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Abstract

Bi1�xBaxFeO3 (x = 0.00–0.25) samples were prepared by conventional solid state reaction method. X-ray diffraction revealed the rhombo-

hedrally distorted perovskite structure for undoped BiFeO3 with a phase transition from rhombohedral to pseudo cubic on Ba substitution. The

leakage current density of 10% Ba substituted sample is found to be four orders of magnitude less than that of the pure BiFeO3. Grain boundary

limited conduction and space charge limited conduction mechanisms are involved in low and high electric field regions respectively for all the

samples except 10% Ba doped BFeO3 which obeys grain boundary limited conduction mechanism in whole of the electric field range. Dielectric

measurements showed that the dielectric constant and dielectric loss attained their minimum values at 10% Ba substitution. Thus 10% Ba is found

to be optimum concentration to have better multiferroic properties. Undoped BiFeO3 and 5% Ba doped samples have very large values of dielectric

constants and leakage current densities which can be attributed to a large number of oxygen vacancies in these samples, indicating an extrinsic

response of these compositions.
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1. Introduction

Ferroelectric, ferromagnetic and ferroelastic behaviors of

the materials are very useful from application point of view.

The materials exhibiting at least two out of the above three

behaviors simultaneously are known as multiferroics [1–3].

Among the various types of multiferroics, BiFeO3 has attracted

much attention of researchers due to its promising potential

applications in the fields of electromagnetic coupling,

spintronics, sensors and data storage devices [4–7]. In BiFeO3,

ferroelectric and anti-ferromagnetic ordering coexist in a single

phase at room temperature, that is, dielectric properties can be

controlled by applied magnetic field and magnetization can be

controlled by varying electric field [8]. BiFeO3 has rhombo-

hedrally distorted ABO3 type perovskite structure with space

group R3c [9]. It has high ferroelectric Curie temperature

TC � 1103 K and G-type anti-ferromagnetic Néel temperature

TN � 643 K [10]. Ferroelectricity appears in pure BiFeO3

due to off centered distortion of Fe3+ ions, caused by 6 s2 lone
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pair of Bi3+ ions in its noncentrosymmetric rhombohedral

structure [11]. BiFeO3 has canted spins structure that generates

localized antiferromagnetism which is suppressed by the spiral

spin structure at macroscopic level [12].

Large number of oxygen vacancies produced due to highly

volatile nature of Bi and the multiple oxidation states of Fe

(Fe2+ and Fe3+) cause a high leakage current in the material that

degrades its ferroelectric properties. On the other hand, the

localized ferromagnetism produced by the canting of spins in

BiFeO3 vanishes at macroscopic level due the spiral spin

structure of the magnetic domains with a wavelength �620 Å.

Due to these limitations BiFeO3 has restricted applications.

Several researchers have worked to overcome these limitations

by synthesizing nanostructures or thin films of BiFeO3 using

appropriate synthesis technique and/or by doping rare earth

metals/lanthanides at A site and/or transition elements at B site.

Kawae et al. [13] codoped BiFeO3 with Mn and Ti and found

greatly reduced leakage current and high remnant polarization

of 75 mC/cm2 when they applied an electric field of 2100 kV/

cm. Qian et al. [14] found a large magneto-dielectric coefficient

of 4.7% in as-prepared BiFeO3 nanoparticles. Yang et al. [15]

found a great enhancement in magnetization with Co2+

substitution for Fe3+ ions. Wang et al. [16] studied the
d.
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Fig. 1. (a) XRD pattern of the samples Bi1�xBaxFeO3 (x = 0.00–0.25), (b)

Enlarged view of the diffraction peaks (1 0 4) and (1 1 0) near diffraction angle

2u = 328.
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magnetic and ferroelectric properties of Ba doped BiFeO3. In

the present work, we replaced Bi3+ ions with Ba2+ to modify the

structure and transport properties of BiFeO3. We observed

anomalous variations in leakage current density and dielectric

properties with increasing Ba concentration and discussed

their origin.

2. Experimental

Pure and Ba doped BiFeO3 polycrystalline samples of the

type Bi1�xBaxFeO3 (x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25) were

synthesized by conventional solid state reaction method.

Stoichiometric amounts of Bi2O3, Fe2O3 and BaCO3 having

99.9% purity were thoroughly mixed and ground in a pestle and

mortar for 30 min for each composition. The calcinations of the

ground powders were carried out at temperatures of 750 8C and

800 8C for the time duration of 20 h, with an intermediate

grinding for 30 min. Then the powders were ground and pressed

into pellets having diameter �9 mm and thickness �1 mm and

sintered at 825 8C.

In order to confirm the phase purity of the synthesized

samples, XRD data was collected using D8 Discoverer HR-

XRD BRUKER (Germany) with CuKa radiations (l =

1.5418 Å). The XRD data was collected in 158 � 2u � 708
range with a step size of 0.028 and count rate of 2 s/step.

Scanning electron microscopy (SEM) was carried out to observe

the microstructure of the synthesized samples. For electrical

measurements the opposite flat faces of the pellets were coated

with silver paste to make them a parallel plate capacitor and cured

at 150 8C for 1 h. Room temperature dielectric measurements

were carried out using Agilent E4980A LCR meter in the

frequency range from 20 Hz to 2 MHz. The response of the

current density, J, to applied electric field, E, was analyzed

using Keithley 2400 Source Meter.

3. Results and discussions

Fig. 1(a) shows the XRD patterns of Bi1�xBaxFeO3

(x = 0.00–0.25) samples recorded at room temperature. All

the diffraction peak positions for BiFeO3 polycrystalline match

well with those of the rhombohedral R3c structure [17,18] with

no impurity peak. The diffraction peak positions for Ba doped

BiFeO3 show gradual variations in peaks when compared with

parent BiFeO3. Doubly split peaks near 328; (1 0 4) and (1 1 0),

near 378; (0 0 6) and (2 0 2) and near 528; (1 1 6) and (1 1 2)

merge gradually. This shows a structural phase transition from

distorted rhombohedral to pseudo cubic symmetry. This

behavior has also been reported for Pb substitution at Bi site

in BiFeO3 [19]. Fig. 1(b) shows the enlarged portion between 2u

of 318 and 338, where mergence of (1 0 4) and (1 1 0) peaks is

evident. All diffraction peaks shift slightly towards low angle

indicating an increase in lattice parameters [20] caused by

substitution of Ba atoms with larger ionic radius (1.42 Å) in

place of Bi atoms having smaller ionic radius (1.17 Å).

In Fig. 2, SEM images demonstrate the effects of Ba

concentration in BiFeO3 on the grain size and porosity of the

samples. It is clear from Fig. 2 that the average grain size is
greatly reduced from 5 mm to 100 nm with increasing Ba

concentration. However for 15% Ba, the grain size is slightly

increased. This may be due to the structure phase transition

from rhombohedral to pseudo cubic structure as confirmed by

the XRD pattern. It has been suggested that the grain growth

depends upon the concentration of oxygen vacancies [21] and

diffusion rate of the ions. Due to highly volatile nature of Bi, its

evaporation generates large number of oxygen vacancies in

pure BiFeO3. This makes it easy for the ions to diffuse, resulting

in a very large grain size as compared to the Ba doped BiFeO3

samples. This phenomenon may be suppressed by the

occupation of certain probable evaporated Bi sites by Ba ions

at low doping level. Although, on further Ba doping oxygen

vacancies are generated for charge neutralization, but grain

growth is limited due to substitution of Ba atoms with larger

ionic radius in place of Bi atoms having smaller ionic radius.

To investigate the leaky behavior of the Bi1�xBaxFeO3

(x = 0.00–0.25) system, these materials were subjected to the

electric field up to 400 V/cm at room temperature and leakage

current densities were measured against varying electric field.

In Fig. 3, it is demonstrated that current density increases with



Fig. 2. SEM photographs of the samples Bi1�xBaxFeO3, (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20 and (f) x = 0.25, sintered at 825 8C.
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increase in electric field for all compositions. When considering

the effects of Ba concentration on the leakage current density, it

is clear from Fig. 3 that 5% Ba doping has no considerable

effect on leakage current density but doping of 10% Ba in

BiFeO3 reduces its leakage current density up to four orders of

magnitude as compared to pure BiFeO3. This makes a

significant improvement in ferroelectric properties of the

material. On further increase in Ba concentration, leakage

current density first increases up to 20% and then decreases for

25% Ba contents. This behavior has also evidence in tan d

versus frequency measurements as discussed later. Hu et al.

[22] have reported similar behavior for Gd doped BiFeO3.

Although, the transport behavior of BiFeO3 system is very

complicated but there are primarily three possible factors that

control the transport properties. First is the concentration of

oxygen vacancies [20,23] produced due to highly volatile

nature of Bi. These oxygen vacancies generate deep trap energy

levels within the band gap and provide a path for thermally or

electrically stimulated charge carriers to flow under applied

electric field. This phenomenon has direct correspondence with
the leakage current density. Second is the multiple oxidation

states of Fe ions (Fe2+ and Fe3+) [7,24–26]. This behavior of Fe

contributes to the conduction at high electric field by the

transfer of the electrons from Fe2+ to Fe3+, that is, virtual

hopping of the Fe2+ takes place in the vicinity of high electric

field. Thus, a high concentration of Fe2+ ions in the material

gives rise to high leakage current [26]. The third factor that

significantly affects the leaky behavior of BiFeO3 system is the

microstructure, i.e. volume of the grains and grain boundaries

and density of the material. It is a well known fact that decrease

in the grain size increases the grain boundary region and hence,

increases the resistivity of the material [12,25,27,28]. There-

fore, large number of oxygen vacancies, high concentration of

Fe2+ ions, large grain size and more compact structure give rise

to the leaky behavior in the BiFeO3 system. The anomalous

leaky behavior, as shown in Fig. 3, can be estimated by

considering these factors. The substitution of Ba2+ for Bi3+ may

cause two parallel phenomena with respect to concentration of

oxygen vacancies, one is decrease in concentration of oxygen

vacancies by filling the probable vacant volatized Bi3+ sites and



Fig. 4. Frequency response of dielectric constant for the samples Bi1�xBaxFeO3

(x = 0.00–0.25).

Fig. 3. (a) Leakage current density, J, vs. electric field, E, and (b) log(J) vs.

log(E) plot for the samples Bi1�xBaxFeO3 (x = 0.00–0.25).
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the second is the creation of oxygen vacancies to neutralize the

charge produced by substituting Ba2+ for Bi3+. Hence, we may

consider a decrease in number of oxygen vacancies in low

doping level up to 10% Ba and then an increase in oxygen

vacancies concentration on further doping. Thus, greatly

reduced leakage current density for 10% Ba is due to decrease

in grain size (shown in Fig. 2), and reduction in concentration of

Fe2+ ions and oxygen vacancies related defects [29,30]. For

15% Ba, grain size as well as oxygen vacancies concentration

are slightly increased due to relatively large substitution of Ba

as discussed earlier, the current density is found to be increased.

Although, grain size of the 20% Ba doped sample is decreased

slightly as compared to 15% Ba but the microstructure is more

compact (less pores) and oxygen vacancies concentration also

increases which may results in increase in the leakage current

density. For 25% Ba doped sample, leakage current density is

slightly decreased due to comparatively large porosity in the

structure as indicated in Fig. 2.

Ohmic conduction (when bulk charge density is larger than

the density of injected charges form the electrode) and the

space-charge-limited conduction (when density of injected

charges form the electrode is larger than that of the charges in
the bulk) mechanisms are commonly involved in the transport

behavior of BiFeO3 ceramics. Logarithmic plot of the current

density, ‘J’ and electric field, ‘E’ is a useful tool to find the

conduction mechanism involved in leakage behavior of the

samples. Based on the power law J a Em relationship, we

plotted log(J) versus log(E) in Fig. 3(b) for three selected

samples with x = 0.00, 0.10 and 0.20. The value of slope ‘m’ for

a specific region of these curves gives the information about the

conduction mechanism involved in that region [26]. In the low

electric field region the value of slope of the curves is less than

unity for all the samples indicating grain boundary limited

conduction [31]. In the high electric field region, the value of

slope for undoped and 20% Ba doped BiFeO3 is greater than 2

(m > 2) which shows that the space-charge-limited conduction

(SCLC) is dominant for undoped and 20% Ba doped BiFeO3

[26]. In the samples with x = 0.15–0.25, same conduction

mechanisms are involved as that of 20% Ba doped BiFeO3 (not

shown here). However, for 10% Ba doped sample, it is less than

unity (m < 1), indicating that the grain boundary limited

conduction is dominant for this sample. This is expected due to

reduced concentration of charge defects (oxygen vacancies,

impurity phases, etc.) in this sample. However, for intermediate

values of electric field, the slope of the curve for 20% Ba doped

sample is 1 (m = 1) indicating an Ohmic conduction mechanism

in this sample intermediate electric fields.

The above investigation about the existence of charge

defects predicts large values of dielectric constant for pure and

5% Ba doped BiFeO3. Fig. 4 shows dielectric measurement of

the samples Bi1�xBaxFeO3 (x = 0.00–0.25) in the wide

frequency range from 20 Hz to 2 MHz at room temperature.

The dielectric constant e has maximum values at the lower

frequencies for all samples which decrease sharply with

increasing frequency up to about 1 kHz and then become

almost constant at high frequencies. It shows a large dielectric

dispersion due to the Maxwell–Wanger type of interfacial

(ionic and dipole) polarization. The reason is that the larger size

and mass of dipoles can respond to only low frequencies but at



Fig. 5. Frequency response to the dielectric loss for the samples Bi1�xBaxFeO3

(x = 0.00–0.25).
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high frequencies they are unable to be in step with the

frequency of the applied electric field and relaxed down [12].

This behavior is common in dielectric and ferroelectric

materials [32]. The dielectric constant as well as its frequency

dependent region change systematically with doping concen-

tration. Very large values of dielectric constant at low

frequencies for pure and 5% Ba doped BiFeO3 samples are

observed. This may be attributed to the interfacial polarization

due to high concentration of oxygen vacancies which are

produced due to highly volatile nature of Bi, and/or multiple

oxidation states of iron (Fe3+ and Fe2+) [29]. It is an extrinsic

behavior of these samples which is suppressed with further

increase in Ba concentration. The inset shown in Fig. 4 is an

enlarged view of dielectric measurements for 10% Ba and

higher concentrations. The sample with 10% Ba substitution

shows lowest value of dielectric constant due to reduced grain

size [33] and low concentration of charge defects (oxygen

vacancies and Fe2+) [30]. On further doping, the value of

dielectric constant becomes larger due to increase of oxygen

vacancies. However for 25% Ba dielectric constant is reduced

due to significant replacement of Bi3+ with Ba2+ ions; which is

responsible for ferroelectricity in these materials [24].

The dielectric loss tan d shows strong frequency dependence

as indicated in Fig. 5. For all concentrations, tan d has high

values in the low frequency region that decrease gradually

with increase in frequency. For x = 0.00 and 0.05, a second

Deby like relaxation peak appears which can be attributed to the

relaxation of charge carrier trapped among the oxygen

vacancies. This ionic relaxation is a high frequency phenom-

enon that originates from thermally activated hoping of ions

generated due to these oxygen vacancies. The value of

relaxation frequency in tan d measurements helps to predict

the relative mobility of the charge carriers [34]. In the present

study, the relaxation peak shifted towards higher frequency for

5% Ba sample indicates relatively high mobility. However, it is

shifted towards very low frequency for 10% Ba showing very
low mobility (reduced leakage current). On further increase in

Ba concentration up to 20%, the relaxation peak is again shifted

towards high frequency predicting the high leakage current. For

25% Ba contents, it is shifted again towards low frequency

indicating low leakage current. Thus, the tan d relaxation peak

shift towards the lowest frequency for 10% Ba doped sample

also confirms its lowest mobility as compared to other samples.

These results are well consistent with the findings discussed

for leakage current density measurements.

4. Conclusions

Polycrystalline samples with formula Bi1�xBaxFeO3 (x =

0.00–0.25) were synthesized by conventional solid state

reaction method. XRD diffraction confirms the structural

phase transition from rhombohedral to pseudo cubic symmetry.

Anomalous variations are observed in dielectric and transport

properties with Ba substitution that may be attributed to charge

defects and variation of grain size. The leakage current density

of 10% Ba doped sample is about four orders of magnitude less

than those of pure BiFeO3 sample. Small values of leakage

current density and dielectric loss tan d of 10% Ba doped

BiFeO3 make it an important multiferroic material.
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