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The compound BiCr0.5Mn0.5O3, synthesized at high pressure and high tem-
perature, shows a giant dielectric constant over a wide range of temperatures.
Two relaxation processes are observed commencing around 200 K and 300 K.
The low-temperature relaxation process is attributed to Maxwell–Wagner
polarization at the grain boundary, whereas the second relaxation is attrib-
uted to the electrode polarization effect. Impedance spectroscopy reveals that
the oxide is electrically inhomogeneous and dominant contribution arises from
semiconducting grains and insulating grain boundary below room tempera-
ture. Above room temperature, the electrode polarization effect also con-
tributes to the observed giant dielectric constant.
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INTRODUCTION

Dielectric materials are technologically demand-
ing because of their use in various applications such
as capacitors, sensors, actuators, resonators, filters,
and memory devices. For practical applications,
these materials require a high dielectric constant,
low loss, and a constant value of permittivity in a
broad temperature and frequency range.1 High
values of dielectric constant are observed in ferro-
electric materials such as BaTiO3 near the ferro-
electric to paraelectric transition in a narrow
temperature range. However, a large dielectric
response has been reported in non-ferroelectric
materials such as CaCu3Ti4O12 (CCTO),2–4 certain
Fe-based compounds,5,6 and other materials4,7–11 in
a broad temperature and frequency range. Earlier
studies on polycrystalline CCTO samples showed
that the origin of the giant dielectric constant was
due to an intrinsic effect arising from slowing down

of highly polarizable relaxational modes2 or slowing
down of dipolar fluctuations in nano-size domains.3

Later, detailed studies on both polycrystalline and
single-crystal samples indicated contributions from
extrinsic effects,12,13 and the mechanism is believed
to be different in ceramic and single crystals.14,15

Several mechanisms have been suggested in the
literature; for example, Maxwell–Wagner-type
relaxation either due to depletion layers at the
grain boundaries or at the electrode–material inter-
face.8 In some systems, the internal barrier layer
capacitance (IBLC) effect due to Schottky barrier
formation at the grain boundaries best explains the
giant dielectric constant in ceramics.13,16 In single
crystal of CCTO, the electrode polarization effect at
the metal–semiconductor junction is believed to be
responsible for such dielectric behavior.8,14 In a few
other materials, a colossal dielectric response is
believed to be intrinsic, and the origin is attributed
to electronic polarization.4,6 From an application
point of view, such high values of the dielectric
constant should persist up to the gigahertz region,
but most of these materials show a fall in the
megahertz frequency.(Received May 26, 2020; accepted August 11, 2020;
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Recently, there has been considerable interest in
bismuth-based perovskites of the type BiMO3

(M = transition metals), which are potential candi-
dates for materials exhibiting multiferroic proper-
ties.17–20 Many of the bismuth compounds [BiMO3

(where M = Cr, Mn, Co, or Ni)] require high pres-
sures to stabilize the perovskite structure. For
example, the high-pressure phase of BiMnO3 is a
widely studied material which has a monoclinic
structure (C2/c) and shows ferromagnetic behavior
with TC of 100 K.18 In fact, it has been reported that
oxygen non-stoichiometry plays a crucial role in
determining the structure and properties of
BiMnO3.21 The compound BiCrO3, which also has
a centrosymmetric monoclinic structure (C2/c),
exhibits a long-range G-type antiferromagnetic
order (TN = 109 K) with a weak ferromagnetic
component.22,23 However, these two compounds
differ in their monoclinic angle, which is 110� and
108� for BiMnO3 and BiCrO3, respectively. Mixing
of Mn and Cr ions in equal proportion at the B-site
may give rise to interesting magnetic properties due
to possible ordering of Cr and Mn ions. However,
our recent study has shown that the compound
BiCr0.5Mn0.5O3 prepared by high-pressure synthe-
sis is not an ordered perovskite and has structural
and magnetic properties similar to BiCrO3.24 Sur-
prisingly, it exhibits a giant dielectric constant over
a wide range of temperatures (200–400 K). In the
present article, we report a detailed relaxation
mechanism characterized by dielectric and impe-
dance studies. The origin of such a high dielectric
constant is explained in terms of Maxwell–Wagner
relaxation at the grain boundary and the electrode
effect.

EXPERIMENTAL PROCEDURE

Polycrystalline BiCr0.5Mn0.5O3 was synthesized
using a cubic anvil type of apparatus at 1073 K and
under a pressure of 4.5 GPa. Powder x-ray diffrac-
tion data were collected using a Bruker D8 Advance
x-ray diffractometer, and phase purity was con-
firmed using Rietveld analysis using the FullProf
software package as described elsewhere.24 The
density of the pellets used for dielectric measure-
ments were 86-88% of the crystallographic density.
Dielectric measurements were carried out with an
impedance analyzer (Agilent 4294 A) using coaxial
cable wire in a four-terminal pair–two-terminal
configuration. Silver paint and DC sputtered gold
was used as an electrode, and the capacitor was
placed in a custom-made sample holder which was
then inserted in the sample chamber of a cryo-
cooled closed-cycle refrigerator system.

RESULTS AND DISCUSSION

Structure

X-ray diffraction data collected at room tempera-
ture confirms that the compound crystallizes in a

monoclinic symmetry (C2/c) with lattice parameters
a = 9.4645(3) Å, b = 5.5576(2) Å, c = 9.6524(3) Å,
and b = 108.145(1)�. The Pawley fit to the x-ray data
is shown in Fig. 1. A small amount (< 5%) of
unidentified impurity was present as a secondary
phase. Detailed structural properties are reported
elsewhere.24 It should be noted that the structure is
centrosymmetric and does not allow ferroelectricity.

Dielectric Relaxation

Variation of dielectric constant (er) and loss
tangent (tan d) at different frequencies in the
temperature range of 20–400 K are shown in
Fig. 2. The compound shows a giant value of
dielectric constant (� 14,000 at 1 kHz) and low loss
(� 0.95) at room temperature. Starting from low
values (� 100 below< 175 K), the dielectric con-
stant data shows a large increase of around 200 K
and a second anomaly around 300 K. Both the
dielectric constant and loss data are highly fre-
quency-dependent, and the peak position shifts
toward higher temperature with increasing fre-
quency. The two anomalies in the dielectric data
correspond to two dielectric relaxations, which is
more evident from the low-frequency dielectric
constant [inset (i) of Fig. 2a] and low-frequency loss
data (Fig. 2b). Interestingly, loss peaks correspond-
ing to the first anomaly appear slightly at lower
temperatures. On the other hand, the loss peaks
corresponding to the second anomaly occur at
higher temperatures. In addition to these two
anomalies, high-temperature dielectric measure-
ment showed a peak of around 650 K, reflecting
the structural transition.24 It should be noted here
that BiCrO3 shows dielectric anomalies at 440 K
that are associated with (anti)ferroelectric to para-
electric transition. This transition coincides with
the structural change from a monoclinic (C2/c) to
orthorhombic (Pnma) structure.22,23 In
BiCr0.5Mn0.5O3, the broad dielectric maxima near
200 K and 300 K are frequency-dependent, and

Fig. 1. Pawley fit to the room-temperature powder x-ray data using
monoclinic structure space group C2/c. Red dots represent the
observed data, black line indicates calculated pattern, the blue line
shows the difference between observed and calculated values and
the green ticks represent Bragg’s position (Color figure online).
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there is no structural change around this temper-
ature range.24 Therefore, these dielectric anomalies
do not correspond to structural transition or ferro-
electric-to-paraelectric transition. The first relax-
ation seems to be due to a Maxwell–Wagner type of
relaxation at the grain boundary where the surface
charges pile up at the interface due to the difference
in conductivity at the grain and grain boundary
regions upon application of an AC bias and give rise
to Debye-like relaxation behavior. This phe-
nomenon is commonly observed in several electri-
cally inhomogeneous systems in which the giant
dielectric constant appears around 200 K.5,7,25

Figure 3 shows the real and imaginary parts of
the dielectric constant plotted against frequency at
different temperatures. At low frequency, the real
part shows a plateau and then decreases dramati-
cally to a constant low value of er¢ � 500 at high
frequencies. It should be noted that this constant
value of er at high frequency is still higher than the
intrinsic dielectric constant of a material. The step-
like behavior of er with a coinciding peak in the loss
spectra (Fig. 3b) is typical of a Debye-like relaxation
process. However, we found that the behavior
deviates from the ideal Debye relaxation which
assumes a single relaxation time (s).26 The behavior
was found to follow the modified Debye relation
which includes a distribution of relaxation times
defined by a parameter a.27 The dielectric constant
was fitted with equation e*(x) = e1 + (e0 � e1)/
(1 + (ixs)1�a) where e0 and e1 are the low- and
high-frequency dielectric constants, and a fi 0
gives the typical Debye relaxation behavior. The
solid lines in Fig. 3b through the points show fit to
the er¢¢ using the modified Debye relation. From the
fitting, the obtained value of a vary from 0.13 to 0.58
with temperature. The most probable relaxation
times, extracted from the fit, follow Arrhenius’ law
s = s0e�EA/kBT with an activation energy of 0.29 eV.

Conductivity Analysis

To understand the high-temperature relaxation
process, AC conductivity (r* = jxe*), calculated
from the dielectric data, was analyzed in the
temperature range 300–400 K. Figure 4 shows the
real part of conductivity (r¢ = xe0e¢¢) plotted against
frequency at different temperatures. At high tem-
peratures, AC conductivity values become nearly
independent in the low-frequency region. This
observation excludes the possibility of pure ionic
conduction in the material. It is well known that
electrical response in an inhomogeneous ceramic

Fig. 2. Temperature dependence of (a) relative dielectric constant
(er), and (b) loss (tan d) plotted for different frequencies. Inset (i)
shows dielectric constant data at low frequency (100 Hz)

Fig. 3. Variation of the (a) real (er¢) and (b) imaginary (er¢¢) parts of
the dielectric constant as a function of frequency at different
temperatures. Data has been plotted for selected temperatures for
clarity. Solid lines in (b) represent fits to modified Debye relation (see
text). The inset shows relaxation time (s), which follows the Arrhenius
equation for the activated process

Fig. 4. Real parts of AC conductivity (r¢) against frequency shown at
different temperatures. Inset shows DC conductivity derived from the
AC conductivity plot, following the Arrhenius equation
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consists of various electroactive regions such as
semiconducting grain and insulating grain bound-
ary. The resistivity at low frequency in Fig. 4
corresponds to the more resistive component in an
electrically inhomogeneous ceramic. The DC con-
ductivity values were extracted at each temperature
by extrapolating AC conductivity (r¢) to zero fre-
quency. The obtained DC conductivity (Fig. 4 inset)
follows Arrhenius behavior with an activation
energy of 0.30 eV. This value is comparable to the
activation energy associated with the DC conduc-
tion in mixed valent Mn compounds.25,28

Impedance Study

The dielectric data can be analyzed using impe-
dance spectroscopy, which allows us to relate the
electrical properties to its microstructure and also to
separate the contributions from different electro-
active regions. Figure 5 shows the Nyquist or
Z * (Z¢¢ versus Z¢) plot at 250 K, where parts of
two semicircular arcs indicate that the electrical
response is dominated by mainly two contributions,
each of which can be represented by a parallel
capacitance (C)–resistance (R) component. This is
also corroborated by Z¢¢, M¢¢ versus f plots (not
shown here). Capacitance values extracted from Z*
plots in the high- and low-frequency arcs are of the
order of pF and nF (22.2 pF and 0.56 nF at 250 K),
which correspond to grain and grain boundary
values.29 The extracted values of the grain and
grain boundary resistance are Rb = 11.4 kX and
Rgb = 2.28 MX at 250 K, respectively. The semicon-
ducting nature of grains and insulating nature of
the grain boundary are common in electrically
inhomogeneous ceramics.8,13,30–33 Both grain and
grain boundary resistance values extracted from the
circular fit were found to follow Arrhenius law with
close activation energies of 0.27 eV. This behavior
may indicate that the grain boundary response is
associated with the constriction resistance, which
occurs due to the necking of grains, possibly due to

lower pellet density, which gives rise to similar
behavior of grain and grain boundary resistance.
This activation energy is also close to that of the
low-temperature dielectric relaxation.

Above 270 K, the low-frequency arc (grain bound-
ary contribution) deviates from the semicircular
shape, which may indicate presence of other extrin-
sic contributions. This was assessed by measuring
dielectric constant with different thicknesses (400–
275 lm) and different electrodes from sputtered
gold to silver paint, as shown in Fig. 5b. The
corresponding impedance data are shown in Fig. 6.
The low-frequency region (< 100 kHz) shows a
large difference both in the thickness dependence
experiment (Fig. 6a) and the electrode dependence
experiment (Fig. 6b). The electrode dependence
experiment was aimed to evaluate the effect of
electrode materials with different electron work
functions. The dielectric constant values are differ-
ent in the low-frequency region, but they merge at
high frequencies, which suggests contributions from
extrinsic factors such as interfacial polarization or
an electrode polarization effect.13 In several oxides
such as CuO and CaCu3Ti4O12, the low-frequency
dielectric response is reported to be dependent on
the electrode materials and the thickness.13,30,31

This has been attributed to the interfacial polariza-
tion or electrode effect at the non-Ohmic contacts
between a metal electrode and semiconductor due to
formation of Schottky barriers.13,30,31 The large
difference in dielectric behavior with electrode
material can be explained as follows.
BiCr0.5Mn0.5O3 is possibly an n-type semiconductor.
In semiconducting oxides, the electrodes, e.g., Au
with high electron work function (5.1 eV), can
produce a non-Ohmic contact or Schottky barriers
at the electrode–ceramic interface. This effect is
known to result in a large dielectric constant and
has been observed in several inhomogeneous oxides
such as the n-type BaTiO3. Interestingly, the dielec-
tric constant of BiCr0.5Mn0.5O3 is lower for a silver
electrode compared to a gold electrode. The electron

Fig. 5. (a) Nyquist plot at 250 K showing experimental data (open circle) and simulated data (solid line) using an equivalent circuit shown in the
inset a(ii). Inset a(i) shows the high-frequency region zoomed for clarity. (b) Dielectric constant versus frequency at room temperature for
samples with thickness of 400 lm (blue line) and 275 lm (red circle). Inset b(i) shows the behavior for different electrode materials; black circles
and the red line correspond to silver (paint) and gold (sputtered) electrodes, respectively (Color figure online).
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work function of silver (� 4.3 eV) is lower compared
to the work function of gold,13,30,31 and hence a
lower dielectric constant is observed (Fig. 5b).

Electrode contribution plays a significant role
above 280 K, whereas at lower temperature, the
Nyquist plots (Fig. 5a) reveal contributions from the
grains and grain boundary. Based on the following
observations, an equivalent circuit was proposed to
model the impedance data at 250 K, as shown in the
inset (ii) of Fig. 5a, excluding the electrode effect.
The resistance Rs is assigned to account for the non-
zero intercept of the high-frequency arc to the real
axis, and capacitance is replaced with a constant-
phase element (CPE; ZCPE = 1/Cn(ix)n), where Cn is
an independent frequency term which acts like
capacitance value, and n signifies the deviation from
the ideal capacitor behavior.34 Simulated data
(shown by solid lines in Fig. 5a) at 250 K using
the above-mentioned equivalent circuit shows a
good agreement with the experimental data. Inset
(i) in Fig. 5a shows the same result zoomed in the
high-frequency region. The values of n obtained for
low- and high-frequency regions are 0.76 and 0.93,
respectively. The high-frequency value is close to
unity, which reflects the internal effects.

CONCLUSIONS

The material BiCr0.5Mn0.5O3 exhibits a giant
dielectric constant in a broad temperature range
with two relaxations. The low-temperature relax-
ation process is explained using Maxwell–Wagner
polarization at the grain boundary, whereas the
relaxation at higher temperature is attributed to
the electrode polarization effect or interfacial polar-
ization. Impedance studies show that the low-tem-
perature dielectric response in the electrically
inhomogeneous ceramics is dominated by grain
and grain boundary contributions. At higher tem-
peratures, contribution from the electrode effect
was observed in the low-frequency region. A good

agreement was obtained between experimental and
simulated data using a proposed equivalent circuit.
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