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Abstract The polycrystalline sample of Ba2BiNbO6 (a

member of double perovskite family) was synthesized by a

high-temperature solid-state reaction method (calcination

at 910 �C, and sintering at 950 �C). Preliminary analysis of

room temperature X-ray data pattern of the sample con-

firms the formation of a single phase compound in

orthorhombic crystal system. The room temperature scan-

ning electron microscope image of the pellet sample clearly

shows the uniform distribution of grains and formation of a

high density sample. Detailed studies of dielectric and

polarization characteristics with temperature confirmed the

existence of ferroelectricity in the material. Studies of

electrical properties exhibits a strong correlation with the

micro-structure and resistive properties of the material. The

electrical transport shows the existence of non-exponential-

type of conductivity relaxation in the material. This lead-

free ferroelectric has many interesting characteristics as

compared to that of their lead-based counterpart,

Pb2BiNbO6.

1 Introduction

Most of the ferroelectric oxides have BO6 oxygen octa-

hedra, even though they have different crystal structures,

electrical and mechanical properties, transition temperature

(Tc) and remnant polarization (Pr) [1]. There are four dif-

ferent types of structures of ferroelectric oxides with oxy-

gen octahedra namely; perovskite, tungsten-bronze, layer

and pyrochlore. For the last few decades, there has been

extensive investigation on ferroelectric oxides particularly

on oxygen octahedral type because of various industrial

and technological applications. Although a number of TB-

type (complex perovskite) ferroelectrics have been studied,

a lot of interest has been paid on ferroelectric niobates and

tantalates for their electro-optic and other related applica-

tions. The first reported ferroelectric compounds of TB-

type complex perovskite structure are lead metaniobate

PbNb2O6 [2, 3] and lead metatantalate PbTa2O6 [4]. The

transition temperature of these two compounds was re-

ported to be 575 and 260 �C respectively. After the dis-

covery of ferroelectricity in these two compounds, lots of

compounds of the family were studied because of their

many interesting properties useful for devices. Interest-

ingly, single crystal or ceramic sample of lead barium

niobate (PBN) shows high dielectric constant, pyroelectric,

piezo-electric and electro-optic coefficients which are

useful for many devices such as surface acoustic wave

(SAW), pyroelectric and memory devices around the

morphotoric phase boundary (MPB) [5–10]. The TB-type

double perovskites with general formula A2BB
0O6, (with,

A = an alkaline earth, B and B0 are transition metals) have

been studied because of their attractive physical properties

[11], which depend on structural distortions and the char-

acteristic properties of B and B0 cations. This chemical

configuration results in a lot of opportunities to combine

different elements of the periodic table, generating the

possibility of synthesizing new materials. The BaTiO3

which is simple perovskite is well known because of its

ferroelectric character [12]. Partial substitutions of Ti by

the Zr cation have been done by many authors, showing the
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evolution of the electric behavior from a ferroelectric re-

sponse for low concentration of Zr, to a ferroelectric re-

laxor [13] and a dielectric behavior for high concentrations

of Zr [14]. However, the position of the substitutive cations

in the crystallographic cell of the material is not usually

reported. Location of all ions in the lattice is important for

inferring the possibility of obtaining spontaneous polar-

ization, in order to give rise to ferroelectric behavior. In the

case of polycrystalline samples, the ferroelectric behavior

depends greatly on the grain size, because the effects of

imperfection frequently dominate the ferroelectric response

of small grains, where a significant fraction of the material

volume may be influenced by grain boundaries. It is known

that cationic disorder produces substantial changes of the

ferroelectricity of complex perovskites [15].

Nowadays, attempts are being made to keep the envi-

ronment eco-friendly and free from toxic materials such as

lead. There are a good number of lead-based ferroelectrics

namely, PZT, PMN, PFN etc., which are having much

superior quality as compared to that of non-ferroelectrics,

are widely used for various types of sensors. Therefore, it is

impossible to replace the above lead based compound

completely; however, continuous efforts are being made to

search for new lead-free ferroelectrics with comparable

characteristics for the desired purpose. In view of this we

have a synthesized lead-free tungsten bronze compound

with chemical formula Ba2BiNbO6 by mixed oxide route,

and studied its ferroelectric and electrical characteristics

for possible devices.

2 Experimental

2.1 Sample preparation

The polycrystalline samples of Ba2BiNbO6 (BBN) were

synthesized by a high-temperature mixed oxide route using

high-purity (AR grade) ingredients: BaCO3, Bi2O3, and

Nb2O5 ([99 %, M/s LOBA Chemie Pvt. Ltd. India) as per

the required stoichiometric proportions. The oxides and

carbonate with the following composition were mixed in

dry (air) and wet (methanol) medium for 3 h in agate

mortar. Based on the repeated firing and grinding at dif-

ferent high temperatures (close to melting/decomposition

temperature of ingredients) the calcinations temperature for

formation of the material (Ba2BiNbO6) was decided. Fi-

nally the material was calcined at 910 �C for 4 h.

2 BaCO3þ0:5Bi2O3þ0:5Nb2O5 ! Ba2BiNbO6 + CO2

The calcined fine powder of the material was then cold

pressed into the form of cylindrical pellets of diameter 10

and 1–2 mm thickness under a uniaxial pressure of

4 9 106 nm-2 using a hydraulic press. Polyvinyl alcohol

(PVA) was used as a binder to prepare pellets. The pellets

were then sintered at an optimized temperature of 925 �C
(based on repeated firing) in air atmosphere for 4 h.

2.2 Characterization techniques

An X-ray diffraction (XRD) pattern data of calcined

powder was recorded at room temperature using X-ray

powder diffractometer (PAN Analytical XPERT) with

CuKa radiation (k = 1.5405 Å) in a wide range of Bragg’s

angle (h) (20� B 2h B 80�) at a scanning rate of 2�/min.

The sintered pellets were electroded with high-quality sil-

ver paste, and dried at 150 �C for 4 h before taking di-

electric and electrical measurements. The microstructures

of the pellet samples were recorded by Jeol JSM-6480 LV

SEM at room temperature. Compositional analysis of the

pellet sample was carried out by the energy dispersive

X-ray spectroscopy (EDS) attached with the SEM of above

model.

The dielectric (capacitance, dissipative factor), impe-

dance and inductance parameters of the sintered pellet were

measured as a function of frequency (1 kHz–1 MHz) at

different temperatures (25–500 �C) using a computer-

controlled phase sensitive meter (PSM 1735 LCR 4NL,

UK) with a laboratory-designed and fabricated sample

holder and furnace. A chromel–alumel thermo-couple and

Rishab digital milli-voltmeter were used to record the

temperatures. The polarization (hysteresis loop) of the

material on the poled sample (electric field = 6 kV/cm,

time = 8 h) was obtained at different temperatures using

hysteresis loop tracer (M/S Marine India, New Delhi).

3 Results and discussion

3.1 Structural study

Figure 1 shows the room temperature XRD pattern of

Ba2BiNbO6. The diffraction pattern of the compound

consists of sharp and single diffraction peaks, which are

different from that of the ingredients of the prepared

compounds confirming the formation of a single-phase new

compound [16]. As most of tungsten bronze structure has

tetragonal or orthorhombic structure, all the observed peaks

of the pattern were indexed in these crystal systems with

different unit cell configurations using a standard computer

program package ‘‘POWD’’ [17]. On the basis of best

agreement between observed and calculated inter planar

spacing (d), an orthorhombic unit cell was selected. The

selected unit cell parameters of the sample (as given in the

figure) were refined using least-squares refinement sub-

routine of the above computer program. The estimated

standard deviation of cell parameters was 0.0018 Å. These

3798 J Mater Sci: Mater Electron (2015) 26:3797–3804

123



values are found to be very much consistent with those of

some reported compounds of similar structure [18].

The scattered crystallite or particle size (P) of the

compound was calculated using the broadening of some

widely spread (over Bragg angles) strong and medium re-

flections in the Scherrer’s equation: Phkl ¼ kk
b1=2 cos hhkl

[19],

where k (constant) = 0.89, k = 1.5405 Å and b1/2 = full

width at half maximum (in radians). The average value of

Phkl is found to be 28 nm.

Figure 1(inset) shows the surface morphology of BBN

recorded on the gold plated bulk pellet sample using a

SEM. The nature and size of the microstructures of the

sample suggest that surface is highly dense due to uni-

formly distribution of grains. In spite of sintering at opti-

mized high temperature some small voids of irregular

shape and dimension are seen in the compound. The cal-

culated relative density of the sintered pellet is 5.85.

The elemental identification of the composites was done

with EDX technique. The EDX spectra of the composites

are shown in Fig. 2. The absence of extra elements other

than expected (Ba, Bi, Nb and O) in the EDX spectra re-

veals the purity of the sample and confirms the formation

of single phase i.e., orthorhombic double perovskite

structure of ferroelectric phase in the compound.

3.2 Dielectric study

The temperature variation of relative dielectric constant

(er) and tangent loss (tand) at different frequencies (1, 10,
100 kHz and 1 MHz) of the sample are shown in Fig. 3. It

is noticed that er increases up to a temperature (referred as

transition temperature (Tc * 350 �C)), and then it de-

creases suggesting ferroelectric-paraelectric phase

transition at this temperature. The temperature variations of

tan d at different frequencies also follow the similar pat-

tern. The room temperature er and tan d for BBN are 812

and 0.0219 respectively. The higher and smaller values of

er and tan d of BBN respectively at room temperature, are

useful for capacitors, transducer and microwave applica-

tions. The increase in er can be ascribed to the electron–

phonon interaction which is mainly observed in niobates.

Above 430 �C, the increase in er can be ascribed to the

thermally activated transport of space charges [20]. The

higher value of er at lower frequency (1 kHz) of the

compound is due the charge accumulation at grain

boundaries [21]. Above Tc there is monotonous increase in

tan d value which can be attributed to thermal transport of

oxygen vacancies, Bi?3 and Nb?4 ions which act as donor

centers initiating extrinsic n-type conduction in compound.

A sharp increase in tan d at higher temperature may be due

to scattering of thermally activated charge carriers and

some defects in the compound. At higher temperatures the

conductivity begins to dominate, which in turn, is respon-

sible for rise in tan d. Also, at higher temperatures the

contributions of ferroelectric domain walls to tan d is less,

which causes the rise in value of tan d [22]. The nature of

frequency dependence of dielectric parameters of the ma-

terial can be explained by the Maxwell–Wagner and

Koop’s phenomenological models [23]. As per this model,

dielectric medium contains highly conducting grains and

poorly conducting grain boundaries. At higher frequencies

the grain are more effective while the grain boundaries are

found to be more effective at lower frequencies and higher

temperatures. The decreasing nature of er on increasing

frequency may be considered due to the electron hopping

between Nb?5 and Nb?4 at octahedral sites which cannot

follow the alteration of ac electric field at higher frequen-

cies. Therefore, electrons have to pass through the well

conducting grains and the poorly conducting grain

boundaries. As the grain boundaries have large resistance,

the electrons pile up there, and produce large space charge

polarization. Therefore, er has larger value in the low-fre-

quency range. On further increase of frequency, the elec-

trons change their direction of motion rapidly, which

hinders the movement of electrons inside the dielectric

material and thus accumulation of charges at the grain

boundaries decreases resulting in the decrease of er.

3.3 Polarization study

Figure 4 shows hysteresis loop of the sample at two dif-

ferent temperatures. The remnant polarization (2Pr) of the

compound at 30 and 50 �C was found to be 5.74 and

5.12 lC/cm2 respectively. The coercive field (2Ec) at these

temperatures was found to be 0.11 and 0.1 kV/cm re-

spectively. It is observed that the value of remnant
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Fig. 1 Shows room temperature XRD pattern and SEM micrograph

of BBN
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polarization and coercive field decreases with rise in tem-

perature. Again, the area of the room temperature loop was

found to be decreased with rise in temperature which

confirms the existence of ferroelectric properties in the

material.

3.4 Impedance and modulus spectroscopy

Complex impedance spectroscopy (CIS) technique is

widely used to study frequency-temperature dependence of

the electrical properties of dielectrics and ionic conductors.

By using this technique, one can able to distinguish (1)

bulk, (2) grain boundary and (3) electrode polarization

effect of the material. When an ac signal is applied across

the pellet sample, its output response is measured. The

impedance measurements of the materials give us data

having both real (resistive) and imaginary (reactive) com-

ponents. For this purpose some basic equations/formulism

of impedance and electrical modulus are used in this

technique such as: complex impedance Z� ¼ Z 0 þ jZ 00,

complex modulus 1
e� ¼ M� ¼ M0 þ jM00 ¼ jxCoZ

�, and

complex permittivity e� ¼ e0 � je00. Using above equations

we will get following impedance and modulus formalism

to calculate and study the detail electrical properties of the

materials.

Z2 ¼ Z
02 þ Z

002
, M0 ¼ �xCoZ

00;M00 ¼ xCoZ
0 where Co

is the geometrical capacitance, j = H-1.

3.4.1 Impedance analysis

Figure 5 shows variation of Z0 * Z00 (Nyquist plot) at

different temperature of sample BBN. All the semicircles

exhibit some depression instead of a semicircle centered on

the real axis. This behavior is indicative of non-Debye type

of relaxation and it also manifests that there is a distribu-

tion of relaxation time instead of a single relaxation time in

Fig. 2 EDX of the pellet

sample BBN
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the studied material. The value of bulk resistance (Rb) at

different temperatures has been obtained from the intercept

of the semicircular arcs on the real axis (Z0). It clearly

shows that the parameters Rb decreases with rise in tem-

perature suggesting the NTCR behavior of the material. In

an ideal Debye like response, a perfect semi-circle with its

center at Z0 axis is observed for which equivalent circuit to

fit the experimental data is parallel combinations of (CR).

Since semicircles in the studied material at different tem-

perature are depressed type suggesting non-Debye type of

relaxations, for which we have number of relaxation time

instead of single relaxation time.

Figure 6 shows the variation of Z00 with frequency at

selected temperatures. It is observed that the value of Z00

decreases with rise in frequency as well as temperature in

the sample. The value of Z00 increases with rise of fre-

quency and attains a maximum at certain frequency

(Z00
max). This is due to the presence of relaxation in the

sample [20]. The frequency at which Z00 attains maximum

value is known as relaxation frequency (fr). Inverse of fr is

known as relaxation time of the sample. Again, relaxation

time decreases with rise in temperature suggesting the

temperature dependence of relaxation phenomena. Gener-

ally, in dielectric material relaxation process occurs due to

the presence of immobile charges at low temperatures and

defects/vacancies at higher temperatures [24].

3.4.2 Modulus analysis

The analysis of electrical modulus, measured from impe-

dance analyzer or LCR meter, is very useful to detect pa-

rameters such as electrode polarization, grain boundary

conduction effect, bulk properties electrical conductivity

and relaxation time. Figure 7 shows the variation of M00

with frequency at selected temperatures. Once again, M00

spectroscopy studies provide nature of relaxation phe-

nomena in the material. The peak or maximum value of M00

(M00
max) shifts to higher frequency side which suggests the

existence of hopping mechanism in which charge carriers

dominates intrinsically and hence mechanism is considered

as thermally activated process. Asymmetric broadening of

the peaks indicates spread of relaxation with different time

constants, which once again suggests non- Debye type [15].

The reactive part of impedance (Z00) and modulus (M00)
spectroscopy plot is shown in Fig. 8. Sinclair et al. [25]

reported that the combine plot of Z00 and M00 as a function

of frequency is used to detect the presence of smallest

capacitance and largest resistance. According to them, if
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peaks of Z00 and M00 * frequency are occur at different

frequencies then motion of charge carrier is short range

whereas for long range movement of charge carrier peaks

are occur at same frequencies. In the studied compound

there is mismatch of peaks at fixed temperatures suggesting

short range motion of charge carriers and departure from

ideal Debye-like behaviour [26].

3.5 Conductivity study

3.5.1 Ac conductivity

Studies of frequency-temperature dependence of ac con-

ductivity are generally carried out to understand the type of

electrical conduction mechanism and the nature of charge

carriers in the material. The ac electrical conductivity (rac)

is calculated using an empirical relation, rac = xere0tand,
where e0 is permittivity in free space and x is angular

frequency. To understand the effect of frequency on con-

duction mechanism of the material, we have to use Jon-

scher’s universal power law [27]: rTðxÞ ¼ rð0Þþ
r1ðxÞ ¼ r0 þ Axn where r (0) is the frequency indepen-

dent term giving rise to dc conductivity and r1(x) is the

purely dispersive component of ac conductivity. The ex-

ponent n can have a value between zero and one which

represents the degree of interaction between mobile ions

and lattices around them whereas A determines the strength

of polarizability.

Figure 9 shows the variation of rac of the material with

frequency at different temperatures. At higher temperatures

the conductivity curves show frequency independent pla-

teau in the low-frequency region whereas at higher fre-

quencies rac a xn, thus frequency dispersion is still

maintained in the material. It is obvious that rac increases

with rise in frequency but it is nearly independent at low

frequency. Therefore, extrapolation of this part towards

lower frequency side gives rdc. The increasing trend of rac

with rise in frequency may be attributed to the disordering

of cations between neighboring sites, and presence of space

charges [28]. In the high frequency region the curves ap-

proach to each other. The nature of conductivity plots re-

veals that the curves exhibit low frequency dispersion

phenomena obeying the Jonscher’s power law. According

to Jonscher [27], the origin of the frequency dependence of

conductivity lies in the relaxation phenomena arising due

to mobile charge carriers. When a mobile charge carrier

hops to a new site from its original position, it remains in a

state of displacement between two potential energy minima

obeying above power law. The value of n\ 1 signifies that

the hopping motion involves a translational motion with a

sudden hopping whereas n[ 1 means that the motion in-

volves localized hopping without the species leaving the

neighborhood. The frequency at which change in slope

takes place is known as hopping frequency of the polarons

(xp), and is temperature dependent. The material obeys

universal power law which is confirmed by a fit of above

equation to the experimental data (Fig. 9) where solid line

correspondence to fitted curve and symbols are ex-

perimental data. From non-linear fitting it is found that the

motion of charge carriers in the samples is translational one

because of small value of n (\1). A close look on the plot

reveals value of conductivity increases with increase of

temperature once again supports the NTCR behavior of the

sample.

Figure 10 shows the variation of fitting parameter A and

n with temperature. It is seen that the value of n decreases

with rise in temperature and becomes minimum near Tc in

BBN. Again, it increases with increase in temperature

whereas pre-exponential factor A has a reverse trend. The
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exponent n represents interaction between mobile ions with

the lattice around them. The observed minima at Tc (or

decreasing trend with temperature) suggest a strong inter-

action between the lattice and mobile ions. According to

dynamic theory [29, 30], one of the transverse optical mode

(soft mode) is weakened, and the restoring force tends to be

zero at transition temperature Tc. Therefore, if charge

carriers coupled with soft mode, they become mobile at Tc,

and thus conductivity increases. The pre-exponential factor

A determines the strength of polarizability. The maximum

value of A at Tc suggests the presence of high polarizability

i.e., maximum dielectric constant.

3.5.2 dc conductivity

Figure 11 shows variation of rdc * 103/T for the com-

pound. The nature of the plot follows the Arrhenius relation

rdc ¼ roe
�Ea
KBT [19]. The calculated activation energy (Ea) is

0.846 eV for BBN. Conductivity increases with rise of

temperature signifying NTCR behavior in the studied

compound.

4 Conclusion

The preliminary structural analysis of synthesized material

using X-ray diffraction data shows that the material has an

orthorhombic crystal structure. Detailed studies of tem-

perature dependence of dielectric and electric polarization

conclude that the material has ferroelectric characteristics.

Impedance spectroscopy studies indicate that the material

exhibits (1) conduction due to bulk (grain) effect, (2)

NTCR-type behavior and (3) temperature dependent re-

laxation phenomena. Modulus analysis indicates non–ex-

ponential type of conductivity relaxation in the material.

Ac conductivity study reveals the material is semicon-

ducting nature and obeys Jonscher’s universal power law.
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