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ABSTRACT 

Multiferroic bismuth ferrites (BFO) and Ni substituted bismuth ferrites (BFNO) were synthesized by standard solid state 
reaction route.  The structural and microstructural studies were carried out.  The effect of Ni substitution on dielectric constant 
and dielectric loss of the samples was studied in a wide range of frequency (100 Hz- 1 MHz) and temperature (27 

o
C – 420 

o
C). 

It has been    observed that  the    dielectric constant  increases with  increase in Ni doping concentration and attained a 
maximum value for BFNO(x = 0.075) sample while  the dielectric loss has been found  to decrease with the doping 
concentration. This implies a reduction in the conductivity and hence improved the dielectric properties of Ni doped BFO. The 
anomalous peaks in temperature dependent dielectric studies indicate the increase in antiferromagnetic ordering temperature and 
possible existence of spin glass states upon Ni substitution in place of Fe. The complex impedance spectroscopic analysis 
suggests purely the intrinsic nature of the dielectric anomalies. Temperature dependent non-Debye type of dielectric relaxation 
has also been observed. The Nyquist plots show the negative temperature coefficient of resistance behavior of these compounds. 
Further it would be interesting to study their magnetic and magnetoelectric properties with the aim of identifying new 
multifunctional device applications. Copyright © 2014 VBRI press.  
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Introduction  

Multiferroic materials display simultaneous presence of two 
or all three primary ferrioc properties like ferromagnetism/ 
antiferromagnetism, ferroelectricity/ antiferroelectricity and 

ferroelasticity [1]. Additionally, they exhibit the 
phenomenon called magnetoelectric coupling, i.e. 
magnetization induced by an electric field and electric 
polarization induced by a magnetic field. These materials 
have attracted a lot of attention in recent years due to their 
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potential applications in multiple state memory elements, 
spintronics, electric field controlled ferromagnetic 
resonance devices, microelectronic devices, transducers etc 

[2-4]. Amongst the multiferroic materials, there have been 
intensive studies on BiFeO3 (BFO) due to its multiferroic 

properties at room temperature (RT) [5]. BFO is a 
rhombohedrally distorted perovskite material with space 
group R3c at RT with a high ferroelectric Curie 

temperature (   and G-type antiferromagnetic 

Neel temperature (
 
[2, 6]. The BFO samples 

usually show high leakage current which prohibits getting a 
well saturated P-E hysteresis loop. Therefore, there have 
been constant efforts to reduce the leakage current, 
improvements in the dielectric and magnetic properties by 

substitutions on Bi-site and/or Fe-site [7-10]. The 
enhancements in both dielectric constant and dielectric loss 

have been reported [11]
 

in Nd and La doping BFO 
ceramics. Research is still being carried out in the 
substituted BFO ceramics to fabricate a high dielectric 
constant material with temperature and frequency 
independence characteristics for miniaturization in 
electronic devices. 

In this regard, attempts have been made to substitute the 
transition metal ion, Ni

2+
 (similar ion size as Fe

3+
) on Fe-

site to improve upon the magnetic, dielectric and 

magnetoelectric properties of BFO ceramics [12-18] and 

BFO thin films [19]. The resistivity of Ni doped BFO was 
reduced by more than three orders of magnitude than the 

un-doped BFO [15]. The doping of Ni
2+

 is expected to 
prevent the formation of Fe

2+
. It may introduce more 

oxygen vacancies that leads to a higher density of free 

carriers and hence higher conductivity [20]. Singh et al. 
have reported a structural change in their Ni doped BFO 
films grown by chemical-solution deposition on 

Pt/Ti/SiO2/Si(100) substrate [14]. Films with 2.5 atom % 
Ni substitution showed low leakage current with high 
polarization and coercive field in the PE hysteresis loops. It 
has also been reported that the presence of microstructural 
defects or grain boundaries may be primarily responsible 
for determining the magnetic and electrical properties of 

transition metal doped BFO thin films [19]. 
In this paper, synthesis of BFO and Ni substituted BFO 

(BFNO) ceramics by solid state reaction route is reported. 
A thorough study on the effect of Ni

2+ 
substitution on 

structural, micro structural and dielectric properties has 
been carried out. The complex impedance spectroscopic 
data has been analyzed to understand the electrical 
properties of these materials. So far as author’s knowledge 
is concerned, this article may be the first report on a 
thorough study on the dielectric properties and complex 
impedance analysis of the Ni doped bismuth ferrites. 

 

Experimental 

Materials  

High purity powders of Bi2O3 (3 mol% Bi2O3 excess), 

Fe2O3, and NiO (all are of purity 99%, Merck) were used 

as starting materials. The chemicals were of analytical 
grades.  
 

 

Synthesis  

Polycrystalline BiFe1-xNixO3(x = 0, 0.025, 0.05, 0.075, 
0.10, 0.15, 0.20) ceramics were synthesized by the standard 
solid state reaction technique. The above materials were 
carefully weighed in stoichiometric proportion and 
thoroughly mixed by grinding in ethanol medium for 2 
hours using agate mortar and pestle. This homogeneous 
mixture was rapidly heated to 800 

o
C and calcinated there 

for two hours. Calcined powder was again ground 
thoroughly for 30 minutes. The powder was then pressed 
into pellets of 10 mm diameter and 1-1.5 mm thickness by 
applying a pressure of 1 MPa (with PVA as a binder). The 
pellets were rapidly heated to 800 

o
C and sintered for 2 

hours. The sintered BFO pellets were found to be grey in 
colour but the colour changed to dark grey upon Ni 
substitution.   
 
Characterizations 

The crystallinity and phase of the samples were examined 
by X-ray diffraction (XRD,   Bruker D8 Advance, 
Germany), using Cu Kα radiations (λ = 1.5406 Å) in 2θ 
ranging from 20

 o
 to 60

o
. The dielectric measurements and 

complex impedance spectroscopic analysis were carried out  
as a function of frequency (100 Hz – 1 MHz) and 
temperature (300 K – 723 K) using a LCR meter (model- 
PSM1735 HIOKI ). Prior to this measurement, silver paste 
was applied on the opposite faces of the sintered pellets for 
good electrical contacts. Scanning electron microscopy 
(SEM, Model: JEOL-JEM 2100 UHR) was used to study 
the surface morphology of the samples.  
 

Results and discussion 

Structural analysis 

The X-ray diffraction patterns of BFO and BFNO ceramics 

are illustrated in Fig. 1. The XRD peaks were indexed with 
a rhombohedrally distorted perovskite structure with space 
group R3c.   Nickel doping up to 15 % did not cause a 
change in structure. No new peaks were observed 
corresponding to any phase associated with Ni. These 
observations indicate that Ni ions are incorporated into the 
BFO structure. Weak secondary phase peaks like Bi2Fe4O9 
and Bi25FeO40 were observed along with main peaks. These 
phases are usually observed in BFO and substituted BFO 

samples because of the kinetics of formation [8, 21, 22]. 
Intensity of some of the diffraction peaks corresponding to 
secondary phases decreased with increasing Ni 
concentration (up to 0.075) and increased thereafter (up to 
0.20). The effect of Ni doping at low concentrations in 
suppressing impurity phases has also been reflected in the 
dielectrics data as discussed later. 

The effect by Ni substitution on the morphology and 
shape of the grains was studied by SEM analysis. SEM 
images of samples with Nix (x= 0, 0.075, 0.10, 0.15) are 

shown in Fig. 2. Most of the grains are homogeneous with 
an individual grain size of approximately 0.5 µm. However 
a few large grains of irregular shapes were also observed. 
The variation of grain morphologies may be an evidence of 
the formation of secondary phases. 
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Fig.1. X-ray diffraction (XRD) patterns of   ceramics; ‘*’ 

and ‘#” correspond to the impurity peaks. 
 

(a)

(c)

(b)

(d)

 
 

Fig. 2. Scanning electron microscope (SEM) images of   

samples where (a)  0,   (b) x= 0.075, (c) x= 0.10 and (d) x= 0.15. 
 

Dielectric study 

The dielectric constant ( ) and dielectric loss ( ) of 

BFO and BFNO ceramics exhibited strong dependence on 

frequency (Fig. 3). The occurrence of dispersion in the low 
frequency regime may be attributed to interfacial 

polarization [23]. This also indicates the presence of dc 

conductivity in BFO and doped BFO [24, 25]. 

As shown in Fig. 3(a), the values of dielectric constant 
are very high at low frequencies. This phenomenon has 
been understood on the basis of space charge polarization 

due to the presence of porosity. Initially, the  values for 

all the samples initially showed a sharp decrease up to 10 
kHz and thereafter the decrease was found to be slow and 
became almost constant up to a frequency of 1 MHz. This 
observed trend of decrease in dielectric constant with 
increased frequency may be attributed to the inability of the 
electric dipoles to be influenced by the applied field. This 

type of behavior has been reported for Co doped [26], Cr 

doped [27] and Ni doped [28] BFO samples. It was also 

observed that the dispersion in values with Ni doping 

concentration was more at low frequency region than that at 
the high frequency region. 

 

(a)

(b)

 
 

Fig. 3. Frequency   dependence of the dielectric constant ) (a) and 

dielectric loss ( ) (b) of  ceramics at room temperature. 

The insets show the variation of  and  with Ni concentration at 0.1 

kHz. 
 

 This weak dependence of  on frequency at high 

frequency region could be due to the contributions from 
ferroelectric domains rather than the dipoles.   

The inset of Fig 3(a) shows the variation of dielectric 
constant with Ni concentration at a frequency of 100 Hz. 
The dielectric constant for BFO sample was found to be 
low but increased with increasing in Ni doping 
concentration. It became maximum for BFNO(x = 0.075), 
almost eight times as compared to BFO. This significant 
increase in the dielectric values may be attributed to the 

reduction in the impurity phases.  XRD spectra (Fig. 1) also 
showed the reduced intensity of the impurity peaks at this 
Ni substitution. This behavior might also be understood in 
terms of oxygen vacancies and displacement of Fe

3+
 ions.  

Fig. 3(b) shows the dielectric loss as a function of 
frequency. The dielectric loss of BFO sample decreased 
with increasing frequency and was owing to the suppressed 
dipolar contribution towards the polarization at high 

frequencies [7]. For the BFNO samples with x= 0, 0.025 
and 0.05, a broad peak appeared at around 10 kHz. The 
peak was prominent in loss tangent curves of BFNO (x= 
0.075-0.2) almost at the same frequency. The occurrence of 
broad relaxation peak was also reported for La doped BFO 

samples [29]. This could be attributed to non-Debye type 
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relaxations, which might arise due to space charge 
conduction. The hopping motion of the double ionized 

oxygen ion vacancies [30]
 
(among the potential barriers) 

could also play a role in causing such type of relaxation. 
The variation of dielectric loss with Ni concentration at 100 

Hz is shown in inset of Fig. 3(b). The dielectric loss was 
observed to decrease with the doping concentration. This 
implies a reduction in the conductivity, thus improving 
dielectric properties of Ni doped BFO.  

Fig. 4(a) shows the variation of dielectric constant with 
temperature of BFO and BFNO ceramics measured at 10 
kHz frequency. The dielectric values of the BFO sample 
were found to be small in the entire temperature range, 
except a high dielectric constant peak at a temperature of 
350 

°
C. Such dielectric anomaly has already been reported 

for phase pure BFO samples [31, 32]. Usually this anomaly 
is observed at around the antiferromagnetic Neel 
temperature (i.e. 370 

°
C for BFO), which is much lower 

than the ferroelectric transition temperature (870 
°
C). 

Hence, the observed anomaly could be attributed to the 
magnetoelectric coupling, which caused a change in the 
electric polarization. The Landau-Devenshire theory of 
phase transitions has predicted such type of dielectric 

anomaly in magnetoelectrically ordered system [33]. The 
position of this anomaly peak shifted towards a higher 
temperature i.e. 400 

°
C with the substitution of Ni into the 

BFO lattices. This indicated about the increase in 
antiferromagnetic ordering temperature upon Ni 
substitution.   

 

(a)

(b)

 
 

Fig.4. (a)Temperature dependence of the dielectric constant ) and (b) 

dielectric loss ( ) of   at 10 kHz. 

Dielectric constant versus temperature plot of BFNO(x 
= 0.075 to x=0.20) exhibited one additional anomaly peak 
at around 220

o
C. Such type of behavior has also been 

reported previously by several   authors [16, 34-38]. The 
existence of anomaly in the temperature range 200 

°
C to 

220 
°
C might be attributed to the development of another 

magnetic transition (spin-glass like behavior) [39],
 
which 

needs a thorough investigation on the magnetic properties 
of these samples. 

Fig. 4(b) shows the effect of temperature on dielectric 
loss of BFO and BFNO samples. It was observed that the 
value increased steeply after 300 

0
C. This may be 

understood as follows. There is always some contribution 
of space charge polarization due to oxygen ion vacancies in 
the BFO and doped BFO samples in the entire temperature 
range. But at higher temperature this effect becomes more 
prominent due to thermally activated process, which 
enhances the loss tangent to very high value. This type of 
behavior has been reported for La and Nb co-doped BFO 

[40], La and Ho co-doped BFO
41

 and Ti doped BFO [8]. 

 
Complex impedance spectroscopy 

Fig. 5 shows the variation of real part ( ) and imaginary 

part ( ) of impedance of BFO and BFNO with frequency 

at room temperature. The   magnitude of  was found to be 

high at low frequency region. With increase in frequency, 

 decreased monotonically and attained a constant value in 

the high frequency region. This type of trend was exhibited 
by BFO and all BFNO samples without any signature of 

anomalous behaviour. The values of  and  were 

observed to merge above 10 kHz. This trend could be 
understood by the increased hopping of charge carriers 
between the localized ions and conductivity across grain 
boundaries at high frequencies. Moreover, the magnitude of 

 gradually decreased with the Ni concentration. This 

indicated the decrease in conduction path due to lattice 
distortion 

 

 
 

Fig. 5. The real ( ) and imaginary components ( ) of impedance of 
 at room temperature. 
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 Fig. 6 shows the frequency dependence of  and   

at different temperatures. As shown in the figure,    

decreased with a rise in temperature and merged at high 
frequency region due to the increase of ac conductivity. 
This indicates the existence of negative temperature 
coefficient of resistance (NTCR) in the compounds, usually 

observed in semiconductors. Decrease of   with increase 

of temperature and frequency has been reported by several 
authors, where they have suggested a possible release of 
space charge and consequently lowering of barrier 

properties in these materials [42, 43]. 
 

(a)
(b)

(c) (d)

(e) (f)

 

 

Fig. 6. Variation of   with frequency of    samples at 

selected temperatures. 

 

Fig. 7 shows the variation of imaginary part of 

impedance ( ) with frequency (known as loss spectrum) at 

various temperatures. The appearance of peaks suggested 
the existence of relaxation properties of these materials. It 
is known that these peaks appear when the hopping 
frequency of localized electrons becomes approximately 
equal to the frequency of applied field. The occurrence of 
relaxation peaks could be understood by the presence of 
immobile species/electrons at low temperatures and 

defect/vacancies at high temperature [44].
 
The broadening 

of peaks at higher temperatures confirmed the existence of 
temperature dependent electrical relaxation phenomena in 
these materials. Moreover, the peak was found to be shifted 
towards higher frequency side by the rise in temperature. 

The magnitude of  was found to be almost independent 

of temperature at a frequency of 1 MHz. This may be 

understood by the disappearance of space charge 

polarization   at high frequency [42, 44]. 
 

(a)
(b)

(c)

(e)

(d)

(e)

 
 

Fig. 7. Variation of with frequency of   samples at 

selected temperatures. 
 

The temperature dependence of complex impedance 

spectrum   vs   (called as Nyquist Plot) of BFNO is 

displayed in Fig. 8.  At low temperature (below  

approx.), the complex impedance plots of all samples 
consist of two overlapping semicircular arcs with centre 
below the real axis. This showed the presence of non-
Debye type of relaxation phenomenon in the samples.  At 

above , a semicircular arc with some missing portion 

was observed at low frequency region due to limitation of 

our experimental facilities (inset in Fig. 8).  
The small semicircular arc (low frequency) is attributed 

to grain boundary effects and the large semicircular arcs 
(high frequency) are attributed to the bulk (grain) effect. 

The values of bulk resistance ( ) were calculated from the 

intercept of the impedance curve to the -axis. The values 

of    showed a decreasing trend with increase of 

temperature.  This also indicates a typical NTCR behaviour 
of the BFNO compounds. 

Moreover, the intrinsic capacitance of the compounds in 

the high frequency range  was extracted from 

the equivalent circuit of the impedance spectrum, using  

 . Where   ,   is the angular 

frequency ( = 2πf) and  is the bulk capacitance. The 

magnitude of   could be calculated from the slope of the 

plot between –Z’’ vs. 1/2πf as shown in the Fig. 9 (inset). 
The variation of intrinsic capacitance with temperature of 

BFNO (x=0.15) sample is displayed in Fig. 9. This Figure 
clearly indicates the presence of the anomalies at 200 

o
C 
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and 400 
o
C, which is similar to that observed in Fig. 4(a)). 

Therefore, it may be concluded that the observed dielectric 
anomalies are purely intrinsic in nature. 

 

 
 
Fig. 8. Complex impedance spectra (  vs ) of  samples 

at selected temperatures. 

 

 
 

Fig. 9. Temperature vs bulk capacitance of  and inset 

showing frequency vs  . 
 

Majumdar et al., [38] have also reported the intrinsic 
nature of the dielectric anomalies in their study on BFO 
samples.  They have ruled out the possible existence of the 

extrinsic factors such as electrode-sample interface or the 
grain boundaries.   
 

Conclusion 

Nickel substituted BFO ceramics were prepared by solid 
state reaction technique. The influences of the Ni doping 
content on the crystallization and dielectric properties of 
the samples were investigated.  XRD studies showed that 
the rhombohederal distorted perovskite structure of the 
parent compound was retained even with Ni concentration 
15%. The surface morphology of the compound was 
studied through SEM, which revealed the average grain 
size of the order of 0.5 μm. The dielectric measurements 
showed that the values of dielectric constants were very 
high at low frequency region. The dielectric constant was 
found to decrease with increase in frequency, whereas 
peaks (non-Debye type of relaxation) were observed in the 
intermediate frequency range of the frequency dependent 
dielectric loss plots.  Anomaly peaks were observed in the 
temperature dependent dielectric constant curves. The 
shifting of the anomaly peaks towards higher temperature 
with the substitution of Ni suggested the increase in the 
antiferromagnetic ordering temperature. The complex 
impedance spectroscopic studies also showed relaxation 
effects which are non-Debye type. Moreover, this study 
predicted a typical negative temperature coefficient of 
resistance behaviour of these compounds. The intrinsic 
nature of the dielectric anomalies was also confirmed. 
Hence, it may be concluded   that the dielectric anomalies 
were originated due to strong magnetoelctric coupling in 
these samples. A thorough study on the magnetic properties 

and magnetoelectric coupling of these ceramics is under 
progress. 
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