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[2]. BiFeO3 has exceptional applications such as photo 
catalytic, ultrafast, optoelectronic and infrared detector 
[3, 4]. The BiFeO3 is unique, as its ferroelectric and mag-
netic transition temperatures are well above the RT (i.e. 
TC~1103  K and TN~643  K respectively) which opens the 
possibility of potential devices based on magneto-electric 
(ME) coupling operating above RT [5, 6]. In BiFeO3, the 
G-type antiferromagnetic structure is modulated to a spiral 
spin structure, whose modulation vector has a long period 
of λ = 620–640 Å [7, 8]. In spite of various peculiar quali-
ties, BiFeO3 has some inherent problems that limit its uti-
lization for device applications. For instance, BiFeO3 has 
high leakage current which allow passing current through 
it when a high voltage is applied. It also has high dielectric 
loss and low polarization [9]. In order to solve these prob-
lems, several attempts have been made such as doping at 
the appropriate atomic sites and/or fabricating its compos-
ites and solid solutions with other perovskites.

The anti-ferroelectric NaNbO3 is one of the representa-
tive lead-free piezoelectric perovskite oxides which have 
large practical importance. The high dielectric constant 
and low loss of NaNbO3 is supposed to improve the elec-
trical and dielectric properties of BiFeO3. Several research 
groups have reported the solid solution of BiFeO3 with 
NaNbO3 and the structural, magnetic and ferroelectric 
phase transitions have been investigated [10]. Therefore, 
solid-solution of BiFeO3 with NaNbO3 is of considerable 
interest.

The majority of the reports for solid-solution of 
BiFeO3 with NaNbO3 are focused on the effects of dop-
ing on multiferroic properties, while structural evolution 
with composition has received comparatively less atten-
tion. In PbTiO3–PbZrO3 system, enhancements in electro-
mechanical properties are found at morphotropic phase 
boundary (MPB) [11]. Raevski et  al. [12] found that the 

Abstract  The solid solution of multiferroic BiFeO3 
with antiferroelectric NaNbO3 [i.e., Bi1−xNaxFe1−xNbxO3] 
for x = 0.20, 0.25, 0.30, 0.32, 0.38 and 0.40 prepared by 
means of high temperature solid state ceramic method are 
presented. X-ray diffraction analysis confirms the single-
phase formation. Structural transformation in solid solution 
from rhombohedral to cubic phase has been observed with 
increasing NaNbO3 concentration. The field emission scan-
ning electron microscopy shows the formation of dense 
ceramic with a non-uniform grain size. Room temperature 
Raman studies also confirms a structural transformation 
in solid solution with increase in NaNbO3 concentration. 
The structural transformation in solid solution has been 
explained on the basis of lattice strain induced by doping.

1  Introduction

Multiferroics have attracted many researchers due their 
potential applications such as electrical transformers, sen-
sors, integrated circuits and storage devices [1]. There are 
very few multiferroics exist in the nature or can be synthe-
sized in laboratory because of various factors such as dif-
ficulties in coupling between spin and charge.

Among the various multiferroics, Bismuth ferrite 
(BiFeO3), known to be a single phase material with dis-
torted perovskite (ABO3) structure, is one of the most 
extensively studied room temperature (RT) multiferroic 
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solid solutions of (1−x)BiFeO3–xNaNbO3 exhibit rhom-
bohedral for x ≤ 0.25 and orthorhombic distortion of per-
ovskite structure for x ≥ 0.90 while compositions rang-
ing from 0.25 ≤ x ≤ 0.90 stabilize in cubic structure. In 
Bi1− xNaxFe1−xNbxO3 system, when x = 0.1, the sample 
retains rhombohedral perovskite structure but for x = 0.3 
and x = 0.5 samples crystallize pseudo-cubic or cubic struc-
ture showing structural transition, as is reported by Ma 
et al. [13]. Whereas, Dash et al. [14] reports the tetragonal 
phase for x = 0.2 and 0.3 and enhancement of spontaneous 
polarization with increase of x. Recently, Ummer et al. have 
reported the high dielectric constant, good ME coupling 
and improved optical properties of BiFeO3–NaNbO3 nano-
composite sample [15]. Therefore, it is of great importance 
to identify the composition range in which structural trans-
formation occurs and find out the MPB in BiFeO3–NaNbO3 
solid solution. In present paper, solid solutions of BiFeO3 
and NaNbO3 in different compositional range with a gen-
eral formula Bi1−xNaxFe1−xNbxO3 where x = 0.20, 0.25, 
0.30, 0.32, 0.38, and 0.40, using a high temperature solid-
state reaction method are presented. The primary aim of 
the present work is to address structural transformation 
in BiFeO3–NaNbO3 solid solution. The structural charac-
terizations of these solid solutions have been carried out 
by using X-ray diffraction (XRD) and micro-Raman spec-
troscopy. Micro-structural and elemental analyses are car-
ried out by field emission scanning electron microscope 
(FESEM) and energy dispersive X-ray analysis (EDX), 
respectively.

2 � Experimental

The polycrystalline samples of Bi1−xNaxFe1−xNbxO3 with 
x = 0.20, 0.25, 0.30, 0.32, 0.38 and 0.40 were prepared by 
solid state ceramic method from high-purity ingredients 
(without further purification) such as, Bi2O3 (99% pure, 
M/s LOBA Chemie Pvt. Ltd., India), Fe2O3 (98.5% purity, 
M/s LOBA Chemie Pvt. Ltd., India), Nb2O5 (99.9%, M/s 
Himedia Chemie Pvt. Ltd., India), and Na2CO3 (99%, M/s 
MERCK Chemie Pvt. Ltd., India). The above ingredients in 
suitable stoichiometry were mixed thoroughly with acetone 
medium by mortar-pestle in air for 4  h and then calcined 
at 750 °C for 4  h. The calcined powders were then cold 
pressed using a hydraulic press by applying pressure of 
4 × 106 Nm− 2 into pellets of 10 mm diameter and thickness 
of 2 mm. These pellets were then sintered at 870 °C for 8 h.

The structural analysis of the calcined powders as well 
as sintered samples were carried out using X-ray powder 
diffractometer (Rigaku SmartLab, Japan) with CuKα radi-
ation (λ =1.54056  Å). The microstructures of the sam-
ples were recorded using a scanning electron microscope 
(Carl Zeiss, Japan) operated at 20 kV. The Raman spectra 

of sintered samples were obtained by micro-Raman spec-
trometer (STR-500, Japan) at RT.

3 � Results and discussion

Figure 1 shows the XRD pattern of Bi1− xNaxFe1−xNbxO3 
for x = 0.20, 0.25, 0.30, 0.32, 0.38 and 0.40 samples 
which clearly evidenced the formation of single phase 
materials. All samples have a major phase with per-
ovskite structure; however a trace amount of secondary 
phase of Bi24FeO39 and Bi2Fe4O9 are also detected, as is 
marked with * and # in the diffraction pattern, respec-
tively. The diffraction peaks of the samples have been 
indexed using POWDMULT computer software [16]. 
Figure 2a–c shows the extended region of Fig. 1 for dif-
ferent 2θ values of 31–33°, 37.5–41.5°and 54–60° to 
clearly  evidence the diffraction peak positions. The two 
diffraction peak at 31.82° and 32.11° corresponding to 
the (104) and (110) lattice plane of rhombohedral phase 
are assigned for samples x = 0.20, 0.25 and 0.30, marked 
as R in the diffraction pattern. These doubly split peaks 
merge to form a broadened diffraction peak positioned 
at 31.98° with the increase in NaNbO3 concentration 

Fig. 1   XRD pattern of Bi1− xNaxFe1−xNbxO3 samples for x = 0.20, 
0.25, 0.30, 0.32, 0.38 and 0.40 sintered at 870 °C for 8 h. All samples 
show single phase formation with perovskite structure. The R repre-
sents the rhombohedral phase and C represents the cubic phase
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for x = 0.32 which can be assign to the (110) lattice 
plane of cubic phase, marked C in the pattern. Further, 
the increase of NaNbO3 concentration from x = 0.32 to 
x = 0.38 and x = 0.40, the peak is shifted at 32.0°. The 
similar trend of shifting of diffraction peaks are also 
observed for the 2θ values of 37.5–41.5° and 54–60°, 
as is shown in Fig. 2b, c. These results indicate that the 
solid-solutions of Bi1− xNaxFe1−xNbxO3 systems change 
from rhombohedral to cubic structure for x = 0.32 com-
position. Therefore, MPB for presently studied materials 
Bi1− xNaxFe1−xNbxO3 is at for x = 0.31 i.e. below x = 0.31 
the prepared materials Bi1− xNaxFe1−xNbxO3 are in rhom-
bohedral structure and above x = 0.31 the prepared 
materials Bi1− xNaxFe1−xNbxO3 are in cubic structure. A 

noticeable width in diffraction peaks is also observed 
which shows the nano-crystalline nature of solid solution. 
The number of possible parameter including micro-strain, 
crystal size effect, grain surface relaxation and formation 

Fig. 2   The extended region of 
Fig. 1 for different 2θ values 
of a 31–33°, b 37.5–41.5°and 
c 54–60° to clearly evidence 
the diffraction peak shift. The 
R represents the rhombohe-
dral phase and C represents 
the cubic phase. The MPB 
is at x = 0.31, below which 
Bi1− xNaxFe1−xNbxO3 are in 
rhombohedral structure and 
above x = 0.31 the prepared 
materials Bi1− xNaxFe1−xNbxO3 
are in cubic structure

Table 1   Crystalline size and strain in different samples estimated 
Williamson-Hall plot

Composition Crystalline size (nm) Strain

x = 0.25 30.6 1.4076
x = 0.32 35.6 3.1228
x = 0.38 33.7 3.3940
x = 0.40 37.9 3.5521
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of point defects contributes to the broadening of diffrac-
tions peaks [17–19]. The average crystallites sizes (D) of 
all prepared samples are given in Table 1, as estimated by 
Debye-Scherer’s formula [20, 21]. The Debye-Scherer’s 
formula provides the correct crystallite size values only 
when the diffracting material is stress free [22]. However, 
in present studies, samples are doped with Na and Nb 
at different lattice sites. Therefore, the presence lattice 
strain is expected in the samples. The non-uniform strain 
in unit cells gives peak broadening in diffraction patterns. 
In order to have some understanding of stress, William-
son-Hall plot have been drawn for all samples [23]. The 
strain is estimated from the slope of the fitting straight 
line by the following equation,

(1)� cos � =
k�

D
+ 4� sin �

where, ε is the strain present in sample, β is the full width 
at half maxima (FWHM) of the diffraction peak, λ is the 
wavelength of X-ray, θ is the Bragg’s angle, D is crystallite/
grain size and k is the Debye–Scherrer constant (shape fac-
tor). Figure 3 shows Williamson-Hall plots for all samples. 
The slope of the fitted straight line increases with increas-
ing NaNbO3 concentration (x) which clearly depict that the 
significant amount of strain is present in the samples and 
is larger for higher doping concentration. The increase of 
strain in the solid solution can be understood on the basis 
of valance state of host and ionic radius of substituted ions. 
In present study, we expected that Na+ is substituted at Bi3+ 
site and Nb5+ is substituted at Fe3+ site. The ionic radius of 
Bi3+, Na+, Fe3+ and Nb5+ are 1.82, 1.86, 1.26 and 1.46 Å, 
respectively. Since the ionic radius of Nb is much greater 
that of Fe, therefore the substitution of more Nb at Fe site 
may distort in FeO6 octahedra [24] The lattice site and val-
ance state mismatch produces site disorder, and vacancies 

Fig. 3   Williamson-Hall Plot for Bi1− xNaxFe1−xNbxO3; a x = 0.25, b 
x = 0.32, c x = 0.38 and d x = 0.40 compositions. The positive slope of 
the linear fit indicates the presence of tensile stress. The slope in the 

samples increases with increasing doping concentration indicates the 
increase of strain with doping concentration



6932	 J Mater Sci: Mater Electron (2017) 28:6928–6935

1 3

which lead to the increase of lattice strain in the samples. 
The increase of strain in the samples possibly shifts the dif-
fractions peak position and the possible structural phase of 
the material. Zhai et al. [25] have observed similar strain-
induced structural phase transition in Bi1−xTbxFeO3 thin 
films.

The microstructures analyses of the samples have been 
investigated by means of FE-SEM measurements. Fig-
ure  4 shows the FE-SEM images of Bi1− xNaxFe1−xNbxO3 
for x = 0.32, 0.38 and 0.40. The SEM micrographs depict 
a few pores at the grain boundaries; however cracks or 
micro cracks are not detected in the samples. The grains are 
nearly spherical in shape and closely packed indicating the 
formation of highly dense samples. It is also observed that 
the shape and size of the grains are not uniform. Energy 
dispersive X-ray analysis (EDX) is an analytical technique 
used for the elemental analysis or chemical characterization 
of a sample. The corresponding EDX spectra the samples 
are shown in insets of Fig.  4. No extra peaks have been 
traced out which confirms that there is no contamination in 

the samples. The elemental ratios of the samples are close 
to the empirical formula. In order to have deep insight of 
elemental distribution among grain and grain bounda-
ries, regional element mapping have been performed, as 
depicted in Fig. 5. One can see that all of the dopants are 
homogeneously distributed throughout the samples, regard-
less of the grain size. The elements, especially Bi, Fe, Na, 
Nb and O were observed to be homogeneously distributed 
across the grains and grain boundaries.

Figure  6 shows the Raman spectra of 
Bi1− xNaxFe1−xNbxO3 for x = 0.20, 0.25, 0.32, 0.38 and 0.40. 
The peaks at 153, 170 and 236 cm− 1 could be assigned as 
A1-1, A1-2 and A1-3 phonon modes of BiFeO3, respec-
tively. Other phonon modes are located in the range 
of 250–850  cm− 1. The Raman peaks below 250  cm− 1, 
assigned to A1 modes, are related to Bi–O vibrations [26]. 
Theoretical analysis has predicted that there are 18 optical 
phonon modes: 4A1 + 5A2 + 9E for BiFeO3 at room temper-
ature. The A1 and E modes are both Raman and IR-active 
modes, whereas the A2 modes are Raman and IR inactive 

Fig. 4   SEM and EDXA (inset) image for the samples Bi1− xNaxFe1−xNbxO3; a x = 0.32, b x = 0.38 and c x = 0.40. The grains are nearly spherical 
in shape and size of the grains is not uniform
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modes [27]. It is observed that A1-1 and A1-2 modes shift 
to higher frequency site and broaden gradually with 
increase in the substitution concentration. The shift of A1-1 
and A1-2 phonon modes can be understood on the basis of 
model proposed by Do et al. [28]. If k is the force constant 
and M is reduced mass then the frequency of the mode is 
proportional to (k/M)½. Since the atomic mass of Na is less 
than that of Bi which causes the shifting of A1-1 and A1-2 
phonon modes to higher frequency side. This phenomenon 
is due to the chemical pressure-induced bond shortening 
and lattice distortion. The decrease in intensity of A1-1 and 
A1-2 mode in the substituted BFO indicates the decline of 
stereo-chemical activity of Bi3+ lone pair electrons which 
in turns changes the Bi–O bonds [29]. Raman modes above 
200  cm− 1 are related to stretching and bending mode for 
FeO6 octahedra [30]. Raman mode near at 483 cm− 1 attrib-
uted to change in displacement in B-site cations and octa-
hedral tilt. Under high lattice strain, the volume of the unit 
cell is compressed, consequently leading to the reduction of 
the octahedral tilting.

The origin of this octahedral tilting and phase transition 
can also be understood on the basis of Goldschmidt’s tol-
erance factor (t) which associated with cationic size mis-
match on both site. The tolerance factor can be given by,

where RA, RB and RO are the average radii A-site, B-site and 
ionic radius of O2−; t is unity for perfect perovskite struc-
ture (ABO3) i.e. for undistorted structure; when t < 1 then 
distortion occur in the perovskite structure indicating tilt-
ing or rotation in FeO6 octahedra. We have calculated toler-
ance factor using Eq. (2) and is found to be 0.8904, 0.8871, 
0.8823, 0.8784 and 0.8770 for x = 0.20, 0.25, 0.32, 0.38 and 
0.40, respectively. The decrease of tolerance factor with 
doping concentration confirms the increase of octahedral 
rotation. It is well established that if the tolerance factor is 
less than unity, oxygen octahedra tends to rotate to realize 
the lattice [31]. In present study, the continuous increase 

(2)t =
R
A
+ R

O
√

2(R
B
+ R

O
)

Fig. 5   Elemental mapping of the samples for composition x = 0.20 at a marked selected region. All the constituent elements are present over the 
all surface. There is no contamination present in the samples
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of oxygen octahedra rotation makes rhombohedral phase 
unstable and cubic phase stable at higher doping concen-
tration. Therefore, we observed peaks shifting in diffraction 
pattern.

4 � Conclusions

We have synthesized Bi1− xNaxFe1−xNbxO3 system for 
x = 0.20, 0.25, 0.30, 0.32, 0.38 and 0.40 using a conven-
tional solid state method. All compositions have a major 
phase with perovskite structure. A trace amount of second-
ary phases (Bi2Fe4O9 and Bi24FeO39) are also detected. 
A structural transformation from rhombohedral to cubic 
phase is observed with doping concentration. The MPB 
for Bi1− xNaxFe1−xNbxO3 is observed at x = 0.31 i.e. below 
x = 0.31 the prepared materials are in rhombohedral struc-
ture and above x = 0.31 are in cubic structure. The micro-
structural analyses of the samples show that the grains are 
in spherical shape but not uniform. The Raman peaks were 
found to be sifted due to strain induced by the doping. The 
structural phase transitions have been explained on the 
basis of lattice strain and octahedra tilting occurring in unit 
cell.
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