.239 0.19

Impedance (Z00) – 0.273 0.258

Nyquist (Z00 vs Z0) Grain contribution 0.233 0.211

B. grain contribution 0.252 0.223
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systems becomes dipolar [44]. At low frequencies, the

high value of e0 in Lanthanum orthoferrite materials

could be explained by the high ability of the perma-

nent dipoles (Fe2? $ Fe3?) to align themselves along

the field and contribute fully to the total polarization

of the dielectric properties. Nevertheless, for higher

frequencies, the almost constant values of e’ is due

essentially to the inability of these dipoles to

responds to the rapid variation of the applied field

and therefore their contribution to the dielectric

permittivity will be more negligible [45]. On the other

hand, we noticed that the dielectric constant increases

with the increase in temperature. This behavior can

be explained by the fact that, with rising temperature,

more dipoles will be oriented in the direction of the

applied field, resulting in the increase of dipole

moment value. It is to be noted that the dipole

moment is the result of the rotation of dipoles when

exposed to an external field [46].

It is also worthwhile to note that the bulk LaFeO3

compound is known to present a giant dielectric

constant (GDC), while in the present work, the

dielectric constant of both compounds was found to

be less than 300. It was confirmed that the growth of

ferrite materials with the auto-combustion method

reduces the dielectric constant due to the nanosize

criteria induced by this preparation method. It has

been confirmed by Bhat et al. that the maximum

value of the dielectric constant of LaFeO3 compound

(DSC = 29.47 nm) is around 120 [47]. Furthermore,

the LBCFO-900 compound with higher particle size

value presents a higher e0 value as compared to the

LBCFO-700 compound, which confirms the effect of

the particle size on the dielectric constant values and

explains their low value in the studied compound

compared to that of the bulk compound.

On the other hand, it has been confirmed that for

highly conductive materials, the relaxation processes

could be strongly masked by the conduction

contribution. In such case, the logarithmic derivative

of the permittivity part (known as the Kramers–

Kronig transformation [48–50]) could be used to

better analyze the relaxation processes. Therefore, the

frequency derivatives were applied to the dielectric

constant data of both LBCFO-700 and LBCFO-900

compounds and the results are shown in the inset of

Fig. 7a, b, respectively. From the Kramers–Kronig

transformed spectra, one can clearly see the presence

of two relaxations peaks, indicating the presence of

two different contributions in both compounds.

3.4 Modulus analysis

Based on the modulus analysis, we can further

interpret the relaxation process and distinguish

between the contributions throughout the studied

nanomaterials. Figure 8a, b plots the frequency

dependence of the imaginary part of the complex

Modulus as a function of the frequency. For the

LBBFO-700 compound, only one relaxation peak was

observed at the selected temperature and frequency

ranges. Yet, at high-frequency range, the M00 values

continuously increased with frequency, proving the

existence of other non-detected relaxation peaks. At

the selected ranges, the LBCPFO-900 compound

showed two distinguished relaxations peaks. For

both compounds, while the low-frequency peaks are

attributed to the grain boundary contribution, those

appearing at high-frequency range are ascribed to the

grain contribution. For a supplementary analysis of

the relaxation phenomenon throughout both contri-

butions, we adjusted the M00 curves according to the

Bergman’s function [51] (shown in solid red line in

Fig. 8) expressed as follows:

M00 xð Þ ¼ M00
max

1 � bð Þ þ b
1þb

� �
b fmax

f

� �
þ f

fmax

� �b
� � ð4Þ

Fig. 7 Frequency dependence

of the dielectric constant and

the Kramers–Kronig

transformed spectra (in inset)

of the a LBCFO-700 and the

b LBCFO-900 compounds
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where M00
max is the peak maxima, b is the stretching

factor (provides information about the kind of

relaxation) and fmax is the corresponding frequency.

To calculate the activation energies of our samples,

the relaxation frequency (fmax) obtained from the well

fitted curves was used at selected temperatures. The

variation of LnðfmaxÞ versus 1000=T is shown in

Fig. 8c, d, and the calculated values of the activation

energies are collected in Table 4. It is found that, all

these values are quite similar to those calculated from

impedance Nyquist.

3.5 AC electrical conductivity analysis

To determine the conduction behavior of our samples

and the parameters which may control this process in

our samples, we plotted the variation of the ac con-

ductivity vs. frequency at selected temperatures.

Hence, this study of electrical conductivity helps to

envisage the effect of the annealing temperature on

the conduction process.

As shown in Fig. 9a, b, two different regions are

found as a function of the frequency. Actually, in the

low-frequency range, a frequency-independent

behavior is detected for both prepared compounds.

This conductivity is considered as the dc conductivity

that confirms the decrease of the resistance with the

rise of temperature. In the higher region, the

conductivity increases with the rise of frequency,

whose behavior (the frequency dependence of the

conductivity) may emanate from the relaxation of the

ionic atmosphere after the movement of the particle

[52].

On the other hand, it is clear that the increase of the

annealing temperature led to the increase in con-

ductivity, which is deduced from the decrease in the

resistance and confirmed from the frequency and

temperature dependence of the ac conductivity, as

shown in Fig. 9.

This increase in conductivity is likely to be related

to the increase in particle size, which is accompanied

by a decrease of the number of grain boundaries that

acts as insulators, leading to the enhancement of the

conductivity [53].

This variation is described by Jonscher’s universal

power law [54] expressed as:

rac x;Tð Þ ¼ rdc þ AxS Tð Þ ð5Þ

In the last expression, rdc is the dc conductivity, A

is a constant depending on temperature, which

determines the strength of polarizability, and the

exponent S is the frequency exponent, which

depends on temperature and the material intrinsic

property, informs about the degree of interaction

between mobile ions with the lattices around them.

The spectrums of the conductivity at the high-

Fig. 8 Frequency dependence

of the imaginary part of the

Modulus (M00) at selected

temperatures for our samples

a LBCFO-700 and b LBCFO-

900 compounds. c and d the

Ln(fmax) vs. 1000/T of

LCBFO-700 and LCBFO-900

compounds, respectively
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frequency range are well fitted using Eq. (3), and the

values of rdc, S and A calculated from the adjusted

results of the conductivity plots are summarized in

Tables 5(a) and (b). The conduction mechanism has

been confirmed by the analysis of S Tð Þ curves, related

to Fence [55]: when S� 1: the load carriers have a

translational movement and when S[ 1: there is a

localized jump of the carriers.

To determine the mechanism of conduction in our

compounds, the values of S are plotted against the

temperature as shown in Fig. 9c, from which it is

clearly seen that for both compounds the Jonscher’s

power law parameter ‘S’ increases with the increase

in temperature. What is worthy to mention that,

based on the behavior of Jonscher’s power law

parameter S, the conduction mechanism within the

material can be one of the following models:

i. The model of Quantum Mechanical Tunneling

(QMT) model where S is around 0.8 and found

to be independent to temperature [56].

ii. The model of Correlated Barrier Hopping (CBH)

model where the exponent S decreases with the

rise of temperature [57].

iii. The Non-overlapping Small Polaron Tunneling

(NSPT) model where S increases with the

increase in temperature [58].

iv. The model of Overlapping Large Polaron Tunneling

(OLPT) S decreases and then increases with the

rise of temperature [59].

Accordingly, given that the exponent S increases

with the increase in temperature for both com-

pounds, the NSPT is the appropriate model to be

used when describing the conduction mechanism of

both compounds.

It is trusty to note that for this model, the temper-

ature dependence of the S parameter can be expres-

sed as follows [58]:

S ¼ 1 þ 4kBT

Wm � kBT ln xs0ð Þ ð6Þ

where Wm is a binding energy of the carrier, kB the

Boltzmann’s constant and s0 is a characteristic

relaxation time.

For the large value of WM

kBT

� �
the equation of S

becomes:

Fig. 9 Variation of the ac

conductivity as a function of

the frequency at selected

temperatures of the a LBCFO-

700 and b LBCFO-900

samples. c the temperature

dependence of the S parameter

for both samples with the

corresponding binding energy

of the carrier values

() :16220–16234 16231



S ¼ 1 þ 4kBT

Wm

ð7Þ

The Wm values were calculated from the slope of a

linear adjustment of the deduced S Tð Þ curves as

shown in Fig. 9c. It is deduced that the increase of the

sintering temperature has an effect on the binding

energy. Actually, the LBCFO-700 compound was

found to have lower values compared to the same

compound heated at 900 �C.

4 Conclusion

The La0.8Ba0.1Ce0.1FeO3 (LBCFO) ferrite material was

successfully synthesized by the sol–gel auto-com-

bustion route and the obtained nanoparticles were

treated separately at two different annealing tem-

peratures, namely 700 �C and 900 �C. The

microstructure, dielectric relaxation and conduction

mechanism of synthesis compounds showed a

dependence on the heat treatment. Both compounds

exhibited pure and single perovskite phase with

orthorhombic structure. The XRD and TEM analyses

revealed that the average crystallite sizes increase

with the increase in the annealing temperature in the

range of 50–70 nm. It has been found that the relax-

ation process is of a polaronic type that occurring

separately in grain and boundary grains contribu-

tions with activation energies that decrease with the

increase in the annealing temperature. The conduc-

tion mechanism in both compounds is attributed to

the jump of polarons between Iron states. The elec-

trical resistance was found to decrease with the

increase in the annealing temperature, consequently

leading to a rise in conductivity. It can be concluded

that the auto-combustion synthesis method with

900 �C annealing temperature of such materials

would enhance their gas sensing properties.
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