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Abstract
In the present paper, structural, microstructural, dielectric, electrical, and magnetic characteristics of a chemically synthesized
double perovskite compound BiMgFeCeO6 have been reported. An analysis of room temperature X-ray diffraction data has
shown formation of compound with orthorhombic symmetry. Study of micrographs of the pellets has shown the homogeneous
distribution of grains, grain boundaries, and presence of required elements in the sample. Detailed studies of dielectric (εr, tan δ)
and impedance parameters of the material have provided an insight into the electrical properties and understanding of types of
relaxation process occurred in the material. The semiconductor characteristic (i.e., negative temperature coefficient of resistance
behavior) of the compound at high temperature has been observed in the temperature-dependent dc conductivity study. As the
characteristics of the frequency dependence of ac conductivity of the material follow Jonscher’s universal power law, the validity
of analysis and good quality of the sample are confirmed. The occurrence of ferroelectric polarization (hysteresis loop), magne-
tization loop, and magnetoelectric pattern in the material confirms the multiferroicity in it.
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1 Introduction

Since the discovery of ferroelectricity in barium titanate
(BaTiO3), a large number of oxides of different structural family
have been examined to get high dielectric constant, spontaneous
polarization, piezoelectric coefficient, pyroelectric figure of mer-
it, and low tangent loss useful for device fabrication. Among
them, some lead-free (BaTiO3, BaSrTiO3) and lead-based perov-
skite compounds (lead zirconate titanate (PZT), lead magnesium
niobate (PMN)) have been found potential for above room tem-
perature applications and thus widely used. The lead-based pe-
rovskite ferroelectrics are toxic and volatile in nature. During
high-temperature processing of lead-based compounds, the vo-
calization of poisonous lead oxide causes environmental pollu-
tion problem. The loss of lead also affects the electrical proper-
ties, structural instability, and composition of the materials.

Furthermore, the products having lead-based gadgets are nonre-
cyclable. In view of the above problems of lead compounds, now
attempts are being made to develop biocompatible and environ-
mentally friendly lead-free perovskite or double perovskite ma-
terials with enhanced ferroelectric or multi-ferroelectric proper-
ties (as compared with those of lead-based compounds) for mul-
tifunctional applications [1–3]. It is to be mentioned that double
or triple perovskites give quite different structural and physical
properties as compared with their constituent perovskites.
Bismuth ferrite, one of the lead-free compounds, is found to have
unique multifunctional applications because of its simultaneous
existence of ferroelectric and antiferromagnetic ordering in a
wide range of temperature (ferroelectric transition temperature
Tc = 845 °C and antiferromagnetic transition temperature TN =
370 °C) [4]. As compared with the other multiferroic materials,
bismuth ferrite BiFeO3 (BFO) has limited performance for tech-
nological applications due to its structural distortion, high leakage
current, low saturation magnetization, etc. [5, 6]. To reduce or
eliminate these limitations or problems, BFO is modified by
appropriate substitution at its Bi/Fe sites and/or fabrication of
its solid solution/composites with another similar or different
structure in different ratios. The processing technique also plays
an important role to synthesize phase-pure material. It has been
found that lots of work have been done in the direction. Most of
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the previous work is related to sample preparation by a conven-
tional high-temperature solid-state reaction technique. The con-
ventional method for synthesizing this sample suffers from the
multiplication problems of nonuniformity and other problems.
Therefore, to get better performance of the material proposed in
the present study, we have to find out another method to produce
high-quality cost-effective samples. The detailed literature
survey shows that the effect of simultaneous addition of different
non-iso valence element (i.e., (Mg2+/Ce4+) at the (Bi3+/Fe3+) site)
on structural and physical properties of BFO has not been studied
and reported by chemically prepared sample so far. Therefore,
with an objective to tailor the structural, dielectric, electrical, and
multiferroic properties of bismuth ferrite, we have been motivat-
ed to fabricate and study a double perovskite oxides of a general
formula A′A″B'B″O6 (A′= Bi, A″ = Mg, B′ = Fe, and B″ = Ce
forming BiMgFeCeO6 =BiFeO3 +MgCeO3) which should pro-
vide a reasonably better performance for devices with interesting
structural, dielectric, and magnetic properties.

2 Experimental Methods

The polycrystalline a double perovskite of a chemical formula
BiMgFeCeO6 was fabricated by a chemical reaction technique
using some high-purity intergradient, such as bismuth nitrate
(Bi(NO3)3.5H2O), magnesium nitrate (MgNO3)3.6H2O, iron
(III) nitrate nano hydrate (FeNO3)3.9H2O, and ceric ammonium
nitrate Ce(NH4)2.(NO3)6. These chemicals were procured from
M/s Loba Chemic Co Pvt. Ltd., India, in proper stoichiometric
ratio. The homogeneous solution of bismuth, magnesium, iron,
and ceric ammonium nitrates was prepared by using deionized
water. This homogeneous solution was dried for 6 h at 120 °C
and then conducted calcination and annealing at 750 °C for 4 h.
The lump obtained was subsequently ground into fine powder,
and the phase formation was examined by X-ray diffraction
(XRD) structural analysis. For this, the X-ray diffraction data
were collected using X-ray powder diffractometer (XRPD) (D8
Advance; Bruker) at room temperature with CuKα radiation
(λ = 1.5405 Ǻ). The cylindrical discs like pellets of 10 mm di-
ameter and 0.5 to 3mm thickness weremolded from the calcined
powder. The pellets were then sintered at 800 °C for 8 h. In order
to confirm the compactness of the fabricated pellets and to study
the microstructure of the compound, scanning electron micros-
copy (SEM) studywas performed on the pellet sample. For SEM
study, the gold-coated pellet sample was used. The electrical
parameters of the compound (i.e., impedance, modulus, conduc-
tivity, and dielectric) were obtained from the impedance analyzer
(i.e., phase sensitive meter PSM 1735, N4L) operating in the
frequency range of 1 kHz to 1 MHz at different temperature.
The electrical polarization (P-E hysteresis loop) was measured
at room temperature by using hysteresis loop tracer of M/s
Marine India. The magnetization properties of a sample were
obtained with a maximum applied field of ± 8 kOe at room

temperature by using VSM (vibrating sample magnetometer,
Lake Shore-7410). Similarly, the magnetoelectric (M-E) cou-
pling coefficient of the sample was obtained from the magneto-
electric coupling set up of M/s Marine India.

3 Results and Discussion

3.1 Structural and Microstructural Properties

3.1.1 Structural Properties

Figure 1 represents room temperature XRD pattern of calcined
powder of BiMgFeCeO6 taken in a wide range of 2θ.
Preliminary X-ray structural analysis through computer software
“Powd Mult” [7] shows the formation of a single-phase com-
pound (BiMgFeCeO6) in orthorhombic symmetry. The best
agreement between calculated and observed inter-planner dis-
tance (d) and 2θ confirmed the above conclusion about crystal
structure and symmetry (orthorhombic) of the compound. The
comparison of twoXRD patterns shows the chemically prepared
sample well crystallized and free from experimental noise as
compared with that of solid-state reaction prepared. Therefore,
structural analysis has been conducted with that of chemically
prepared sample. The least-squares refined unit cell parameters
are a = 6.3409 (9) Å, b = 6.4559 (9) Å, c = 28.3391 (9) Å, and
V = 1160.10 Å (with estimated standard deviation in the paren-
thesis). The normalized (n) unit cell dimension are an = a, bn = b,
and cn = c/4 = 7.0848 Ǻ which are very much consistent with
those of some distorted double perovskite. The sharpness or
broadening of diffraction peaks is strongly dependent on various
factors including crystallite size, temperature, strain, and diffrac-
tion angles. The crystallite size (D) of the compound has broadly
been calculated putting the broadening (ß) of the reflection peak
at half height, wavelength of the radiation used (1.5406 Ǻ), a
constant K = 0.89, and Bragg angle in Scherrer equation (D =

Fig. 1 Comparison of XRD pattern of BiMgFeCeO6 of solid-state
reaction and chemically prepared sample
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Kλ/ßcosθ) [8] of the solid-state and chemically synthesized sam-
ple [8]. The average crystallite size of solid-state and chemically
synthesized sample was found to be 24 nm and 12 nm,
respectively.

3.1.2 Microstructural Characteristics of BiMgFeCeO6

Figure 2a shows the scanning electron micrograph of
BiMgFeCeO6 pellet sample. The uniform distribution of
grains with different shape and size can be seen in the micro-
graph. In addition, presence of small voids can also be

observed. The average grain size was found to be in the range
of 0.5–1.64 μm. In comparison with the conventional solid-
state method, the grain size in samples fabricated in chemical
reaction route is reduced in size and closely packed [8].
Figure 2b shows the energy dispersive X-ray (EDX) pattern
which reveals the presence of the elements Bi, Mg, Fe, Ce,
and O in the compound. This confirms the formation of the
desired compound. Figure 2c shows elementary mapping im-
ages of elements Bi, Mg, Fe, Ce, and O present in the samples.
Agglomeration of elements was not observed which indicates
the nonexistence of larger impurity grains [9]. From the above

(a) S EM micrograph and (b) the energy dispersive X-ray (EDX) pattern

(c) : Element mapping of chemically prepared BiMgFeCeO6

Fig. 2 a SEM micrograph and b
the energy dispersive X-ray
(EDX) pattern. c Element
mapping of chemically prepared
BiMgFeCeO6

Fig. 3 a εr vs frequency and b tan
δ vs frequency plot for
BiMgFeCeO6 at different
temperatures
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“results and discussion,” it is clear that the crystallite size (D)
of the studied material synthesized by the solid-state reaction
method and the chemical reaction technique is 24 nm and
12 nm, respectively. The crystallite size is reduced by synthe-
sizing the material by a chemical as compared with that of the
conventional solid stat reaction method. The grain size is
found to be in the range of 0.5–2.7 μm in solid-state method,
whereas it is 0.5–1.64 μm of the chemical method. Thus, the
grain size of the sample fabricated by the chemical route is
smaller and closely packed. It is observed that the synthesis
process and substitution of alkaline earth metals strongly af-
fect the grain size of the sample.

3.2 Dielectric Characteristics

3.2.1 Frequency Dependence of Dielectric Characteristics

Figure 3 depicts the frequency dependence of relative dielec-
tric or permittivity (εr) and tangent loss (tan δ) up to 500 °C.
With increase of frequency, the value of dielectric permittivity
(Fig. 3a) and tangent loss (Fig. 3b) normally decreases and
reaches at a stable point above some frequency which con-
firms the nature of the polar dielectrics. The high value of
dielectric constant at low frequency is due to the presence of
grain boundary effect, interfacial dislocations, vacancy of ox-
ygen, etc. in the ceramic sample. A decrease of dielectric
permittivity with increase in frequency generally suggests po-
larization based on domain switching [10].

3.2.2 Temperature Dependence of Dielectric Characteristics

Figure 4 shows the dielectric constant vs temperature and
dielectric loss vs temperature plots. In the graph, it has been
observed that εr value is almost constant up to 250 °C, and
after that, it increases rapidly up to 500 °C. The value of
tangent loss is low at the low temperatures, and then, it in-
creases gradually in the high-temperature region, and it is due
to the existence of few unknown defects with oxygen vacan-
cies, impurity phases, and scattering of thermally activated
charge carriers [11, 12]. A tangent loss peak-like structure

appears at 380 °C and 340 °C. With increase in frequency,
the loss peak shifts to the high-temperature side. The tan δ
value of the studied compound is found to be very small and
thus has the potentiality for application in electrical devices.
The relative dielectric constant of BiMgFeCeO6 is larger (εr =
12 × 103 at temperature 400C and frequency 1 kHz,) in solid-
state reaction method prepared sample as compared with that
of the chemically synthesized sample (εr = 3 × 103 at the same
temperature and frequency). It is useful to have the tan δ value
of compound very small from both the synthesis processes
(tan δ = 0.76 at 400 °C, frequency1 MHz) and have the po-
tentiality for application in electrical devices. The higher value
of the dielectric compounds BiMgFeCeO6 prepared by solid-
state reaction method is due to the existence of few unknown
defects with oxygen vacancies, impurity phases, etc.

3.3 Impedance and Modulus Spectroscopy Study

3.3.1 Impedance Studies

Figure 5 depicts the variation of real (Z′) and imaginary (Z )
components of impedance at selected temperatures for

Fig. 4 a Relative dielectric
constant (εr) vs temperature and b
loss tangent (tan δ) vs temperature
plot for BiMgFeCeO6 at different
frequencies

Fig. 5 a Frequency variation of Z′, b (insert) frequency variation of Z″ at
selected temperatures of BiMgFeCeO6
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BiMgFeCeO6 ceramic samples. It is observed in the graphs that
the value of Z′ increases with increase in temperature up to
250 °C, and thereafter, it decreases with increase in temperature.
This feature is at variance with the other alkaline earth metal
oxides, wherein semiconductor nature (as suggested by negative
temperature of coefficient of resistance (NTCR) behavior of
graphs) of the material at high temperature was reported for the
entire frequency range [13]. At high frequency, the values of Z′
converge for all the studied temperatures, suggesting release of
space charge [14] in the Z′′ vs frequency curve. A relaxation peak
[15] is observed at high temperatures. There is a tendency of a
peak formation below the experimental value of 1 kHz in the
sample prepared through chemical route.

Figure 6 exhibits the Nyquist (Z vs Z′) plots for the
BiMgFeCeO6 sample. The equivalent circuit obtained on the
basis of the data analyzed with the use of Zsimp win software
is inserted in each of the figures. The values of grain boundary
resistance (Rgb), grain resistance (Rb), grain boundary capac-
itance (Cgb), and bulk capacitance (Cb) were listed in Table 1.
It is observed that the grain boundary effect is found to

activate at the temperatures above 350 °C. The electrode effect
is not observed in the experimental temperature limit of
500 °C. The depression angle of the semicircular arc, which
is an estimate of the deviation from the ideal Debye-type re-
laxation behavior, is found to be 0.7° (Fig. 6c) at 200 °C of the
studied sample. The magnitude of real part of impedance (Z′)
of BiMgFeCeO6 prepared by solid-state method at 1 kHz is
400 kΩ, whereas by chemically prepared sample, it is 600 kΩ
which is much higher than that of to the sample prepared by
the solid-state reaction method.

3.3.2 Modulus Analysis

Figure 7a represents the changes of M′ (real part) with fre-
quency at selected temperature of the studied temperature
range (150–500 °C). For all the temperatures, the value of M
′ increases with increase in frequency and tends to attain a
constant value at high frequencies. Such type of tendency
indicates that with increase in frequency, each ion atom travels
over a shorter distance in the electric field until the electric

Fig. 6 Variation of Z″with Z′ at a
150–350 °C, b 400–500 °C, and c
depression angle at 200 °C for
BiMgFeCeO6

Table 1 Calculated value of Rb, Rgb, Cb, and Cgb of BiMgFeCeO6 at selected temperatures

Temp. (°C) Model Rb (Ω) Cg (farad) Rgb (Ω) Cgb (farad)

150 (RQC) 8.568E+
007

1.003E−010 – –

200 (RQC) 1.757E+
007

1.007E−010 – –

250 (RQC) 1.393E+
006

1.006E−010 – –

300 (RQC) 1.874E+
005

1.009E−010 – –

350 (RQC) 2.714E+
004

9.667E−011 – –

400 (RQC) (RC) 1.352E+
004

1.501E−010 3.052E+003 2.556E−010

450 (RQC) (RC) 6.560E+
003

4.634E−009 4.281E+002 4.628E−010

500 (RQC) (RC) 8.063E+
003

2.778E−007 1.000E−002 2.514E−014
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field changes so speedily that the ions only rattle within the
confinement of their potential energy wells. The change ofM″
with frequency at various temperatures is presented in Fig. 7b.

3.4 Conductivity Analysis

Figure 8a depicts the variation of σac with frequency at a set of
temperature of the tested sample. As can be seen in the figure for
high temperature (i.e., above 400 °C), the conductivity is almost
independent of frequency implying the dominance of dc conduc-
tivity at these temperatures. The variation of σac with frequency
obeys the universal Jonscher power law: σt = σdc + Bωn. In Fig.
8a, it can be observed that with the increase in temperature, the
frequency corresponding to prominent dispersion of σac moves
towards the low frequency side [16]. The variation of σac conduc-
tivity of BiMgFeCeO6 with 10

3/T at different frequencies is given
in Fig. 8b. At low temperatures, an increase in the ac conductivity
with the increase in frequency can be observed. This indicates the
dispersion of conductivity with frequency. However, with the in-
crease in frequency, the change in ac conductivity reduces. On the
other hand, at high temperatures, all the curves at various frequen-
cies tend to merge, and dispersion in conductivity narrows down
with increase in temperature. This implies that the conductivity
enters a zone where it is almost frequency independent (i.e., the
dc conductivity becomes dominant) [17, 18]. TheNTCRbehavior
can be understood from the increase in conductivity of thematerial
with increase in temperature. The values of activation energy (Ea)
at high temperatures (300–500 °C) are high as compared with that
of low temperature. The Ea values calculated at different frequen-
cies are provided in the figure.

3.5 Multiferroic Properties

The appearance of P-E hysteresis loop measured at room tem-
perature of BiMgFeCeO6, shown in Fig. 9a, confirms the fer-
roelectric nature of the sample. Figure 9b depicts the magnetic
hysteresis loop of the compound which was recorded by ap-
plying magnetic field of about ± 8 kOe at the room tempera-
ture. The characteristics of the hysteresis loop suggest the
existence of ferromagnetic nature of the study material.

Generally, bismuth ferrite has G-type of magnetic structure
with antiferromagnetic behavior, where antiferromagnetic
coupling between adjacent planes and ferromagnetic coupling
of the magnetic moment of Fe3+ cations in pseudo-cubic
planes occur. The value of magnetic parameters is obtained
using magnetic field dependent magnetization (M-H) loop.
The loop parapets obtained for the study material are remnant
magnetization (Mr) = 0.08 emu, saturation magnetization
(Ms) = 4.8 emu/g, and coercivity (Hc) = 114 Oe. It has been
seen that the above M-H loop parameters of the Mg/Ce mod-
ified bismuth ferrite double perovskite BIMgFeCeO6 show its
enhanced magnetic properties as compared with those of the
parent BFO compound.

The ME coefficient αME of the multiferroics material is
measured after poling the sample both electrically and mag-
netically to maximize the interaction between the sublattices
which leads to maximum ME effect [19, 20]. In the present
work, the zero field αME value is found to be 5.0 mv/cm Oe. It
is an established fact that the strong ME effect is due to the
great interfacial and good phase connectivity. Here, the fillers
are ferrite nanoparticles with no agglomeration, as confirmed

Fig. 7 aM′ vs frequency and bM
″ vs frequency for BiMgFeCeO6

at different temperatures

Fig. 8 Variation of ac
conductivity with a frequency at
different temperatures and b
inverse of absolute temperature at
different frequencies
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from the SEM micrograph. These particles have large interfa-
cial area favoring the elastic interaction between the ferromag-
netic and ferroelectric phase and result in strong ME effect.
The magnitude of the ME coefficient of BiMgFeCeO6 of the
solid-state reaction method prepared sample is 2.664 mV/
cmOe, whereas it is 5.006 mV/cmOe for chemically prepared
sample. Thus, ME coefficient value is larger in chemical re-
action synthesis process as compared with that of solid-state
reaction method [8].

4 Conclusion

The detailed analysis of X-ray diffraction data and microstruc-
tural images of chemically prepared BiMgFeCeO6 have
shown that prepared compound is a single-phase material with
uniformly distributed grains across the entire surface and ab-
sence of foreign elements. The temperature and frequency
significantly affect the dielectric parameters of the compound.
Both bulk material and grain boundary effect are responsible
for the conduction properties of the compound, as found from
the impedance spectra analyses. At low frequencies and high
temperatures, the role of grains and grain boundaries in con-
duction process is well explained by Maxwell-Wagner mech-
anism. The P-E hysteresis, M-H hysteresis loop, and M-E
coupling coefficient confirm the multiferroic nature of
BiMgFeCeO6. From the above observations, it can be sug-
gested that this material can have some possible applications
in sensors; data storage recorder; and random-access multi-

state memories, absorber, transducers, spintronic, etc.
Finally, it is concluded that the chemically synthesized mate-
rial provides homogeneous and highly compact grain mor-
phology. As a result, we obtain stable structure with enhanced
mechanical and electric transport characteristics of the
material.
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