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Abstract 
A double-perovskite material Bi2FeMn0.94Ce0.06O6 (BFMCO) was synthesized by solid state reaction 

technique and characterized it by various techniques (structural, microstructural, dielectric, impedance 
and modulus properties). The material has an orthorhombic crystal structure with an average crystallite 
size of 52.4 nm, as revealed by X-ray diffraction data (XRD). The scanning electron microscope (SEM) 
image shows the presence of nano rod-shaped grains and well-defined grain boundaries in this material, 
with an average grain size of 21.8 µm. The Energy dispersive X-ray (EDX) analysis and color mapping 
confirm the purity and the composition of the material. The dielectric, impedance and modulus properties 
are investigated in the temperature range of 25℃ to 500℃ and frequency range of 1 kHz to 1 MHz. 
The material exhibits a high dielectric constant at low frequency region and a low dielectric loss, which 
make it a suitable candidate for better energy storage devices. The impedance study reveals the negative 
temperature coefficient of resistance (NTCR) behavior of the material. The modulus study indicates 
the non-Debye relaxation of the material. The semi-conducting nature of the material is verified by 
the semi-circular arcs observed in both Nyquist and Cole-Cole plots. Thermally activated conduction 
mechanism is confirmed from ac conductivity study. 

1. Introduction 
 

Multiferroic materials have been the main subject of extensive 
research over the past few decades. They have grown to be a significant 
components of the industries owing to their amazing prospective 
in multifunctional applications including magneto-electric sensor 
like devices, transducers, filters, and electromechanical devices like 
spintronics. Perovskites are special type of materials with ABO3 
like structure which exhibit remarkable properties and hence paying 
attention to the researchers in the last few years [1-4]. The multiferroics 
are mostly shown by perovskite materials and the wide range of 
electrical characteristics offered by perovskite materials includes 
metallic, ferroelectric-antiferroelectric and semiconducting nature. 
Ferroelectric materials may be one of the categories of pyro electric, 
piezoelectric, and ferro elastic and extend the application ranges in 
various dimensions of science and technological fields like electrical 
devices, capacitors, etc. and extremely useful for the manufacturing 
of sensors, infrared detectors, optical switches, filters, actuators etc. 
[5-7]. In last few years, Double perovskites have also made too much 
interest to the researchers owing to their high curie temperature and 
half metallicity and for which they can function as a ferrimagnetic 
insulators. The magnetic characteristics of double perovskites can be 
governed by exchange mechanism of B and B′ site via an oxygen atom. 
For multiferroicity [8,9], energy applications [10], solar cells [11,12], 

and other uses, double perovskites such as Sr2FeMoO6 and Bi2FeMoO6 
(and other blending of acceptable substitutions for cations and anions) 
are utilized. In this regard, we investigated double perovskites for 
usage as the electrodes in magnetic tunnel junctions (MTJs), such as 
Bi2FeMoO6, La2MnNiO6, and Bi2MnMoO6 [13,14]. We keep finding 
new materials of multiferroicity at room temperature, materials having 
high spin polarization and high Curie temperatures for spintronics 
devices. Thus, Bi2FeMnO6 is more appropriate double perovskite 
which has been the subject of research [15-18], and among these papers, 
majority reported papers are based on thin films, which are crystalize 
in R3c symmetrical structure. The magnetic behavior of the material, 
Bi2FeMnO6 can be described by the help of spin frustration model 
[19]. Furthermore, Double perovskites may be a better alternative 
compared to single perovskites because of their bigger capacity to 
accommodate the extra atoms, complex structure with enhanced 
physical properties, improved chemical stability, and better potential 
applications [20]. Increased oxygen vacancies in double perovskites 
may affect the conductivity, which is good for electrochemical 
performance [21]. The dopants and synthesis processes affect the 
unusual physical properties of the double perovskites.The improved 
dielectric properties and transport mechanism in the double perovskite 
may be suitable for multilayer capacitors, memory, and microelectronic 
devices [22-24]. In this connection, we have gone through the journal 
article of cerium doped NiFe2O4 ferrite which fabricated by solid state 
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reaction technique and this material was reported by Shirsath et al. 
(2011). They explained that the pore mobility in NiFe2O4 ferrite was 
enhanced by doping of  Ce4+ ion and for which excess cation vacancies 
was generated that affect bulk density and overall grain growth, for 
which material becomes important in connection to the application 
[25]. There are some lead-free ceramic compounds having various 
applications in sensor related devices [26-29]. 

Although there are many research articles related to the Bi2FeMnO6 
samples, the study on low-concentration cerium doped Bi2FeMnO6 
material is scared in the literature. Therefore, it was decided by the 
authors to explore some novel physical properties of the cerium-
modified Bi2FeMnO6 at low concentrations. In this regard, we describe 
the synthesis and characterisation of a novel double perovskite material, 
Bi2FeMn0.94Ce0.06O6. Additionally, it was stated in this paper that 
cerium ion doping into Bi2FeMnO6 on Mn site is a reliable way to 
stabilise the growth of orthorhombic crystal structure and also modify 
its physical properties. Moreover, we report the surface morphology, 
dielectric, impedance and modulus properties of the proposed compound 
Bi2FeMn0.94Ce0.06O6 which will be described in more detail in the 
next section along with searching some suitable device applications. 
 
2.   Experimental method 
 

Bi2O3, MnO2, CeO2 and FeCO3 of Loba Chemical Pvt. Ltd. 
with more than 99% purity were taken in an agate mortar and pestle 
mixed well to get fine powder. About 50 mL methanol were added 
to this powdered sample and grinded for 2 h to get homogeneous 
mixture and then transferred to an alumina crucible. The crucible 
was put in a temperature programmed furnace at 1100℃ for 10 h 
used for calcination at the rate of 2℃∙min‒1. By using XRD (RIGAKU 
Japan ULTIMA IV) pattern, the phase formation of the calcined 
sample was verified. Polyvinyl alcohol (PVA) binder was mixed 
with some quantities of calcined powdered sample and got two 
circular pellets having diameter 10 mm and thickness 1 mm by using 
KBr hydraulic press with axial pressure of 4 × 106 N∙m‒2. Then the 
pellets were sintered at 1150℃ and got moisture free, more condensed 
and homogeneous distribution of particles in the studied material. 
The chemical equation for the proposed material can be written as;  

 
Bi2O3 + FeCO3 + 0.94MnO2 + 0.06CeO2 → Bi2FeMn0.94Ce0.06O6  +  CO2 ↑ 
 
3.  Results and discussion 
 
3.1 Formation of sample 
 

Tolerance factor is a significant factor to confirm the stability 
of a perovskite (ABO3) material and it is known from the Equation, 
t =  rA+ro √2(rB+r0)⁄  at where rA  =  ionic radius of atom A, rB  =  
ionic radius of  atom B, and r0 = ionic radius of  oxygen atom [30]. 
However, the modified relation for our synthesized double perovskite 
can be written as;, t = RA'+A"

2
+RO √2(RB'+B"

2

+RO)�  where RA ,́ RA ,̋ RB ,́ RB ,̋ 

and RO are the ionic radii of Bi, Fe, Mn, Ce, and O respectively [31-33]. 
The tolerance factor of the studied material was calculated as 0.84 

that approves a stable  double perovskite formation in an orthorhombic 
crystal structure. 

 
3.2  XRD study 

 
XRD method helps to recognize unidentified structure, unit cell, 

space group, density and volume of a material. Figure 1 indicates 
the XRD pattern of calcined and powdered BFMCO ceramic material.  

A single-phase orthorhombic structure appears to have formed, 
according to the preliminary structural study. The POWDMULT 
software is employed to determine the crystal structure and lattice 
parameters [34] of this material. Orthorhombic crystal structure is 
predicted by structural analysis when the computed and experimental 
(observed) inter-planner distances agree as much as possible with 
the least amount of standard deviation. Using the orthorhombic 
crystal structure, POWDMULTs software indexes all the prominent 
XRD peaks. The evaluated cell parameters of the studied material 
are a = 12.6316Å, b = 8.8927 Å, c = 7.2586 Å having α = β = γ = 90○ 
and V = 815.64 Å3. The crystalline nature of the prepared sample is 
shown by the peak's clarity and sharpness [35]. The orthorhombic 
crystal symmetry of this material is used for investigating structural 
properties. By using Scherer's formula; D = kλ βcosθ⁄ , the average 
crystallite size of the BFMCO ceramic was calculated and where 
𝛽𝛽 = full-width half maximum in radian, k = anisotropic constant 
(~ 0.89), D = average crystallite size, λ = wave length (1.54 Å) and  
𝜃𝜃 = peak position [36]. The value of average crystallite size of this 
material is 52.4 nm which was calculated by using one of the higher 
intense diffraction peak at 32.58○ as a reference.  
 
3.3  SEM and EDX study 

 
The distribution and growth of grain which affect the conduction 

mechanism of the sample can be explained from Scanning electron 
microscope (SEM) analysis. Figure 2(a) represents the surface micro- 
structure (SEM micrograph), (b) EDX spectrum, (c) color mapping 
and (d) Gaussian fitted grain size of the Bi2FeMn0.94Ce0.06O6 ceramic at 
room temperature.  

 

 

Figure 1. XRD pattern analysis of BFMCO material 
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Figure 2.  (a) SEM micrograph, (b) EDX spectrum, (c) color mapping, and (d) Gaussian fitted grain size of the BFMCO ceramic. 

The SEM micrograph examination reveals elongated Nano rod-
type grains that are uniformly dispersed across the surface of the 
prepared material with well-defined grain boundaries. The presence 
of insignificant voids is indicated by the compactness of the grains 
through distinct grain borders. The existence of all the constituent 
elements (Bi, Fe, Mn, Ce, and O) in the analyzed material is confirmed 
from energy dispersive X-ray (EDX) analysis which contains all the 
components inside the material both in exact weight and atomic 
percentage. The color mapping of the studied sample shows the 
presence of all constituent elements and distribution of the elements 
over the sample surface is uniform. The average grain size of this 
material is 21.8 µm which is calculated using Image J software. 
 
3.4  Dielectric study 

 
Relative dielectric permittivity can be used to determine a material's 

ability to store electrical energy from an applied electric field which 
is calculated by dividing the field strength in a material medium by the 
field strength in a vacuum media. When an electric field is given to a 
material, the charges within it causing the atoms and molecules to vibrate 
and for which the charged ions are forced from their equilibrium 
site to increase polarization. The change of dielectric constant and 
tangent loss with frequency are known from real and imaginary parts 
of dielectric permittivity and the related Debye formula is given as 
ε´= ε∾ + (εs − ε∞) 1 + ω2τ2⁄ , ε´´= ε∾ + (ε𝑠𝑠 − ε∞)ωτ 1 + ω2τ2⁄ , and 
tanδ = ε ´´(εs − ε∞)ωτ ε´εs + ε∞ω2τ2⁄ , where εs is denoted as static 
dielectric constant and ε∾ is denoted as dielectric constant at very high 

frequency, ω is the angular frequency and τ is the relaxation time. 
The dielectric properties of the perovskite materials can be studied 
from the change of dielectric constant and tangent loss with both 
frequency and temperature. The dielectric constant can be found out 
by using the formula; εr = Cp/C0, and C0 = ε0A/t, where ε0 = the relative 
permittivity of the medium = 8.85 × 10-12 F∙m‒1, t = thickness of the 
pellet and A = area of cross-section of the pellet. It is well known 
that dielectric properties depend upon the polarization process in 
the materials after the application of an external ac electric field. 

Figure 3(a) depicts the change of frequency versus dielectric 
constant at various temperatures ranging from 25℃ to 500℃ and 
from this figure it is observed that dielectric dispersion is high at 
low frequency zone due to accumulation of space charge carriers at 
the interface of grain boundaries and then reduces as frequency 
increase. It was explained by Maxwell-Wagner polarization theory 
[37]. According to this theory, there are four types of polarizations 
namely electronic, dipolar, ionic, and space charge polarization are 
existed in the sample, but the influence of the space charge polarizations 
are more dominance at low frequency zone. Again, on account of 
decrease in space charge polarization, dielectric constant values 
decrease when frequency increases [38]. Furthermore, the steep slope 
appearance which is quite steep at a low-frequency region on account 
of grain boundary effect, and shallow slope appearance at high-frequency 
zone due to grain effect are shown in Figure 3 (a) [39]. Interestingly, 
Koop's two-layer model theory can also describe the high dielectric 
dispersion nature of of this material. 
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The change of frequency against tangent loss at various temperatures 
ranging from 25℃ to 500℃ is depicted in Figure 3(b). From this graph 
it is observed that there is wide dispersion of dielectric loss (tan δ) 
at low frequency zone which is due to misalignment of electric dipoles. 
Such type of dispersion nature of both dielectric constant and dielectric 
loss at low frequency zone can be explained by the Maxwell-Wagner 
polarization effect. On the basis of such theory, the dielectric medium 
support strongly by conducting grains sensitive near high frequency 
and resistive grain boundaries sensitive near low frequency. At low 
frequencies, mobile ions between Fe2+/Fe3+ hop at their respective 
octahedral locations, but at high frequencies, this hopping process 
is suppressed owing to the quick changing of the supplied external ac 
field [40]. Thus, Electrons are able to move through conducting grains 
and weak conducting grain borders on account of this hopping process.  

The information regarding the dielectric properties of the studied 
BFMCO ceramic at specific frequency range (1 kHz to 1 MHz) are 
given in Figure 3(c-d) which also represent the change in temperature 
against dielectric constant and dielectric loss (tan δ). It is observed from 
these two figures that both dielectric constant and tangent loss have 
low value at low temperature region which is due to inert character of 
ions, passiveness of mobile electrons and polarons. Moreover, at low 
temperatures, charge carriers are less thermally activated and less 

mobile, leading to a lower dielectric response. However, the dielectric 
constant increases at high temperatures owing to the presence of 
space charge polarization, electronic dispersal between Fe2+ and Fe3+ 
ions, thermally active mobile charge carriers and activation of electron 
hopping. The value of dielectric loss also increases at high temperature 
region and it is due to increase in vibrations of ferrite ions at the 
octahedral site and also presence of defects. These factors contribute 
to enhanced polarization and charge movement in the material, 
resulting in a higher dielectric response [41]. In good dielectric 
materials, the dielectric loss decreases at higher frequencies, indicating 
that charge carriers can follow the alternating electric field more 
effectively, resulting in lower energy losses [42]. 

Overall, the dielectric studies in Figure 3(a-d) reveal important 
characteristics of the studied sample. The rise in dielectric properties 
with increase in temperature is attributed to the presence of space 
charge polarization and thermally active charge carriers. The low 
dielectric loss and its frequency behavior indicate that the material 
has good dielectric properties and hence will make it a good material 
for several applications where efficient energy storage and low energy 
dissipation are essential. These findings contribute to this material 
for understanding the electrical behavior and its possible applications 
in electronic and capacitor devices. 

 

     

             
Figure 3. (a) Frequency vs. Dielectric constant, (b) Frequency vs. tanδ, (c) Temperature vs. Dielectric constant, and (d) Temperature vs. tan δ of the BFMCO ceramic.

(℃) (℃) 



 Microstructural and dielectric characteristics of the Ce-doped Bi2FeMnO6  

J. Met. Mater. Miner. 34(1). 2024   

5 

3.5  Impedance study 
 

The relationship between the electrical and microstructural properties 
of a material is revealed through impedance analysis. This technique 
explains the electrical properties of the material with regard to quality 
of the material or ceramic formation, bulk (grain), grain boundaries, 
transport qualities and charge storage capacity. The frequency against 
real and imaginary impedance (Z  ́and Zʺ) at various chosen temperatures 
(25℃ to 500℃) is shown in Figure 4(a-b). The interpretation of these 
impedance components provides valuable understandings to the 
electrical behaviour and properties of the material under investigation. 
It is observed from the Figure 4(a) that the value of Zʹ decreases at 
the low-frequency region when temperatures increase. This behaviour 
is the characteristics of negative temperature coefficient resistance 
(NTCR) [43]. It is a well-known fact that the resistance decreases 
with the increase in temperature in NTCR materials, which usually 
observed in certain semiconductors [44]. This behaviour is significant 
for applications where temperature sensing or temperature compensation 
is required. At high frequencies (above 10 kHz), the Z  ́values completely 
merge irrespective of temperatures supporting the semiconducting 
nature, and also the release of interfacial charges contribute to this 

behaviour [45-46]. The imaginary component of impedance (Zʺ) 
adopts same fashion to Zʹ, as described in Figure 4(b). The behaviour 
of Zʺ also supports the NTCR behaviour at low frequencies and the 
semi-conducting properties at high frequencies, as discussed for Zʹ. 
Figure 4(c) shows Nyquist's plots at specific selected temperatures 
(25℃ to 500℃) and from this figure semi-circular arcs are observed 
which is a supporting feature of the semiconducting nature of the 
studied sample [47]. Figure 4(d) shows the fitted Nyquist plots at 
some selected temperatures. It is observed that all the data points 
are well fitted with ZSIMPWIN software 2.0 version and found that 
resistance decreases with rise of temperature. So, it is also strongly 
support NTCR nature of the studied sample.  

Overall, the analysis of impedance components (Zʹ and Zʺ) 
provide important information about the electrical properties of the 
material at different temperatures and frequencies. The observed NTCR 
behaviour and the semiconducting properties have implications for 
potential applications of the material in temperature sensors, electronic 
devices, and other technologies that rely on electrical properties. 
These findings are very important for understanding the electrical 
properties of the studied double perovskite compound and its 
prospective applications in electronic devices and sensors. 

      

    
Figure 4. (a) Frequency vs. real impedance (Zʹ), (b) Frequency vs. imaginary impedance (Zʺ), (c) Nyquist plots and (d) fitted Nyquist plots at specific 
temperatures of the BFMCO ceramic 
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Table 1. Fitting parameters. 
 
Temp  
(℃) 

Cb 

(F∙cm‒2) 
Q 
(S-s5∙cm‒2) 

Rb 

(Ω-cm2) 
n Cgb 

(F∙cm‒2) 
Rgb 

(Ω-cm2) 
25 3.514E‒010 Expt.) 

3.514E‒010 (Fitting) 
7.149E‒009(Expt.) 

7.148E‒009 (Fitting) 
3.054E+005(Expt.) 

3.055E+005(Fitting) 
1.77 1.095E‒010(Expt.) 

1.095E‒10(Fitting) 
2.118E+007(Expt.) 

2.119E+008(Fitting) 
50 9.983E‒012(Expt.) 

9.972E‒012(Fitting) 
2.322E‒009(Expt.) 

2.322E‒009(Fitting) 
6.647E+004(Expt.) 

6.644E+004(Fitting) 
1.56 1.058E‒010(Expt.) 

1.058E‒010(Fitting) 
7.249E+007(Expt.) 

7.241E+007(Fitting) 
100 3.569E‒010(Expt.) 

3.567E‒010(Fitting) 
1.473E‒007(Expt.) 

1.473E‒009(Fitting) 
5.327E+004(Expt.) 

5.327E+004(Fitting) 
2.32 1.056E‒010(Expt.) 

1.056E‒010(Fitting) 
7.905E+007 (Expt.) 

7.903E+007(Fitting) 
150 2.574E‒019(Expt.) 

2.569E‒019(Fitting) 
1.407E‒009(Expt.) 

1.405E‒009(Fitting) 
1.069E+004(Expt.) 

1.069E+004(Fitting) 
90.90 1.067E‒010(Expt.) 

1.068E‒010(Fitting) 
6.291E+007(Expt.) 

6.272E+007(Fitting) 
200 5.891E‒010(Expt.) 

5.892E‒010 (Fitting) 
1.354E‒005(Expt.) 

1.353E‒005(Fitting) 
7.069E+007(Expt.) 

5.202E+007(Fitting) 
362.00 1.062E-010(Expt.) 

1.062E‒010(Fitting) 
5.078E+006(Expt.) 

5.086E+007(Fitting) 
250 4.828E‒010(Expt.) 

4.828E‒010 (Fitting) 
6.994E‒007(Expt.) 

6.994E‒006(Fitting) 
1.316E+013(Expt.) 

1.435E+013(Fitting) 
28.30 1.064E‒010 (Expt.) 

1.064E‒010(Fitting) 
3.908E+007(Expt.) 

3.908E+007(Fitting) 
300 9.952E‒011(Expt.) 

9.952E‒011 (Fitting) 
7.176E‒012(Expt.) 

7.174E‒011(Fitting) 
9.943E+007 (Expt.) 

9.938E+007(Fitting) 
2.15 8.702E‒010(Expt.) 

8.702E‒010(Fitting) 
2.855E+002(Expt.) 

2.855E+002 (Fitting) 
350 1.000E‒025 (Expt.) 

1.000E‒025(Fitting) 
4.378E‒008(Expt.) 

4.378E‒008(Fitting) 
3.744E+004 (Expt.) 

3.744E+004(Fitting) 
6.40 1.108E‒010(Expt.) 

1.108E‒010(Fitting) 
1.826E+007(Expt.) 

1.826E+007(Fitting) 
400 1.078E‒020(Expt.) 

1.971E‒020(Fitting) 
2.620E‒009(Expt.) 

2.619E‒008(Fitting) 
3.743E+004(Expt.) 

3.747E+004(Fitting) 
8.49 1.137E-010 (Expt.) 

1.137E‒010(Fitting) 
5.454E+006(Expt.) 

5.453E+006(Fitting) 
450 1.000E‒025 (Expt.) 

1.000E‒025(Fitting) 
2.039E‒010(Expt.) 

2.040E‒010(Fitting) 
1.242E+006(Expt.) 

1.242E+006(Fitting) 
2.76 3.819E‒010(Expt.) 

3.818E‒010(Fitting) 
1.883E+005(Expt.) 

1.884E+005(Fitting) 
500 5.626E‒018(Expt.) 

7.298E‒018(Fitting) 
1.564E‒010(Expt.) 

1.564E‒010(Fitting) 
2.721E+005(Expt.) 

2.721E+005(Fitting) 
1.78 1.399E‒009(Expt.) 

1.400E‒009(Fitting) 
1.058E+005(Expt.) 

1.058E+005(Fitting) 

3.6  Modulus study 
 

Smallest capacitance and also non-Debye type relaxation mechanism 
can be explained by modulus study of a material. Figure 5(a-b) express 
real modulus (Mʹ) and imaginary modulus (Mʺ) at some specific 
temperature range (25℃ to 500℃) of this studied material. From 
these figures, it can be observed that the curves corresponding to 
Mʹ tends to a lower value (~zero) at the low-frequency region for all 
the respective temperatures while at higher frequency an asymptotic 
value is observed. Owing to the involvement of short-range mobile 
charge carriers, the nature of Mʹ almost attains a constant value at high 
frequency and hence reflects the conduction phenomenon in the 
material [48,49]. Mʺ modulus spectrum analysis has been carried out 
to identify the regions dominated by mobile short-range/ long-range 
charge carriers. Figure 5(b) displays the appearance of the peak which 
consistently appears to shift near to the higher frequency zone with 
increase in temperature. The formation of peaks confirm the presence 
of a relaxation phenomenon. The movement of peak maxima using 
a particular temperature towards the high-frequency side indicates 
the existence of a temperature-dependent relaxation mechanism in 
the fabricated BFMCO sample. Charge carriers are mobile over long 
range before the appearance of peak maxima while these are confined 
by potential wells and allowed to move in short range at the higher 
frequency zone [50,51]. Thus, the motions of charge carriers are 
changed from long to short range at the higher frequency zone. 
Figure 5(c) indicates the Cole-Cole plots at some specific temperature 
range of 25℃ to 500℃ and the semi-circular arcs appear in this plot 
confirms the semiconducting nature of this double perovskite. Two 
semicircular arcs in the Cole-Cole plot found in this sample demonstrated 
the grain and grain boundary contribution in overall impedance. 

3.7  AC conductivity study  
 
Figure 6(a) represents ac conductivity (σac) versus frequency at 

different temperatures ranging from 25℃ to 500℃. The conductivity 
data has been calculated by means of empirical relation: σac = ωεrε0tanδ, 
where the symbols represent their usual meaning. The plateau-type 
behavior of ac curves at low frequency for all the corresponding 
temperatures is ascribed to the long-range translational motion of ions 
representing the dc conductivity (σdc) [52].  

Again, from the conductivity plot, it is observed that with the rise 
in temperature conductivity value increases which supports the 
negative temperature coefficient effect of resistance [53]. The presence 
of two different d-block cations (Fe2+ and Mn4+) at the B-site in the 
prepared lead-free double perovskite contributes towards the migration 
of loosely bound ions which not only helps to the excitation of thermally 
activated charge carriers but also helps towards the smooth conduction 
mechanism [54]. Figure 6(b) represents ac conductivity (σac) against 
1000/T at some specific frequency range of 1 kHz to 1 MHz. The lower 
part of the conductivity plots has been linearly fitted to calculate 
the activation energy using the Arrhenius Equation i.e., σdc = σ0 exp 
(-Ea/KBT), where the symbols represent its usual meaning. The 
calculated activation energies are 499.2 meV, 330 meV, 180.6 meV, 
67.2 meV, 15.7 meV, 15.4 meV and 15.1 meV at 1kHz, 10 kHz, 
100 kHz, 300 kHz, 500 kHz, 700 kHz and 1 MHz respectively. The 
obtained activation energy value supports that the electrical conduction 
mechanism is mostly dominated by the same type of charge carriers i.e., 
may be due to the involvement of thermally activated short-range 
charge carriers [55]. 
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Figure 5. (a) Frequency vs. real modulus (Mʹ), (b) Frequency vs. imaginary modulus (Mʺ) and (c) Cole-Cole plots at specific temperatures of the BFMCO ceramic 
 

      

Figure 6. (a) ac conductivity against frequency and (b) ac conductivity against 1000/T of the BFMCO ceramic.
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4.  Conclusion 
 

Multiferroic double perovskite composite material of Bi2Fe 
Mn0.94Ce0.06O6 was successfully synthesized through solid state 
reaction process having average crystallite size of 52.4 nm. XRD 
analysis indicates the crystalline and pure nature of the sample. The 
conductivity mechanism influenced by grains and grain boundaries 
were shown by the microstructural analysis. The elemental tracing of 
EDX spectra checked the existence of all constituent elements in the 
sample both atomic and weight percentages. Again, the colour mapping 
suggested the dispersal of all components (Bi, Fe, Mn, Ce, and O) 
across the entire surface of the material and supports the compositional 
purity. Maxwell-Wagner dielectric dispersions were observed in 
this material. Analysing the dielectric data against frequency and 
temperature yields a higher dielectric constant and lower tangent loss, 
suggesting that this material could be a promising choice for energy 
storing devices. Nyquist's plot and Cole-Cole's plot explained the 
NTCR behaviour which were claimed by the impedance versus 
frequency study and hence suggested that the prepared material 
may be used as a semiconductor. Both impedance and modulus study 
revealed the existence of non-Debye type of relaxation in this material. 
The presence of thermally stimulated conduction mechanism is 
observed in the material from AC conductivity studies. 
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