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The X-ray diffraction Rietveld refinement of Ba[(Fe;_xCox)1/2Nb1/2]O3 with 0 < X < 1 shows cubic structure
formation with space group Pn3m. No distinct tilting of oxygen octahedron is observed. The dielec-
tric measurement of such a cubic system exhibited giant values (¢ >10%) in the temperature range of
298-483K and frequency range of 102-10° Hz. An analysis of the permittivity, electric modulus, and
electrical conductivity properties in these systems confirmed the presence of oxygen vacancies induced
dipolar relaxation. Our investigations show that the observed extremely high dielectric constant values
are predominantly the result of oxygen vacancies induced dipoles produced at the grain boundaries.
Additional significant intrinsic contributions to the permittivity comes from the directly doped electrons
at the unit cell, as indicated by the enhancement in the observed values of the permittivity on replace-
ment of Fe3* (3d®) by Co3* (3d®). The contributions of the doped free charges and the oxygen vacancy
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induced dipoles are separated using the Jump Relaxation Model.
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1. Introduction

Ceramic compounds exhibiting high dielectric constant
(¢'>10%)are of enormous importance to the electronic industry due
to their wide applications as industrial capacitors, sensors, actu-
ators, power transmission devices, memory devices, high energy
storage devices, etc. [1,2]. Several attempts have been made earlier
to explain the high dielectric constant in Pb(Fe;;,Nby;,)03 (PFN),
Pb(Fey3Tay2)03 (PFT), Pb(Mgy3Nby3)03 (PMN), Ba(Fe12Nby )03
(BFN), Sr(Fellsz1/2)03 (SFN), Pb(Mg]/3Nb2/3)03-PbT103 (pMN—
PT), Pb(Fe;;,Nby/;)03-PbTiO3 (PFN-PT), Ba(Feq,Nby;)03-BaTiO3
(BFN-BT), etc. on the basis of chemical disorder leading to a
local permanent polarization induced ferroelectricity [1-13].
Alternatively, the high dielectric constant in CaCuzTizOq, (CCTO)
like compounds was linked to the extrinsic factors like the grain
boundary effects, oxygen vacancies, space charge polarization, etc.
[12-20]. It is indeed desirable to have a proper understanding of
the origin of the physico-chemical behaviour in these systems
for tailoring their appropriate industrial applications. The high
dielectric constant of the BFN compound was reported first by
Saha and Sinha [7,8]. According to their work, BFN is a relaxor
ferroelectric having a monoclinic crystal structure. The same
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compound was reported as a non-ferroelectric having a cubic
crystal structure by Raevski et al. [14] and Wang et al. [15]. Raevski
et al. have explained the high dielectric constant for such a cubic
system by using the Maxwell-Wagner Effect [14]. Latter on, Wang
et al. [15] had explained it in terms of oxygen vacancy induced
dielectric relaxation. Most of the previous studies were concen-
trated on either explaining such high dielectric constant values in
individual systems by probing the role of only the extrinsic factors
like grain and grain boundary or investigating ferroelectricity
with the variation of chemical composition. Looking at the above
contradicting explanations for the origin of the high dielectric
constant, correlated investigations of the extrinsic as well as the
intrinsic contributions of chemical distortion is crucial for a deeper
understanding and optimization of the dielectric parameters.

In the present work, the origin of the high dielectric constant, in
cubic ABOs type defect perovskites is analyzed through a correlated
study of the crystal structure, the microstructure, the dielectric
relaxation, and the electrical conductivity. The system we chose
is Ba(Feq,Nby2)03 (BFN) compound with substitution of Co at Fe
site by 50% and 100%. The selection of Co is essentially made for
three different reasons: (1) Fe and Co both having nearly identical
ionic radii and thus leads to nearly same tolerance factor, enables
us to presume that no significant structural distortion occurs; (2) Fe
and Co both having same 3+ valence with one additional electron
in the outermost orbital of Co., i.e., Fe3* (3d°) and Co3* (3d®); (3)
Co3*(3d5)is having six electrons in the outer orbital, which shows a
weak John-Teller Effect [21]. Attempts are made to explain the role
of oxygen vacancy as well as the cobalt doping induced dielectric
relaxation. Further, we have explained the nature of the ac con-
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ductivity using frequency exponent ‘s’ as a function of frequency
through the Jump Relaxation Model (JRM). The role of the conduc-
tion mechanism of charge carriers is also analyzed to explain the
origin of high dielectric constant.

2. Experimental

Samples of BaFe;Nb;;0s (BFN), BaFe;4Co4Nb;;;03 (BFCN), and
BaCo;,Nb; 2,03 (BCN) were prepared by the conventional solid-state reaction
technique. High purity oxides (>99.99%) of BaCO3, Nb,0s, Fe,03, and Co304 were
mixed in stoichiometric quantity. Wet mixing was carried out with acetone as
the medium for homogeneous mixing. Grinding was performed using pestle and
mortar for about 2 h. Well-mixed powders were calcined at 1400-1500K for 6 h.
The as-calcined powders were compacted into circular disks of 12 mm diameter
and 0.5-1.5 mm thickness with an applied pressure of 10tons. Such pellets were
sintered in air at 1400-1500K for 10 h. X-ray diffraction (XRD) was performed
using SHIMADZU-XRD-6000. The Cu Ka radiation with 8 — 26 geometry was used
to collect the XRD data. The scanning was performed from 26=10-110° with a
step of 0.02° and a scanning rate of 1.0°/min. The microstructure photographs of
the samples were collected using a scanning electron microscope (SEM). The SEM
photographs were collected for three different regions for each sample to ensure
the correctness of the results. For electrical characterization, pellets were first
polished and then electrodes were made using silver paste. Impedance data were
collected at different temperatures, with an interval of 5K, using a Solatron-1260
Impedance Analyzer in the frequency range of 10°-107 Hz. The temperature was
increased from 298 K to 483 K, at a constant heating rate of 0.5 K/min. The collected
impedance data were converted into permittivity and conductivity data using
appropriate sample dimensions.

3. Results and discussions
3.1. Structural analysis

Powder-XRD patterns of BFN, BFCN, and BCN compounds, along
with their Rietveld refinement profiles, are shown in Fig. 1. All
samples show a single cubic phase formation with space group
Pm3m. The refined cell parameters for BFN, BFCN, and BCN are
a=4.0573A, a=4.0714A, and a=4.0843 A, respectively. The lat-
tice parameters obtained through the Rietveld refinement indicate
systematic lattice expansion on gradual replacement of Fe3* by
Co3*. The observed expansion in unit cell is due to the removal
of degeneracy in unevenly filled tg levels of 02p-Co3d® in com-
parison with the degenerate 02p-Fe3d® levels leading to a weak
John-Teller Effect [21]. The delocalization of the orbital leads to a
softening of the overlap, which in turn leads to the expansion of unit
cell. Further, contrary to other modified ABO3 systems [3,4,6,7], no
significant in-plane or out-of-plane tilting of the oxygen octahe-
dron is observed in the present system. The goodness parameter of
Rietveld refinement (S~ 1.26), as well as, the calculated percent-
age densification (more than 84%), indicate that the samples are of
good quality.

The microstructure photographs taken using SEM are shown in
Fig. 2. A uniform grain formation is observed for each sample. The
observed average grain size of BFN, BFCN, and BCN are ~10 pm,
~5wumand ~ 1 wm, respectively. Though synthesis cycle for each
of these compositions were optimized for highest densification, the
gradual reduction in grain size with Co substitution can not directly
inferred to any single reason. A grain size of the order of ~0.5 um
for BCN compound prepared through solid state reaction technique
was reported by Lu et al. [22].

3.2. Dielectric relaxation analysis

The frequency response of the real permittivity data (dielectric
constant), &'(f), at various temperatures, is shown in Fig. 3. The val-
ues of the real permittivity are very high (~10%) for each of these
samples. This is in contradiction to the general observation that
the dielectric constants for cubic structures must be very small.
Under this condition, the observed high dielectric constant points
to a significant contribution of the extrinsic factors only. In this
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Fig. 1. The observed (+ sign), calculated (continuous line), and difference (bottom
line) profiles obtained after the Rietveld refinement of: (a) BFN, (b) BFCN, and (c)
BCN. The vertical bars denote the position of the Bragg reflection. The corresponding
sets of (h k1) planes are shown.

regard, according to the Maxwell-Wagner theory of extrinsic fac-
tors, the dielectric constant is directly proportional to the grain size
of the samples. In contrast to the above theory, we observed that
the BCN sample having the smallest grain size (Fig. 2(c)), shows
highest dielectric constant (~10,000 at 298 K, 1 kHz). On the other
hand, BFN having the largest grain size (Fig. 2(a)), shows lowest
dielectric constant (~2000 at 298K, 1kHz) among them. A com-
parison of the real permittivity data in the above samples shows
that the overall dielectric constant values increases with increase
in the concentration of Co. The reason for the high dielectric con-
stant therefore is not just the grain-boundary and the grain-size
dependent extrinsic factors, but a significant contribution of the
intrinsic factors related to chemical substitution induced localized
electronic structure modifications also play a crucial role.
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Fig. 2. The microstructure images of: (a) BEN, (b) BFCN, and (c) BCN obtained using
scanning electron microscopy (SEM). The magnification is kept same at x6000 times
for all images.

It is revealed from Fig. 4 that the imaginary parts have no clear
Debye peak and show monotonic variation with frequency. This
nature of the relaxation peak indicates that in the low frequency
region (<104 Hz), dipolar relaxation is masked by free charge relax-
ation [23]. It is to be noted here that the introduction of these
free surface charges is an inevitable product of the high temper-
ature sintering process [24,25]. In addition to the above, in ordered
systems like the BCN, interaction between dipoles and induced
charges at the local level, on replacement of Fe3* (3d3) by Co3* (3d®),
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Fig. 3. The frequency response of the real part of the permittivity measured in the
temperature range of 303-483 K for (a) BFN, (b) BFCN, and (c) BCN. In (c) for BCN,
the constant value region is shown by the rectangular box.

may also affect the dielectric relaxation. The imaginary part of the
permittivity (Fig. 4) is very high for each of these samples lead-
ing to higher values of electrical conductivity [26]. Furthermore,
it is observed that ¢'(f) becomes nearly constant over a wide fre-
quency and temperature range when Fe is completely replaced by
Co (Fig. 3(c)).
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Fig. 4. The frequency response of the imaginary part of the permittivity measured
in the temperature range of 303-483 K for: (a) BFN, (b) BFCN, and (c) BCN.

In the subsequent sections, we will investigate step by
step the role of the intrinsic and/or extrinsic factors for the
observed high dielectric constant. The complex permittivity
analysis, the electrical modulus analysis, and the electrical
conductivity analysis are applied as a tool for such an investiga-
tion.

3.3. Complex permittivity representation

It is observed that the complex permittivity data of our samples
obey the Cole-Cole equation:
. Aeg .
8*=£’+18”=£m+.71710dc .
1+ (iwr) ™"  Eow

(1)

Here, 7 is the mean relaxation time instead of the single relax-
ation time of pure Debye process while the Cole-Cole parameter
« indicates the width of the relaxation time distribution and pro-
vides a measure of the poly-dispersive nature. The last term at the
right-hand-side is due to the high conducting behaviour contribut-
ing only to the imaginary part [27], which is due to the displacement
of charge carriers, rather than the effect of the polarization mech-
anism.

The fitting of the Cole-Cole equation was performed to study the
dispersive and the conducting nature of the samples. It is seen from
Fig. 5 that the observed non-zero values of the Cole-Cole parameter
« indicate non-Debye type poly-dispersive nature of these sam-
ples. Similar deviation from Debye type relaxation in BFN was also
recently observed through the Cole-Cole parameter analysis at high
temperatures by Shanming et al. [13]. Further, constant values of «
parameter (Fig. 5) for BFN and BFCN indicates that the distribution
of the relaxation time is independent of temperature. In contrast
to BFN and BFCN samples, a drastic increase in the « parameter for
BCN above 370K points at the enhanced interaction of the relaxing
dipoles with the doped charge on replacement of Fe3* (3d®) by Co3*
(3d%). The probable reason for the absence of such an interaction in
the intermediate sample, BFCN, could be due to the enhancement
in Co-Co distance in ~-Fe—-Nb-Co-Nb-Fe- like chains in comparison
to -Co-Nb-Co-Nb-Co- chains.

The temperature-dependent analysis of the relaxation time, 7, is
avery useful tool to study such an interaction. It is seen that at ]},
the product wt becomes unity; hence the value of the relaxation
time, 7, can be calculated using w at £};,,,. But from the complex per-
mittivity plot it is difficult to identify &}, values at &' =(es+&x)/2.
The alternate and more accurate way to determine &}, value is to
consider the relation [28]:

— 1-—
y 85— oo 0 (( a)ﬂ)

Emax = 2 4 (2)

Using this relation, we have determined the mean relaxation
time t. In order to analyze explicitly the relaxation process, we
have plotted the variation of the mean relaxation time t against
inverse temperature 1/T (Fig. 6(a)). The mean relaxation time is
found to decrease with an increase in the Co concentration, sug-
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Fig. 5. The temperature-dependence of the Cole-Cole parameter, which indicates
the width of the relaxation time distribution.
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Fig. 6. (a) The Arrhenius plot fitting of the relaxation time and (b) the variation of
the activation energy with temperature (using the Cole-Cole representation).

gesting an increase in the flexibility of charge carriers. The values
of 7 obtained from the linear fits (Fig. 6(a)) are found to be in the
range of 0.04-0.7 ns, which indicates the presence of non-dipole
type relaxation in these distorted perovskite samples. In addition,
non-linear curves of Fig. 6(a) show the deviation of the relaxation
time from the Arrhenius law. The deviation from the Arrhenius law
clearly suggests the temperature-dependent nature of the activa-
tion energy. The temperature-dependent value of the activation
energy E4 can be calculated using [29]:

d(InT)

«=*am) 3)

Here, k is the Boltzmann constant. The variation of the acti-
vation energy as a function of temperature is shown in Fig. 6(b).
The activation energies (E;) predominantly lie between 0.1 eV and
0.35eV, which is very close to the activation energy of the singly
ionized oxygen vacancies (0.1 eV) [24]. This clearly suggests that
the observed dielectric relaxation is due to the interaction of free
surface charges with singly ionized oxygen vacancies. The observed
less activation energy for BCN in comparison with BFN (Fig. 6(b))
could be due to the doped electrons of Co3* (3d6): relaxation
through free doped charges in BCN requires less activation energy
in comparison with the relaxation through induced space charge
due to oxygen vacancies in BFN. In contrast to this, the observed
unusually higher activation energy values in BFCN therefore may
be due to co-existence of micro domains of BFN and BCN within
the grains. As suggested before, this might result in distortion of
long-range order of -Fe—-Nb-Fe- or —Co-Nb-Co- chains.

In order to confirm the relaxation parameters, we have carried
out a similar analysis using €”(f) curves shown in Fig. 4. The nature
of relaxation time obtained using &”(f) curves is found to be consis-
tent with Cole-Cole analysis. The values of the activation energy,
Eq, and the mean relaxation time, 7, hence indicate that the intrin-
sic contribution of chemical substitution as well as interaction of

free space charges with dipoles collectively leads to giant dielectric
constants (>10%) in 1:1 type relaxors.

3.4. Electrical modulus representation

The space charge-dipole interaction can be probed effectively
through the electrical modulus formalism as it overcomes contri-
bution of high electrical conductivity appropriately [23,27,30]. The
complex electric modulus M*(w) is defined as the inverse of the
complex permittivity £*(w):

M* = 1_ M +iM” (4)

e
Here, real part of the electric modulus

8/
M=—" >
8/2 -‘,—8”2 ( )

and the imaginary part of electric modulus
_g"

" _
M = 8/2 +8”2

(6)

Figs. 7 and 8 show the frequency responses of the real and the
imaginary parts of the electric modulus with the variation of tem-
perature. In Fig. 8, two distinct relaxations are observed for each
sample. The nature of the first low frequency relaxation (<10° Hz)
peak is non-Debye type indicating domination of free charge car-
riers. On the other hand, the second relaxation peak (>10° Hz) is
due to the presence of the Debye type dipole relaxation. Here, as a
matter of convenience, we have analyzed only the low frequency
relaxation, as it helps in understanding the origin of the high dielec-
tric constant.

The mean relaxation time is calculated by equating wt to unity
at the peak value of M”(f). The non-linear nature of curves in
Fig. 9 indicates that the Arrhenius law of relaxation is not obeyed
by the relaxation time. Therefore, the activation energy of relax-
ation, Eg, is calculated using the derivative Eq. (3). The variation
of the activation energy as a function of the inverse temperature
is shown in Fig. 9(b). The activation energy for BFN is found to be
nearly constant (Eq ~0.4eV) in agreement with the complex per-
mittivity representation, whereas in BCN, the E, values increases
gradually from 0.2eV to 1.4eV for the same temperature range.
A systematic enhancement of the activation energy for temper-
atures greater than 450K, suggests the development of doubly
ionized oxygen vacancies. The observed E; values in the range of
0.1-0.3 eV and then its gradual movement towards >0.6eV indi-
cate the increased interaction of space charge with singly/doubly
ionized oxygen vacancies in Co rich samples. Such an interaction of
space charge with the oxygen vacancies was masked by conduction
of doped charges in the complex permittivity representation.

3.5. Electrical conductivity analysis

The analysis of charge-induced dielectric relaxation as a func-
tion of Co doping at Fe site requires a detailed investigation of the
conduction mechanism. The real part of the conductivity data, o’,
as a function of frequency and temperature is shown in Fig. 10.
It exhibits three different conductivity regions in these samples:
(1) low-frequency plateau, (2) mid-frequency dispersion and (3)
high-frequency plateau. The low-frequency plateau is related to
the dc conductivity originating from the free charge carriers. It is
emphasized thatinstead of the low-frequency plateau here we have
observed low-frequency dispersion (LFD) for BFN sample, indicat-
ing an apparent ac conductivity contribution even in low-frequency
region. This may be due to the absence of free charges required for
dc conduction in BFN. The overall observed values of the dc con-
ductivity are very high (~10=> Q-1 cm~! or more). Comparison of
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the absolute values of the dc conductivity data shows an increase
in the conductivity as Fe is replaced by Co. This clearly suggests
that, for the Fe rich samples low-frequency conduction is predom-
inantly due to oxygen vacancy induced electrons, while for the Co
rich samples additional contribution comes from the movement
of the doped electrons originating from the substitution of Fe3*
(3d%) by Co3* (3d®). Doped electron produces conductivity due to
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Fig. 8. The frequency response of the imaginary part of the electric modulus mea-
sured in the temperature range of 303-483 K for: (a) BFN, (b) BFCN, and (c) BCN.

the back and forth movement between Co and O. Therefore, the
rapid increase in the conductivity values of Co rich samples is pre-
dominantly originating from the electron doping (intrinsic factor)
rather than contributions from the oxygen vacancy (extrinsic fac-
tor)related conduction. This is further supported by the fact that the
likely concentrations of oxygen vacancy will always be less than the
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concentration of Co3* (3d®) in the micro domain. It is to be noted
here that attempts have been made by others to reduce oxygen
vacancy induced conductivity losses through columbite method
and microwave synthesis [13,31].

The observed strong dispersion at mid-frequency and the
plateau at the high frequency are related to the ac conductivity.
In order to comprehensively understand the behaviour of the con-
duction process, data were analyzed using the modified power law
[32] of the ac conduction, Eq. (7):

o' = oW + Oac, @S+ Oac, w2 = Odc + Oac, %+ Ouac, @ (7)

The first term on the right-hand-side of Eq. (7) indicates
the dc conductivity (s=sg=0) as observed in the low-frequency
region. The second and third terms represent the mid-frequency
‘strong’ dispersion (s=s7) and the high-frequency ‘weak’ disper-
sion (plateau s=s; ~0), respectively. The values of the s parameter
are obtained using the derivative equation:

_dlno’
T dhnw

(8)

Fig. 11 shows the frequency dependence of the s parameter at
room temperature. As pointed out earlier, a not so distinct relax-
ation peakin ¢” vs. fcurve (Fig. 4) as well as in M” vs. f curve (Fig. 8),
is now clearly resolved in the form of a peak in s vs. Inw curve
(Fig. 11). Here the non-zero values of the sy parameter for BFN
sample at low frequencies are due to the low-frequency disper-
sion (LFD). In the mid-frequency region, the s parameter increases
rapidly and after showing a peak, it becomes nearly linear at higher
frequencies. The values of the s; parameter at peaks are found to
be greater than unity while the values of the s, parameter are close
to zero. It is noted that generally the values of the frequency expo-
nent s lie 0 <s <1 and the peak appears in GHz region for various
ceramic oxides [33-35], but we have observed it in the MHz region.
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Fig. 10. The frequency response of the real part of the complex conductivity for (a)
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The observed nature of s in various frequency regions can be
explained using the JRM of Funke [36,37], who successfully used it
to explain the hopping of ions. In the present case, we have used
the same model to explain the hopping of the induced dipoles for
the entire s vs. Inw region. It is inferred from the JRM that the



D.D. Shah et al. / Journal of Alloys and Compounds 509 (2011) 1800-1808 1807

20r —=—BCN
—e —BFCN
—4—BFN

Frequency exponent s

4 6 8 10 12 14 16

In (@)

Fig. 11. The room temperature values of the frequency exponent s as a function of
the frequency, obtained using the derivative curves.

constant values of sg, related to the low-frequency region, results
from the long-range translational motion of the conduction carriers
(i.e., induced electrons). Here any attempt (by the dipoles) to con-
duct through the hopping mechanism becomes unsuccessful. As
the input ac frequency increases, the rate of successful hopping,
indicated by the frequency exponent s, increases. The conduc-
tivity in this region corresponds to the short-range translational
hopping related to forward-backward jump. The peak position
represents a condition where the number of successful and unsuc-
cessful attempts becomes nearly equal. Beyond this region, the
number of carriers (dipoles/oxygen vacancies) available for hop-
ping gradually reaches saturation. This results in a reduction of the
frequency exponent ‘s’. The high-frequency plateau, indicated as
s,, corresponds to a saturation region of charge carriers undergo-
ing relaxational hopping. The shifting of the peak position towards
high frequencies in the curves between s vs. In w is due to the grad-
ual increase of the hopping-length with the gradual increase in cell
dimensions resulting from the gradual replacement of Fe by Co.
In this way, through the Jump Relaxation Model we have success-
fully filtered the contribution of the free doped charges, induced
space charges, and the oxygen vacancy induced dipoles in the entire
measured frequency range.

The temperature dependence of the s parameter for the criti-
cal mid-frequency region is shown in Fig. 12. It shows a nonlinear
nature of the frequency exponent with temperature. According to
the correlated barrier hopping (CBH) model [38,39], the parameter
s has the form:

6kT
" [Wy — kT In(1/wto)]’

Here, W), is the energy required to cross the barrier height. The
model predicts downward nature of s parameter for small values
of Wy /kT. On the other hand, the increasing nature of s at high
temperatures can be explained using the small polaron tunneling
(SPT) [38,39] model given by:

4
" In(1/wtg) — Wy /KT’

Here, Wy is the activation energy required for polaron transfer.
Small polarons are generally assumed to be so localized that their
distortion clouds do not overlap. Therefore, the ac conductivity only
in the high temperature limit is expected to be due to tunneling of
randomly distributed carriers trapped at structural defects [38].

s=1

(9)

s=1 (10)
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Fig. 12. The peak values of the frequency exponent s vs. the absolute temperature
T.

Nearly identical downward variation of the frequency expo-
nent s for BFN and BCN samples indicates that the conduction
process is predominantly due to the correlated barrier hop-
ping (CBH) of electrons. In the intermediate sample BFCN, up to
370K, CBH mechanism is dominating, but above this tempera-
ture (370-450K), due to disruption of long-range lattice order, as
pointed out earlier, the contribution of localized electron induced
small polaron tunneling appears to be involved in the conduction
process.

4. Conclusion

Here we have shown that the origin of the high dielectric con-
stant in the cubic 1:1 type Ba[(Fe;_xCox);;2Nby;]03 compound is
predominantly due to the interaction of the induced dipoles with
the space charges. The suitable iso-valent substitution-induced
softening of dipolar oscillations as well as electron doping due to
substitution of Fe by Co enhances the above interaction. This, in
turn, significantly upgrades the values of the dielectric constant to
giantlevels (>10% times) with a wide operational range of frequency
and temperature.

The crucial conduction mechanism study in
Ba[(Fe;_xCox)/2Nby/2]03 samples shows that the dc conduc-
tivity contribution originates in different proportions from the
oxygen vacancy induced free charges as well as from the intro-
duction of doped electrons owing to the substitution of Fe3*
(3d®) by Co3* (3dS). Present analysis of the frequency exponent
s based on the Jump Relaxation Model completely bifurcates the
conductivity response originating from (1) the free doped charges,
(2) the induced space charges, and (3) the oxygen vacancy induced
dipoles in the entire measured frequency range. The nonlinear
nature of the ac conductivity mainly obeys the hopping mechanism
but in intermediate composition (BFCN), the conduction process
also involves a significant polaron tunneling. The temperature,
as well as distortions along intra grain length of -Nb-Fe/Co-Nb-
chains, decides the percentage contribution of polaron tunneling
and/or correlated barrier hopping to the conductivity.
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