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Abstract
The modified structure of BF-BNT  (Bi0.5La0.5Fe)0.25(Bi0.5Na0.5Ti)0.75O3) single perovskite is prepared by a conventional 
solid-state reaction technique. The structural analysis suggests a tetragonal crystal with space group P4bm (JCPDS file No. 
01-070-4760). The average crystallite and lattice strains are 87.2 nm and 0.116% respectively. The dielectric study predicts 
negative temperature coefficient of resistance character while the presence of low dielectric loss makes the materials use-
ful for energy storage devices. The analysis of the modulus study suggests the presence of a non-Debye type of relaxation 
process while a thermally activated relaxation process is confirmed from the study of ac conductivity. The presence of the 
depressed semicircular arcs in both Nyquist and Cole–Cole plots confirms the semiconductor nature of the sample. The study 
of the Raman spectrum confirms the presence of all atomic vibrations. The UV visible study provides the energy bandgap 
of 1.67 eV, suitable for the different optoelectronic devices.

Keywords (Bi0.5La 0.5 Fe)0.25(Bi0.5Na 0.5 Ti)0.75O3 · Lattice strain · Non-Debye relaxation · Nyquist plots · Raman 
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1 Introduction

In the last few decades, there has been much interest in the 
field of ferroelectric materials due to their enormous appli-
cations in electronic devices such as a transducer, actuators, 
IR detectors and imaging, multilayer capacitors, modula-
tors, ferroelectric random-access memory, and display, etc. 
[1–4]. The co-existence of different multiferroic properties 
in a single-phase material brings huge differences in terms 
of design and applications [5–7]. Particularly, magnetoelec-
tric coupling plays an important role in manufacturing units. 
Now, people pay more attention to multiferroic materials 
because of the potential applications in the field of micro-
electronic devices and spintronics [8–10]. The most versa-
tile multiferroic perovskite material is  BiFeO3; which has 
both ferromagnetic and ferroelectric properties [11]. It has 
been found from the literature that  BiFeO3 has ferroelectric 

ordering below the temperature of 1103 K and antiferro-
magnetic ordering below the temperature of 643 K [12]. 
The presence of  Fe3+ ions in  d5-electronic configuration in 
the B-site cations provides the magnetic phase and effective 
local magnetic moments that increased up to 5.9 µB [13]. 
The presence of the  Bi3+ ions and six lone pairs of electrons 
in the A-site cations creates ferroelectricity in the distorted 
 BiFeO3 perovskite [14]. The study of the  BiFeO3 thin films 
grown epitaxially exhibits a large ferroelectric at 90 K which 
is mainly attributed to the effect of substrate, lattice strain, 
etc. [15]. On the other hand, the study of the  BiFeO3 ceram-
ics and thin films provides enhanced dielectric, magnetic 
properties while producing low bandgap energy, for better 
photovoltaic applications [16, 17]

Sharma et al. [18] have studied the physical properties 
of  BiFeO3 ceramics by both solid-state reaction and sol–gel 
method. The structural analysis suggests that the formation 
of the phase is confirmed at high temperatures in the solid-
state reaction method compared to sol–gel. The study of 
UV visible and M–H loop of the  BiFeO3 suggests a lower 
value energy bandgap and magnetization in solid-state reac-
tion method compared to sol–gel. The material scientists 
have made many attempts to address the issues related to 
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structural, dielectric, electrical, magnetic, and optical prop-
erties of the doped  BiFeO3 ceramics. Different synthesis 
techniques have been studied to look after the improvement 
of physical properties after doping different dopants concen-
trations in the host  BiFeO3 ceramics. The doping of the Nb 
and Nd in the pure  BiFeO3 provides the results in a decrease 
of bandgap energy and an increase of magnetization [19]. 
The addition of  Eu+3 in the pure  BiFeO3 increases the die-
lectric constant and magnetic dipole moments [20]. How-
ever, the research of  BiFeO3 ceramics is limited due to some 
genuine problems like weak ferromagnetic order parameters 
and polarization. Again, the presence of the highly volatile 
bismuth and iron oxidation states may be the reason for leak 
current and weak ferroelectric nature [21–23].

It is remained a challenge to improve the physical proper-
ties of the perovskite for the material scientists, for which 
many permutations and combinations of different perovs-
kite materials have been mixing with different propor-
tions for the last few decades. The examples of some of 
the studied systems are BF–BF  (BiFeO3–PrFeO3), BF–PT 
 (BiFeO3–PbTiO3), BF–MT  (BiFeO3–MgTiO3), BF–CT 
 (BiFeO3–CaTiO3) etc. [24, 25]. Again, many people attempt 
to improve the physical properties of the  BiFeO3 by sub-
stituting suitable dopants;  La3+,  Gd3+,  Mn4+,  Nb5+,  Pb2+, 
 Sr2+, etc. [26]. So, research on the solid solution of the 
BFO-ABX3 attracts material scientists to study the enhanced 
physical properties. The study of sodium-based perovskite 
plays an important role in the application of optoelectronic, 
microelectronic, and photovoltaics.

Presently, numerous synthesis techniques have been 
employed to prepare combined perovskite systems such as 
solid-state reaction methods, ball milling method, sol–gel 
method, and sintering in a spark discharge. Among all these 
methods, the high-temperature solid-state method is consid-
ered to be superior because of its advantages, including the 
particle shape, structure, composition, product homogeneity, 
and also low energy and cost. Keeping the above-mentioned 
points in mind and considering the potentiality of the BF 
compounds, we got motivated for the study of the physical 
properties of La-doped BF-BNT ceramic. We have synthe-
sized La modified BF ceramics through the solid-state reac-
tion method and reported the consistency of evolution of 
crystal structure, dielectric, electrical, and optical properties.

2  Experimental Detail

The solid-state reaction method is used to prepare the sam-
ple. The starting metal oxides and carbonate raw materials 
are  Bi2O3,  La2O3,  Fe2O3,  Na2CO3, and  TiO2. The materials 
are weighted stoichiometrically with the help of high accu-
racy balance up to 4th place of decimal. The mortar pestle is 
used to grind the metal powders for 2 h in dry medium and 

then 2 h in wet medium with the help of methanol. The fine 
powders were kept in a high-temperature resistant crucible in 
the furnace at 1100 °C for 10–12 h for calcination and XRD 
will confirm the formation of the sample. Then, the sam-
ple is sintered at 1150 °C for high densification and better 
homogeneity. The cylindrical pellets of diameter 10–12 mm 
and thickness 2 mm are made using powder sample in a 
hydraulic pressure with the help of 4 MPa pressure. Both 
sides of the pellets are painted with high conducting silver 
before connecting to the two ends of the electrical electrode 
for evaluation of the electrical reading. The Raman study 
provides the information of all constituent atomic vibrations 
in the sample. The UV visible study predicts the bandgap 
in the sample; which is suitable for different optoelectronic 
devices.

3  Results and Discussion

3.1  Sample Formation and XRD Analysis

The single perovskite ceramics is popularly known as  ABO3, 
where A-site is substituted by divalent elements and B-site 
is substituted by tetravalent elements. The tolerance factor 
of a single perovskite can be calculated by t = rA+ro

√

2(rB+r0)
 , 

where rA = ionic radius of A-atom, rB = ionic radius of 
B-atom and r0 = ionic radius of oxygen-atom. The conven-
tional tolerance factor should lie within the range from 0.75 
to 1.0 with additional condition; r

A
> 0.9Å and r

B
> 0.51Å 

nm [27, 28]. The ionic radii of  Bi3+,  La3+ and  Fe+3 is 1.04 Å, 
1.06  Å and 0.78  Å respectively [29]. For calculation, 
rA = Bi0.5La0.5Fe = 0.5(1.04) + 0.5(1.06) + 0.78 = 1.83 Å. 
Similarly, the ionic radii of  Bi3+,  Na1+ and  Ti+4 are 1.04 Å, 
1.16 Å and 0.51 Å respectively, rB = Bi0.5Na0.5Ti = 0.5(1.0
4) + 0.5(1.16) + 0.605 = 1.61 Å and r0 = 1.4 Å. Therefore, 
tolerance factor of La doped bismuth ferrite single perovs-
kite is 0.76, which is allowable range [30].

The XRD is an important tool to calibrate unknown, 
identification structure, space group, unit cell volume, 
and density. Figure 1a represents the XRD pattern of the 
 (Bi0.5La 0.5 Fe)0.25(Bi0.5Na 0.5 Ti)0.75O3 single perovs-
kite. The presence of sharp and distinct intense peaks 
in the XRD pattern confirms the single-phase material. 
The X'Pert High-Score Plus software is used to ana-
lyze the structure of the sample. The XRD results con-
firm that sample has a tetragonal crystal structure with 
the P4bm space group (JCPDS file No. 01-070-4760). 
The refinement parameters of the sample are calcu-
lated with the simulation of different physical quanti-
ties including atomic position, the lattice constant, full 
width half maximum, shape parameter, scale factor, 
crystal orientation, and anisotropic temperature [31]. 
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The calculated cell parameters are herewith given: 
a = b = 5.519Å, c = 3.908Å,α = 90

0
, β = 90

0
, andγ = 90

0 . 
The volume and density of the unit cell of the sample are 
119.1Å3 and 5.91 g/cm3 respectively. Figure 1b shows 
the Rietveld refinement of XRD data of the  (Bi0.5La 
0.5 Fe)0.25(Bi0.5Na 0.5 Ti)0.75O3 single perovskite using 
Pseudo-Voigt function. The MAUD software is used to 
complete the Rietveld refinement analysis of the experi-
mental XRD data of the prepared sample. The reliabil-
ity factors obtained from the Rietveld refinement are 
the Rwp(%) = 19.04,Rexp(%) = 5.29,RB(%) = 16.49 , and 
GOF = (chi)2 = 3.62 are well-matched with the previously 
reported modified BF-BNT compound. The quality of the 
Rietveld refinement is excellent because of the almost 
zero difference between experimental and computed 
data recorded. The crystal structure of the pure  BiFeO3 
is rhombohedral with space group R3c, lattice constant 

3.965 Å , and a rhombohedral angle α = 89.3
0to89.40 at 

room temperature. The second host BNT has a cubic crys-
tal structure with a space group (Pm3m). After doping La 
in the bismuth site of the  BiFeO3, the modified structure of 
the sample is a tetragonal crystal structure (P4bm).

Figure 1c represents Williamson-Hall plots of the BF-
BNT ceramics. The micro-lattice strain can be calculated 
by using a relation; βcosθ = 4ɛsinθ + kλ/D, where k = 0.89, 
λ = 0.154 nm, D = average crystalline size, ɛ = lattice strain 
β = FWHM and θ = angle of diffraction. The intercept 
of the plot provides the average crystalline size, which 
is about 87.2 nm while the slope of the graph provides 
micro-lattice strain, which is about 0.116% [32].

The variation of dielectric constant and tan delta ver-
sus frequency is studied from Fig. 2a, b respectively. The 
observed disperse value of the dielectric constant at low 

Fig. 1  a XRD pattern, b Rietveld refinement pattern, c Williamson–Hall plots



635Transactions on Electrical and Electronic Materials (2022) 23:632–641 

1 3

frequency is due to the presence of electronic, ionic, ori-
entational, and space charge polarization. But, with an 
increase of frequency, the dielectric value decreases and 
merged at high frequency due to reduction of space charge 
polarization effect [33]. A similar observation is found in 
the tan delta versus frequency.

The effect of the temperature on both dielectric con-
stant and tan delta is discussed in Fig. 3a, b respectively. 
At low temperature, the value of the dielectric constant is 
small and slowly increase with temperature. The value of 
the dielectric loss remains constant with the temperature at 
high frequency and slowly increases towards low frequency. 
Therefore, it may conclude that the sample is suitable to 

work for microelectronic devices both at high frequency and 
temperature.

The role of the impedance to control the electrical proper-
ties of the sample is studied from Fig. 4a, b. The real part of 
the impedance decreases with the increase of temperature 
support the negative temperature coefficient of resistance 
(NTCR) behavior [34]. Similarly, the imaginary part of the 
impedance shows a wide disperse vale at low frequency. 
The frequency corresponding to maximum value of Z′′ peaks 
is called relaxation frequency. Therefore, the sample has a 
relaxation character which is useful for sensor applications.

The semiconducting character of the sample is tested by 
using both Nyquist and Cole–Cole plots shown in Fig. 5a, 

Fig. 2  a Dielectric versus frequency and b tan delta versus frequency

Fig. 3  a Dielectric constant versus temperature b tan delta versus temperature
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b. The depressed semicircular arcs present in the Nyquist 
plots confirm the semiconductor behavior [35]. Similarly, 
the presence of perfect semicircular arcs supports the fact 
of semiconductor character and is well supported with 
Nyquist’s results.

The non-Debye relaxation property of the sample is tested 
from the analysis of Fig. 6a, b. The two peaks of the Z′′ and 
M′′ intersect at some particular frequency. It is observed that 
the peaks are becoming wider with an increase of tempera-
ture; supporting the fact of the non-Debye type of relaxation 
process [36].

Figure 7a shows the variation of the M′ with frequency 
in a wide range of temperatures from 25 to 500 °C. It is 
observed that all the values of M′ are close to zero at low 

frequency and slowly increase with both frequency and tem-
perature. The plot of the M′′ versus frequency is presented 
in Fig. 7b. It is observed that the peaks of the M′′ are shift-
ing with both frequency and temperature. The asymmetric 
peaks shift confirms the non-Debye type of the relaxation 
process [37].

The variation of the ac conductivity versus frequency and 
temperature was studied from Fig. 8a, b respectively. The 
value of the ac conductivity is maximum at low frequency 
for 500 °C and decreases with a decrease in temperature. 
Then, with an increase of frequency, the value of ac conduc-
tivity increases and merges into one. The calculated activa-
tion energies are 2.24 meV, 2.01 meV, 1.98 meV, 1.44 meV, 
1.36 meV and 1.23 meV at 1 kHz, 10 kHz, 100 kHz, 1 MHz, 

Fig. 4  a Z′ versus frequency and b Z′′ versus frequency

Fig. 5  a Nyquist plots and b Cole–Cole plots
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2 MHz and 5 MHz respectively. The decreasing value of 
activation energy with an increase of frequency confirms 
the presence of a thermally activated relaxation process in 
the sample [38].

3.2  Resistance Versus Temperature

The variation of the resistance versus temperature is shown 
in Fig. 9a. It implies that resistance decreases with tempera-
ture, which confirms NTCR behavior and is also well sup-
ported by dielectric spectroscopy. If the resistance decreases 
with the increase of temperature in a thermistor, then it is 
called a negative temperature coefficient (NTC) thermis-
tor. It has been used extensively because of highly sensi-
tive to change of resistance and low cost [39]. In an NTC 

thermistor, the relation between resistance and temperature 
can be written as; ln  (RT) = 1/T + C, where  RT = resistance at 
the corresponding temperature. The plot between lnR versus 
1/T is shown in Fig. 9b, which confirms the NTC behavior 
of the thermistor.

3.3  Thermistor Constant (β)

The thermistor constant can be calculated from the resist-
ance and temperature as; � = ln

(

R1

R2

)

∕
(

1

T1
− 1

T2

)

 , where all 
symbols have their usual meaning [40]. Here, in the present 
study, the NTC thermistor obeys Arrhenius's equation from 
the temperature 300–500 °C. Now, the resistance with ther-
mistor constant can be written about NTC thermistor as; 

Fig. 6  a Z′′ and M′′ versus frequency at 100 °C and b Z′′ and M′′ versus frequency at 350 °C

Fig. 7  a M′ versus frequency and b M″ versus frequency
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R = exp(β/T). The linear curve of the lnR versus β as shown 
in Fig. 9c provides many applications including temperature 
sensors, medicine, high-temperature thermistor, etc.

3.4  Temperature Coefficient of Resistance

The sensitivity index (α) can be calculated by from Stein-

hart–Hart coefficient relation as; � =

√

(

b

3c

)3

+ �2

4
 , which 

can reduce to α = − β/T2 [41]. The values of the α are given 
as; − 0.0216, − 0.0416, − 0.0468, and − 0.0572 at 350 °C, 
400 °C, 450 °C and 500 °C respectively. The activation 
energy  (Ea) and sensitivity index (α) can be used to explain 
the sensitivity of the NTC thermistor. The value of the acti-
vation energy can be calculated using a relation;  Ea =  kB x β. 
So, the calculated values of the activation energy are 
228 meV, 574 meV, 819 meV and 1234 meV at 350 °C, 
400 °C, 450 °C and 500 °C respectively. The presence of 
variations in the sensitivity index may be due to the extrinsic 
charge carriers in grains. The stability factor can be defined 
as the logarithm ratio of the highest value of the resistance 
to the lowest value of resistance. The stability factor of the 
sample is 4.45, based on the observed value, it may conclude 
that the material under study may have excellent NTC ther-
mistor properties.

3.5  Raman Study

Figure 10 represents the Raman spectra of the tetragonal 
sample. Raman study is one of the sensitive and power-
ful techniques to analyse order–disorder, local distortion, 
and short-range symmetry. Again, the determination of the 
symmetry structure and metal–oxygen stretching modes 
can also find out from the analysis of Raman spectra. The 

active Raman modes of vibrations are observed at 68, 261, 
528, and 789  cm−1. The observed broader asymmetric peaks 
attributed to the  TiO6 octahedra in the solid-state solution.

The presence of  A1g symmetry is attributed to the Raman 
shift at 68  cm−1, which is assigned for oxygen octahedra 
rotations. The  B1g symmetry is confirmed due to the pres-
ence of active Raman shift at 528  cm−1, which is assigned 
to Jahn–Teller-like distortions of oxygen octahedra. Lastly, 
 A2g symmetry is confirmed due to the presence of active 
Raman shift at 789  cm−1, which is assigned to oxygen octa-
hedra breathing mode [42]. Therefore, the presence of  A1g, 
 B1g, and  A2g symmetries confirms the tetragonal phase of 
the prepared sample and also confirms the presence of all 
constituents’ elements.

3.6  UV Visible Study

The semiconducting properties of the prepared sample are 
studied from the ultraviolet–visible spectrum as shown in 
Fig. 11a, b. The absorbance spectrum shows the ultraviolet 
range 306–360 nm; in which the material absorbs the inci-
dent radiation more effectively. The cut-off wavelength of 
the incident radiation in the absorbance spectrum is 350 nm. 
The energy bandgap of the material is calculated by using 
Mott and Davis’s relation; �h� = A

(

h� − Eg

)n , which is 
equal to 1.67 eV [43]. The calculated bandgap is suitable 
for photovoltaic applications.

4  Conclusion

The structural analysis of a conventional solid-state reac-
tion method prepared sample suggests a tetragonal crystal 
structure with space group P4bm. The average crystallite 

Fig. 8  a AC conductivity versus frequency and b ac conductivity versus temperature
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size and macrostrain of the sample are 87.2 nm and 0.116% 
respectively. The sample has an NTCR character explained 
by dielectric spectroscopy. Non–Debye relaxation process 
and semiconducting nature of the sample were explained 
by impedance spectroscopy. The study of ac conductivity 
reveals the presence of a thermally activated relaxation 
process. The study of Raman lines confirms the presence 
of all constituent atomic vibrations. The analysis of the 
UV visible spectrum of the sample provides the energy 
bandgap of the 1.67 eV, which is suitable for photovoltaic 
applications.
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