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a b s t r a c t

We have investigated the effect of multi-doping in A and B site of the multiferroic prepared by the Sol-gel
method Bi0.8Er0.1Ba0.1Fe0.96Co0.02Cr0.02O3 (BEBFCC) on the structural, morphological and electric prop-
erties. X-Ray diffraction and Rietveld refinement confirm that the BEBFCC compound presents a rhom-
bohedral structure with the R3C space group. The Ac electrical properties have been measured from 331
to 735 K as a function of frequency (100 kHz - 1MHz). Debye's theory and Arrhenius relations were used
to study the relaxation phenomenon. The frequency dependence of the impedance (Z”: imaginary part)
reveals the existence of one relaxation peak, while the Modulus formalism shows two peaks. The
presence of two contributions, related to the dielectric relaxations visible in this compound, was
confirmed by the Impedance Nyquist plots. The study of the ac conductivity based on Jonsher's power
law confirms that the conduction is associated to the Non-Overlapping Small Polaron Tunneling model.

© 2018 Published by Elsevier B.V.
1. Introduction

Materials that exhibit simultaneous order in their electric and
magnetic ground states hold promising application in next-
generation memory devices in which the electric field can control
the magnetic state. Due to the different structural requirements
necessary for the same material having ferroelectricity and
magnetism responses makes such materials rare. Despite the
recent identification of several new multiferroic materials and also
magnetoelectric couplingmechanisms [1e4], the amount of known
single-phase multiferroic materials is still limited by antiferro-
magnetic or weak ferromagnetic alignments. This is mainly due to
the lack of coupling between the ferroelectric and magnetic order
parameters [5] or by having properties that emerge onlywell below
room temperature [6,7], precluding device's applications [8].

Among the different types of multiferroic compounds, bismuth
ferrite (BiFeO3; BFO) stands out because it is perhaps the only one
being simultaneously magnetic and strongly ferroelectric at room
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temperature [9,10]. The ability to control the magnetic and ferro-
electric properties of multiferroic BiFeO3 (BFO) by cationic substi-
tution into Bi- and Fe-sites using rare earth (RE) and transition
metal (TM) ions opens up promising opportunities for designing
new multiferroic materials [11,12].

Obviously, the small magnetization, weak polarization and the
low electrical resistivity are the critical drawbacks of BiFeO3 ma-
terials that hinder its broad industrial application. As mentioned,
the substitution in A and B sites by rare-earth ions [13e15] and by
transition metal ions [16e19], respectively enhance simultaneously
ferroelectric and ferromagnetic properties. It has been argued that
the 10% substitution of Bi ions by Er3þ ones enhance only the
ferroelectric property [20]. Also for the same sample, partial sub-
stitution of bismuth ions by barium ones enhance the magnetic
property [21]. On the other hand, it was reported that double
substitution of iron ions by 2% of Mn and/or 2% of Co ones showed a
good magnetic and ferroelectric behaviors [22,23]. To our knowl-
edge, there is no report on the simultaneous substitution of Er and
Ba ions on the A-site of BiFeO3 matrix with B-site simultaneous
substitution with Cr and Co ions.

Taking the previous results into account, in this work we discuss
the structural, morphological and dielectric properties of a BFO
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system with a 20% of Er3þ and Ba2þ (10% for each one) and 4% of
Co2þ and Cr3þ (2% each one) substitution of Bi3þ and Fe3þ ions,
respectively.
2. Experimental methods

The nanocrystalline Bi0.8Er0.1Ba0.1Fe0.96Cr0.02Co0.02O3 (BEBFCC)
powder was prepared by the sol-gel method [24,25]. The raw ma-
terials used for the precursor solutions were Bismuth nitrate,
Erbium nitrate, Barium nitrate, ferric nitrate, Chromium nitrate,
Cobalt (II) nitrate and citrate acid (purity� 99%, from Sigma
Aldrich). The first step consisted of dissolving separately all nitrates
in ion-free water at room temperature. Bismuth nitrate (5mol%
excess) was added to the mixed solution to compensate the Bi
evaporation. Then, citrate acid (metal complex agent) and ethylene
glycol were added to the solutionmixturewhich has been stirred at
70 �C for 3 h until obtaining a viscous gel. After this, the gel was
dried at 170 �C, and the obtained powder was carefully crushed to
form a fine powder. The dried powder was calcinated at 300 �C for
12 h, and afterward gridded again. Pellets of approximately 10mm
in diameter and 1.5mm in thickness were made using a uniaxial
pressure system. The pellets were heat-treated, first, at 600 �C for
12 h, and then at 800 �C for 4 h.

The phase and structure of the as-prepared powder were
determined by X-Ray Diffraction (XRD) using a Bruker 8D Advance
X-ray powder diffractometer, with CuKa1 radiation (l¼ 1.5406 Å).
The XRD data was also used for obtaining the lattice parameters
applying Rietveld's analysis [26], using the FullProf software.

Room temperature (RT) Raman spectroscopy was performed
under backscattering geometry, using a Jobin Yvon HR 800 system
and an excitation wavelength of 473 nm. The Raman spectra were
recorded with a modular double-grating excitation spectrofluo-
rimeter with a TRIAX 320 emission monochromator (Fluorolog-3,
Horiba Scientific) coupled to an HR 980 Hamamatsu photo-
multiplier, using a front face acquisition mode. As an excitation
source, a 450W X arc lamp was used [27].
Fig. 1. Refined X-ray diffraction patterns of SoleGel driven BBEFCCO compound: Solid black c
and the blue line represents difference between the observed and calculated patterns. T
interpretation of the references to colour in this figure legend, the reader is referred to the
The dielectric measurements were performed in air atmosphere
using an electric furnace equipped with a Eurotherm 3508
controller. For these measurements a Network Analyzer Agilent
4294, operating between 100Hz and 1MHz in the Cp-Rp configu-
ration (capacitance in parallel with resistance) was used [28]. This
non inductive electrical furnace operates from room temperature
up to 735 K. During the measurement, the sample was mechani-
cally pressed between two parallel platinum plates working as
electrodes. The ac impedance of the samples was measured be-
tween room temperature and 735 K.
3. Results and discussions

3.1. Structural properties

The X-ray diffraction pattern of the synthesized BEBFCC sample
is shown in Fig. 1. All the major peaks in the diffraction patterns
could be indexed to various (hkl) planes of BiFeO3 and match
perfectly with the rhombohedral structure (R3C space group) of
pure BiFeO3 (JCPDS file no. 71-2494) [29]. All diffraction peaks were
intense and sharp, indicating the highly crystalline nature of the
samples. Minor impurity peaks were also evident in the XRD pat-
terns and the indexation and refinement done in X'Pert HighScore
showed that they correspond to the Bi2Fe4O9 and Bi25FeO40 phases.
The formation of these secondary phases during the synthesis of
bulk undoped BFO and cations substituted BFO was almost un-
avoidable in some previous investigations [30e33].

The refinements were carried out using the structure of undo-
ped BiFeO3 as a starting model, and using the space group R3C with
lattice constants a¼ 0.5587 nm, b¼ 0.5587 nm and c¼ 1.386 nm.
There is a good agreement between the experimental and XRD
refinement data as one can see in Fig. 1. The variation of the lattice
constants of the BEBFCC sample is summarized in the table inset of
Fig. 1.

The average Crystallite sizes (DSC) were estimated from the XRD
patterns, using the Scherrer's formula [34]:
ircle represents the observed pattern; continuous red line represents calculated pattern
ick green markers correspond to the position of the allowed Bragg diffractions. (For
Web version of this article.)



Table 1
XRF results of the BBEFCCO compound.

Z Elem Elem Name Line A cps ROI keV

24 Cr Chromium Ka 270.327 5.25e5.58
26 Fe Iron Ka 10015.997 6.23e6.57
27 Co Cobalt Ka 3713.842 6.75e7.10
56 Ba Barium Ka 882.520 31.75e32.37

A. Benali et al. / Journal of Alloys and Compounds 775 (2019) 304e315306
Dsc ¼ 0:9� l

b� cos q
(1)

where l is the applied wavelength, q is the Bragg angle for the most
intense peak, and b is the half height width of this peak. The
average crystallite size was found to be around 68 nm.
68 Er Erbium La 3868.023 6.77e7.12
83 Bi Bismuth La 79343.500 10.62e11.03
3.2. Morphological study

The surface morphology of these materials was studied by
Scanning Electron Microscopy (SEM). Fig. 2 (a) depicts the room
temperature SEM micrographs of the Multiferroic Bi0.8Ba0.1Er0.1-
Fe0.96Co0.02Cr0.02O3 compound. From this spectrum, one can see
that the grains have an irregular morphology (spherical, cube,
polygonal…) and that they are non-uniformly distributed which
are similar to those of the pure BFO compound (inset of Fig. 2 (a))
[35]. A manual statistical count of the grain size was performed on
SEM images using the Image J software. The results are expressed in
Fig. 2(b) as grain number (counts) vs. particle size (nm). These
particles were distributed, for the BBEFCC sample, according to a
Lorentzian distribution (Red solid line in Fig. 2 (b)). The average
particle size, generally known as grain, was found to be 88± 2 nm,
which is greater than that of the average crystallite size determined
by XRD (68 nm). This can be explained by the fact that each particle
observed by SEM is formed by several crystallized grains.

The composition and purity of the prepared compound were
confirmed by energy dispersive X-ray microanalysis (EDX), and X-
ray fluorescence (XRF) experiments. Illustrative results are pre-
sented in Fig. 2(c) and (d) and summarized in Table 1. The EDX
spectra show characteristic features of all expected elements (Bi,
Ba, Er, Fe, Cr and Co), which confirms that there was no loss of any
integrated element during synthesis. The same result was
Fig. 2. (a) SEM image of surface morphologies, (b) particle size distrib
confirmed by the XRF data.
3.3. Raman spectroscopy

In BFO 18 optical phonon modes are expected. These can be
summarized using the irreducible representation: Gopt¼ 4A1 þ
5A2 þ 9E. According to the group theory, 13 of these modes are
Raman active (GRaman,R3c¼ 4A1 þ9E), whereas the remaining (the
5A2 modes) are not active using Raman spectroscopy [36,37].
Hermet et al. [38] suggested that Bi atoms mainly participate in the
low-frequency modes (up to 167 cm�1, i.e., the modes E, A1-1, and
A1-2) and that the motion of oxygen atoms dominates the high-
frequency modes, namely the modes above 262 cm�1, while Fe
atoms participate in the modes between 152 and 262 cm�1 with
possibility of affecting higher frequency modes. Moreover, it is also
known that the BieO bonds are associated with the low-frequency
modes (below 170 cm�1) and the intermediate frequency modes
(above 270 cm�1), respectively [39]. The vibrational mode near
221 cm�1 is the A1�3 tilt mode of the FeO6 octahedron, and some
higher frequencymodes (around 670 cm�1) are also involved in the
FeeO bonds [40].

Fig. 3 (a) shows the Raman spectrum of pure BFO and the
utions, (c) EDX and XRF (d) Spectra of the BBEFCCO compound.



Fig. 3. (a) Room temperature Raman spectrum of pure BFO and BEBFCC compounds, (b) Deconvoluted first order Raman modes for the BBEFCC compound.

A. Benali et al. / Journal of Alloys and Compounds 775 (2019) 304e315 307
studied BEBFCC compounds which reveals the presence of almost
of the Raman active modes of the pure BFO with 7 peaks corre-
spond to the E (TO) modes and 4 A1 modes [35]. Which confirms
the rhombohedral perovskite structure of the prepared BEBFCC
compound.

As it is evident in Fig. 3 (b) and summarized in Table 2, the
Raman vibrational modes of the present BEBFCC studied sample
slightly shifts to lower frequency with the enhance intensity of E
modes, specially the E9 and E5 modes. The intensity enhancement
of the E9 mode at around 611 cm�1 could be related mainly to the
variation in FeeO bonds due to the to the distortion of the (Fe/Cr/
Table 2
Observed Raman modes for pure BFFO and BEBFCC compounds.

Sample A1-1 A1-2 A1-3 E-3 E-4 E-

BFO [35] 134 166 216 273 315 32
BEBFCC 138 165 230 254 276 30
Co)O6 octahedra. Also, the close merge of the A1-1 and A1-2 modes,
comparing to BFO Raman spectra, indicates a stretch of BieO bonds
due to the insertion of Er and Ba ions.

3.4. Impedance spectroscopy

Fig. 4 (a) shows the frequency dependence of the imaginary part
of impedance (Z00) at different temperatures. The Z00 spectra is
characterized by the appearance of a peak for each temperature at a
specific frequency suggesting the existence of a dielectric relaxa-
tion in the BEBFCC compound. It is also noted that all Z00 peaks were
5 E-6 A1-4 E-7 E-8 E-9 A2-1

7 356 419 515 545 631 e

5 349 463 486 526 614 664



Fig. 4. (a) The frequency dependence of the imaginary part of the complex electrical impedance (Z00) at several measurement temperatures of the BBEFCC compound (b) the
Arrhenius plots shows dependence fmax (peak of Z00) vs. 1/T.
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found to shift towards higher frequency with the increase in tem-
perature. These observations are supportive of the previous results
to confirm the semiconducting behavior of the suggested sample
and to prove the implication of charge carriers in the relaxation
phenomena and their thermal activation [41].

On the other hand, for all peaks, the decrease of the values Z00max
values with the increase of temperature could be explained by the
reduction of the resistance of materials [42]. Furthermore, the
coalescing of all these curves at higher frequencies (over 105 Hz)
mimics the reduction of space charge polarizationwith the increase
in frequency [43].

The activation energy of the dielectric relaxation process was
determined using the Arrhenius law. The variation of relaxation
frequency (fmax) with temperature can be expressed by Eq. (2) [44]:

fmax ¼ f0 exp
�
� Ea
kBT

�
(2)

where f0 is the relaxation frequency for high temperature, Ea the
activation energy for the relaxation process and kB the Boltzmann
constant.
The logarithmic representation of the deduced fmax values is

plotted as function of the inverse of temperature in Fig. 4 (b) using
the Arrhenius model. It is clear from the figure the existence of two
remarkable regions were the activation energy change from a re-
gion to the other. The obtained values of activation energy are 0.472
and 1.148 eV below and above 453 K, respectively. These values are
in good agreement with the result obtained in the literature
[45,46].

Moreover, the Impedance Nyquist plot (-Z00 versus Z0) of the
BEBFCC compound at different temperatures are presented in
Fig. 5. These plots are characterized by two semicircular arcs that
are not centered on the real axis. The decentralization is indicative
of non-Debye type relaxation process, and the material was found
to obey the to the Cole-Cole formalism [47e49]. Each semicircle can
be attributed to a given contribution. Namely, at low frequencies,
the semicircle can be attributed to the grain boundary contribution,
and at high frequency, the semicircle is attributed to grain contri-
bution. The red lines in Fig. 5 show the simulated Nyquist plotswith
the equivalent circuit elements, at several temperatures. This



Fig. 5. The fit of the experimental data using Z-view software. The inset shows the equivalent circuit formed by two parallel combination of resistance and constant phase element
impedance (R-CPE circuit).
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circuit is modeled by a combination series of two parallel R-CPE
circuits, with R representing the resistance and CPE the constant
phase element (capacity of the fractal interface). The variables R1,
CPE1 and R2, CPE2 represent the resistance and capacitance of
grains and grain boundaries, respectively. The CPE impedance
(ZCPE) is given by the following relation [50,51]:

ZCPE ¼ �
QðjuÞa��1 (3)

where Q is a proportional factor, u is the angular frequency, and a is
an empirical exponent close to 1. Depending on the value of the
exponent a, the CPE has a behavior similar to the components
conventionally used in equivalent circuits. The CPE is reduced to a
resistance and ideal capacitive elements when it is close to Zero and
a¼ 1, respectively. The calculated R, CPE and a parameters are
summarized in Table 3. It is clear that the resistance values decrease
with the increase of temperature, which can be explained by the
increased mobility of the charge carriers that contribute to the
conduction process [52].

The resistance at these temperature values can be deduced from
the well-defined impedance peak, which was found to follow the
Arrhenius relation:
Table 3
Values of electrical parameters deduced from the complex diagram at several
temperatures for BBEFCCO compound.

T(K) R1 (106U) C1 (10�11 F) a1 R2 (106U) C2 (10�11 F) a2

333 483.1 1.373 0.988 82.65 5.493 0.964
353 200.1 1.921 0.969 13.06 8.508 0.966
373 79.45 2.380 0.954 6.722 9.093 0.922
393 31.07 3.489 0.934 2.666 21.27 0.932
413 12.21 4.012 0.923 1.053 35.21 0.941
433 7.51 5.899 0.898 0.825 31.40 0.917
453 3.33 4.542 0.902 0.394 55.23 0.939
473 1.51 5.780 0.867 0.133 61.32 0.931
493 0.89 6.003 0.855 0.0789 77.03 0.980

The activation energy of grains and boundary grains will be calculated using the
resistance values mentioned in bold in Table 3.
R ¼ R0 exp
�
Eac
kBT

�
(4)

where R0 is the per-exponential term, and Eac is the activation
energy. The linear fitting based on Eq. (4) shown in Fig. 6 as a
straight line yields the values of Eac¼ 0.517 and 0.530 eV for Rg and
Rgb, respectively. It was confirmed that a p-type polaronic hopping
conduction is observed with activation energy higher than 0.2 eV
[53]. The activation energy associated to grains and boundary
grains are found to be around 0.5 eV which shows the presence of
p-type polaron hopping conduction mechanism. In the other hand,
similar values of activation energy was attributed to the oxidation
of Fe3þ ions to Fe4þ ones [54].

Fig. 7 shows the frequency and temperature dependence of the
imaginary part of the dielectric modulus. This 3D graphic indicates
very clearly the presence of two dielectric relaxations, one visible at
Fig. 6. The Arrhenius plots for BEBFCC compound logarithm of resistances vs. 1/T.



Fig. 7. 3D graphic of the M00 dependence on frequency and temperature.

Fig. 8. (a) The frequency dependence of the imaginary part of the complex electrical Modul
BBEFCC compound (b) Arrhenius plots showing the fmax (peak of M00) dependence vs. 1000
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lower temperatures and centered at higher frequencies and a sec-
ond relaxation which is visible at higher temperatures. While the
first relaxation cannot be examined because it shifts to frequencies
out of the examined window, the latter relaxation can be studied
over a wide range of temperatures and reveals the evolution of a
thermally activated relaxation peak that shifts towards higher fre-
quencies with increasing temperature. Moreover, at around 476 K
this relaxation peak shows an inflection point, suggesting a
different (faster) response of the electric dipoles at higher
temperatures.

To further investigate the dielectric relaxation seen in Fig. 7, the
frequency dependence of M00 was plotted in Fig. 8 (a). As previously
discussed, at lower temperatures the spectrum shows the appear-
ance of two dielectric relaxations, one at low and another at high
frequencies. However, above 414 K the secondary relaxation
centered at higher frequencies shifts out of the examined frequency
us (M00) at several measurement temperatures (plot at 414 K in the graphic inset) of the
/T.
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range. Therefore, the relaxation discussed in this work will be the
one visible up to 550 K. The relaxation spectra of the sample were
adjusted to the empirical Havriliak-Negami (HN) relaxation func-
tion using the software Winfit. As one can see, there is a good
agreement between the experimental data and the fitted function.
Based on the HN fitting, the frequency of the relaxation's peak
maximum (fMAX) was determined. The activation energy of the
relaxation was calculated based on Eq. (2) and on the frequency of
the peak maximum. Fig. 8 (b) presents the natural logarithmic
variation of fMAX vs. 1000/T. As one can see, from 374 K to 550 K
there are two distinct regions with different activation energies
(also labeled in Fig. 8 (a)). From 374 K to 467 K the activation energy
of the dielectric relaxation is around 0.478 eV, while above 476 K
the activation energy increases significantly (1.34 eV). Fig. 7
revealed an inflection point at this temperature, suggesting that
in fact there is a variation in electric dipoles response. The greater
activation energy for temperatures above 476 K could be related
with either a phase transition or due to the contribution of a new
type of electric dipoles that are activated at 476 K [55,56]. One
possible explanationwould be that the newly polarized dipoles are
less mobile and hence the activation energy of the dielectric
relaxation increases.

The dielectric constant (ε0) and dielectric loss (ε00) values of the
BEBFCC compound, plotted at several temperatures, are shown in
Fig. 9 (a) and (b). As expected, ε0 decreases with frequency and
increases as the temperature rises. As for the ε

00, one can see that it
also increases with temperature, and above 604 K the ε

00 values
decrease logarithmically with frequency. Another result worth
notice is that using the ε

00 formalism the dielectric relaxation pre-
viously discussed is not visible.

Fig. 9 (c) displays the temperature dependence of the dielectric
constant at 1 kHz, 10 kHz, 50 kHz, and 100 kHz. For all frequencies,
ε
0 shortly increases up to 470 K, and afterward, between 470 and
500 K increases sharply with temperature. This behavior is
consistent with the variation seen around this temperature in the
activation energy of the dielectric relaxation (Fig. 8 (b)). This could
mean that either there is a phase transition at this temperature, or
that the mobility of the charge carriers increases and allows them
to flow to the grain boundaries where they can form electric
dipoles.

The Nyquist (M*) plots of the BEBFCC sample are shown in
Fig. 10. Usually, the Modulus formalism is known to magnify the
grain effects and to minimize the electrode polarization effect.
Hence, oppositely to the Nyquist (Z*) plot in Fig. 5, when analyzing
the Nyquist (M*) of ceramic materials, two responses (due to grain
and grain boundaries) can be identified. Fig. 10 shows one semi-
circle at higher frequencies related to the grain/bulk contribution,
and another one at higher frequencies due to the grain boundaries.
As one can see, the grain contribution becomes less prominent as
the temperature increases, and at higher temperatures, one can
only distinguish the grain boundary semicircle.
Fig. 9. Frequency dependence of (a) Dielectric constant and (b) dielectric loss values of
the BEBFCC compound, (c) Dielectric constant of the BEBFCC compound as a function
of temperature.
3.5. ac conductivity and conduction mechanism

Fig. 11 shows the ln(sac� T) vs. 1000/T dependence for several
frequencies. Below 500 K the ac conductivity is low and is not
thermally activated. At around 500 K are thermally activated some
charge carriers with higher mobility, and the ac conductivity
sharply increases. From 493 K up to 578 K, the sac activation energy
is around 1.303 eV and the conductivity displays a nearly frequency
independent behavior. This value is very close to the activation
energy calculated in the region 2 of the dielectric relaxation stud-
ied, which suggest that the mechanism responsible for the sac may
be similar to the relaxation mechanism.
The graphic inset of Fig. 11 shows that the temperature transi-
tion point between the near frequency independent and the fre-
quency dependence region shifts towards higher frequencies with
increasing temperature. The latter behavior can be explained by the
increased influence of the dc conductivity component, overcoming



Fig. 10. Nyquist (M*) plot of the dielectric modulus, for the BEBFCC sample.
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the ac contribution at temperatures above 604 K. For temperatures
above 678 K the ac conductivity follows the Arrhenius model once
again, and the activation energy in this temperature range de-
creases to 0.825 eV.

Since the ac conductivity becomes nearly frequency indepen-
dent in the examined frequency range above 500 K, the conduction
mechanism of the BEBFCC compoundwill be further discussed only
for temperatures below 500 K by analyzing the temperature
dependence of the Jonscher's power-law S parameter.

Fig. 12 (a) shows the 3-D frequency and temperature depen-
dence of the ac conductivity of the BEBFCC monocrystalline com-
pound. One can notice two different regions in the ac conductivity;
Fig. 11. Linearization of sac using the Arrhenius equation. Frequency
the low-frequency region, where the conductivity is unaffected by
the frequency and the high-frequency region, where, unlike in the
first region, an increase in frequency is followed by an increase in
the conductivity values. The origin of the frequency dependence of
the conductivity can be due to the relaxation of the ionic atmo-
sphere after the movement of the particle [57].

The frequency dependence of the conductivity generally obeys
the Jonscher's power-law [58]:

sac ¼ sdc þ AuS (5)

where sac is the alternating current conductivity, sdc is the direct
current conductivity of the sample and u is the angular frequency
of measurement. The exponent “S” represents the degree of
interaction betweenmobile ions with the lattices around them, and
A is a constant which determines the strength of polarizability. The
sdc at different temperatures can be obtained according to a
nonlinear fitting based on Eq. (5) and the adjusted results of the
electrical conductivity are summarized in Table 4.

The conduction mechanism in the BEBFCC compound was
determined by analyzing the temperature dependence of the
parameter “S”. As one can see in Fig. 12 (b), this parameter was
found to increase with increasing temperature. The appropriate
model of the conductionmechanism of the ac conductivity could be
suggested from the correlation between the S (T) behavior and the
conduction mechanism of the ac conductivity [59].

In the literature, different models have been considered based
on two distinct processes, namely, classical hopping over a barrier
and quantum-mechanical tunneling, or some variant or combina-
tion of the two, and it has been differently assumed that the
responsible charge carriers can be either electrons (or polarons) or
atoms [60]. These different models are:

The Quantum Mechanical Tunneling (QMT) model, the expo-
nent “S” is virtually equal to 0.8 and independent of temperature
or increases slightly with temperature [61,62].
dependence of sac at several temperatures in the graphic inset.



Fig. 12. (a) Frequency dependency of conductivity for BEBFCC compound, (b) Temperature dependence of the exponent S. Inset: the binding energy Wm value, (c) Temperature
dependence of the NSPT model of conduction of the BEBFCC compound.

Table 4
The Jonscher's power-law fitting results of ac conductivity for BEBFCC compound.

Temperature 60 80 100 120 140 160 180 200

sdc (10�7 Sm�1) 3.732 6.451 9.214 1.990 12.443 27.250 65.131 120.9
A (10�10) 114.15 61.280 24.287 13.840 7.667 5.471 2.455 2.572
S 0.469 0.551 0.630 0.676 0.758 0.843 0.884 0.907
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The Correlated Barrier Hopping (CBH) model, the exponent “S”
decreases with the increase in temperature [63].
The Overlapping Large-Polaron Tunneling (OLPT) model, the
exponent S depends on both temperature and frequency and
drops with increasing temperature to a minimum value and
then rises when the temperature increases [64].
The Non-overlapping Small Polaron Tunneling (NSPT) model,
the exponent “S” is temperature dependent. It increases with
the increase of temperature [61].

As seen in Fig. 12 (b), the parameter S increase with the increase
in temperature. Therefore, we can deduce that the NSPT model is
the most suitable model to characterize the electrical conduction
mechanism in the BEBFCC compound. According to this model, the
exponent S could be calculated using the following expression [56]:

S ¼ 1þ 4kBT
Wm � kBT lnðut0Þ

(6)

where Wm is the binding energy of the carrier in its localized sites
and kB the Boltzmann's constant. For the large values of Wm/kBT,
the parameter S becomes:
S ¼ 1þ 4kBT
Wm

(7)

Based on Eq. (7) a linear fit of S (T) plot (red line in Fig. 12 (b)), the
value of Wm was found around 0.126 eV.

Furthermore, according to the NSPT model the ac conductivity
can be described by the following equation [61]:

sac ¼ ðpeÞ2kBTa�1u½NðEFÞ�2R4u
12

(8)

where

Ru ¼ 1
2a

�
lnð1=ut0Þ �

WH

kBT

�
(9)

a�1 is the spatial extension of polaron, N (EF) is the density of states
near the Fermi level, WH is the polaron hopping energy and Ru is
the tunneling distance. The values N (EF), a and WH were adjusted
to fit the calculated curves of ln (sac) versus T to the experimental
curves. The calculated fitting parameters using Eq. (8) and Eq. (9)
are summarized in Table 5 and shown in Fig. 12 (c).



Table 5
Parameters used to NSPT model fitting for BEBFCC compound.

Frequency (kHz) NF (x1039 eV�1m�1) a (Å�1) Ru (Å) WH (eV)

500 9.835 1.211 1.565 0.086
750 3.994 1.625 3.168 0.078
1000 1.428 0.711 3.763 0.077
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The values of N(EF) were found to be reasonably high
(>1039 eV�1m�1), which suggests that the hopping between the
pairs of sites dominates the mechanism of charge transport in the
BEBFCC compound. Also, one can see that the values of the polaron
hopping energy (WH) are low even with increasing frequency
which suggests that the hopping of polarons in this compound
requires low energy aiding the jump from one site to another.

4. Conclusions

In summary, the Bi0.8Er0.1Ba0.1Fe0.96Cr0.02Co0.02O3 (BEBFCC)
multiferroic powder has been successfully prepared by the Sol-Gel
method with the citric acid route. The nanoscale of the particles
was confirmed by both DRX (DSC¼ 68 nm) and SEM (88 nm) anal-
ysis. XRF and EDX analysis proved the presence of all integrated
element during the synthesis. Comparing to the pure BiFeO3, it's
noticed that there is a slight change in intensity and the width of
some Raman modes (A1-3, A1-1, A1-2…) as a result of a variation of
FeeO and BieO bonds due to the substitution.

It was found that the dielectric relaxation and the conduction
mechanism are strongly temperature dependent. Above 476 K, the
activation energy deduced from the imaginary parts of both
impedance (Z00) and Modulus (M00) and the ac conductivity was
found to be around 1.4 eV. While, below this temperature the
activation energy was found around 0.47 eV.

The presence of two contributions (grain and boundary grain)
that contribute to the relaxation mechanism was confirmed by
analyzing the Nyquist plots. It was found that both contributions
have a close activation energies around 0.5 eV which confirms the
presence of p-type polaron hopping conduction mechanism. Ac-
cording to the Jonscher's “S” parameter the Non-overlapping Small
Polaron Tunneling hopping mechanism was confirmed for the
BEBFCC compound.
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