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Abstract
0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) ceramics are synthesized through solid-state reaction tech-
nique. Room temperature X-Ray diffraction technique is used for analyzing the structural information. The scanning electron 
microscope reveals the homogeneous distribution of grains. The dielectric constant and loss tangent increase as the tempera-
ture rises. Low remanent polarization indicates the weak nature of ferroelectricity. The Nyquist plot confirms the contribution 
of bulk effect in the materials. The activation energies are calculated from the conductivity curve using least square fitting. 
The spectrum of ac conductivity followed the universal Johnscher power law. A low remanent magnetization is found from 
the M-H curve. Thermistor constant (β), sensitivity factor (α), and stability factor for all the samples are calculated which 
confirms the characteristics of the NTC thermistor.

Keywords  Solid-state reaction · X-ray diffraction · Impedance · Electrical conductivity · Magnetic properties · Thermistor 
constant

1  Introduction

Bismuth ferrite (BiFeO3) is one of the essential multifer-
roic materials in recent days [1]. The novelty of the BiFeO3 
(BFO) shows both ferroelectric and ferromagnetic behavior. 
It also has the G-type spin configuration in its pseudo-cubic 
rhombohedral structure [2]. Due to the strong absorption 
band of BiFeO3 in the ultraviolet light region and weak 
absorption band in the visible light region, it has various 
applications such as spintronic, photovoltaics, non-volatile 
logic, and multi-state memory devices [1, 3–8]. BiFeO3 

exhibits some secondary phases for which significant issues 
in industrial fields like large leakage current, high impurity 
phases, and losses in dielectric properties generate [9–13]. 
Bismuth ferrite–based single-phase multiferroic generally 
have weak macroscopic magnetic properties [14, 15]. Par-
tially doping rare earth metals with BiFeO3-based material 
helps in improving electric, magnetic, optical, and dielectric 
properties (increase dielectric constant, reduce optical band 
gap and dielectric loss, etc.), which needs to create a new 
type of functional materials for various applications [16, 17]. 
The doping of rare earth ion provides a wonderful opportu-
nity to regulate the physical characteristics of BiFeO3-based 
material by eliminating the impurity phase in BFO. As a 
result, it is subject of studies in rare earth–doped BFO-based 
materials. In this report, rare-earth metal samarium (Sm) was 
partially substituted at the bismuth site of BiFeO3- PbZrO3 
[17]. In lead zirconate titanate (PZT), doping of samarium 
(Sm3+) helps to raise the ferroelectricity behavior, dielectric 
constant, and decrease the dielectric loss which is very help-
ful for ferroelectric memory and sensing/actuating applica-
tions [18]. Samarium also helps to enhance the electrical 
permittivity, AC conductivity, and remanent magnetization 
of BFO [19–21] which can be applied for energy storage 
devices, and PV cells. Few works have been done on the 
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properties of BiFeO3- PbZrO3 for the last few years due to 
the antiferroelectric characteristics of lead zirconate (PZO), 
which helps in developing energy storage devices [22]. Our 
group has also reported BiFeO3- PbZrO3 [23–27]. In this 
paper, structural, dielectric, microstructural, electrical, fer-
roelectric, and magnetic properties of Sm-doped double per-
ovskite BiFeO3- PbZrO3 for thermistor applications.

2 � Experimental Procedure

0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 
0.20) ceramics are prepared in an appropriate stoichiom-
etry with ingredients, i.e., bismuth oxide (M/s. Spectrochem 
Pvt. Ltd., with purity > 99.9%), ferric oxide (M/s. Blulux 
with purity > 98.5%), samarium oxide (M/s. Spectrochem 
Pvt. Ltd., with purity > 99.9%), lead oxide (M/s. Blulux with 
purity 98.5%), and zirconium oxide (M/s. Sigma-Aldrich 
with purity > 99.9%) by solid-state reaction technique as 
given in Table 1. The oxides have been carefully mixed and 
blended by using an agate mortar and pestle for 2 h in an 
air atmosphere and then 1 h in methanol. The mixed pow-
ders are calcined at an optimized temperature of 800 °C for 
5 h. Using a hydraulic press, the calcinated powder turned 
into 10-mm diameter and 1–2-mm-thick cylindrical pellets 
by cold pressing at a pressure of 3.5 × 106 N/m2. Polyvinyl 
alcohol (PVA) has been taken as a binder to decrease the 
pellets’ brittleness that burned out during sintering. Then, 
the pellets are sintered at 850 °C for 6 h. The formation of 
the materials and quality are studied using the X-ray powder 
diffraction (Rigaku Miniflex, Japan) technique using CuKα 
radiation where the wavelength (λ) of radiation is 1.5405 Å 
at a broad range of Bragg angle 2θ (20° ≤ 2θ ≤ 80°), scan-
ning speed of 3°/min at room temperature. Both sides of 
sintered pellets are electrodes with air-drying silver paste 
to investigate the electrical characteristics of the materials. 
To remove the remaining moisture, the pellets are dried for 
4 h at 150 °C after electroding and then cooled to room 
temperature. Impedance measurements are performed in the 

frequency range of 102–106 Hz from 25 to 450 °C using 
an LCR meter (HIOKI Model 3532). The micrographs at 
different magnifications are taken using JEOL JSM-5800 
Scanning Electron Microscope. An automatic PE loop tracer 
is used for the characterization of materials for ferroelectric 
properties. The magnetic properties are studied by vibrating-
sample magnetometer (Lakeshore-7404).

3 � Results and Discussion

3.1 � Structural Properties

Figure 1(a, b) shows the X-ray diffraction pattern and impu-
rity phase of 0.5(BiFeySm1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10,  
0.15, 0.20). All the diffraction peaks are indexed and in good 
agreement with unit cell parameters for the rhombohedral 
structure of Space group R3c. Diffraction peak (200) at 32°  
is indexed to higher 2θ angles and became a narrow and single 
peak with a rising amount of dopant samarium in the samples 
(Fig. 1(a)). This variation arises due to phase impurities such 
as Bi24FeO40, Bi2Fe4O9, and Sm2O3 as they are thermody-
namically stable [23] at high temperatures, which is shown in 
Fig. 1(b). The size of crystallite (P) is estimated practically 
from the broadening of XRD peaks using Scherrer’s equation 
[28] P =

K�

�
1∕2cos�hkl

 , where K = shape constant = 0.89, λ = 1.5405 Å, 
and β1/2 = peak width of the reflection at half intensity. The 
average value of the size of the crystallite is between 16 and 
18 nm.

Higher percent crystallinity of the samples indicates a high 
melting point, i.e., more hardness of the material, and also 
enhances mechanical strength, opacity, and thermal proper-
ties which were calculated from XRD by using the relation

The dislocation density and micro-strain of all the sam-
ples were observed to be inversely interdependent with the 
crystallite size (given in Table 2). This variation confirmed 
the smaller number of lattice defects in the materials due to 
the decrease in the availability of grain boundaries with a 
rise in crystallite size.

3.2 � Microstructural Properties

SEM micrograph of 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, 0.20) is shown in Fig. 2. The grains 
are spread homogeneously across the material's entire sur-
face. The nature of the microstructure stated that the grains 
are spherical and tightly packed in the materials. The grain 
shape observed in these micrographs is polycrystalline and 

Crystalinity =
Area of the crystalline peaks

Area of (Crystalline + Amorphous) all the peaks
× 100

Table 1   Stoichiometric amount of 0.5 (BiSmyFe1-yO3)-0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, 0.20)

0.5 (BiSmyFe1-yO3)-0.5(PbZrO3)

Ingredients (gm) y = 0.05 y = 0.10 y = 0.15 y = 0.20

Bi2O3 4.5814 4.3667 4.1495 3.9295
Fe2O3 1.6527 1.6628 1.6730 1.6834
Sm2O3 0.1804 0.3631 0.5480 0.7352
Pb2O3 2.3105 2.3242 2.3384 2.3529
ZrCo2 1.2750 1.2832 0.1291 1.2990
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the average grain sizes are found to be within the 5-μm range 
in the materials. The grain sizes are more significant than  
the estimated crystallite size of the materials.

3.3 � Dielectric Study

The dielectric constant (εr) and tangent loss ( tan� ) of 
0.5(BiSmyFe1-yO3)-0.5(PbZrO3) taking y = 0.05, 0.10, 0.15,  
0.20 as a function of temperature at 500kHz is shown  
in Fig.  3. The dielectric anomaly was observed for all  
the materials, which is shown in Table 3. The value of  
the dielectric constant rises with increasing temperature and 
attains maximum value at the transition temperature. These 
transition temperatures (Tc) are shifted to a higher tempera-
ture with the increase of dopant concentration. This may be  
due to the crystal polarization, space charge polarization, and  
temperature-rising ion diffusion [29]. The dielectric constant 
which decreases above transition temperature may be due to 
the ferroelectric to a paraelectric phase transition.

It is seen from the tangent loss temperature dependence 
that the loss raises with an increase in temperature. The rapid 
increase of the tangent loss in the high-temperature area at 
low frequencies may be due to the free motion of space 
charges. The tan � values increase with increase in samar-
ium concentration in the materials (shown in Table 3). This 
increment in tan� values may be due to the reduction in the 
domain wall contribution of the ferroelectric and improved 
electrical conductivity [30].

Variation of  polarization and electric field (P-E loop) of 
unpoled samples 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 
0.10, 0.15, and 0.20)  at room temperature is shown in 
Fig. 4. The nature of loops suggests that the materials 
are lossy. The study revealed that remanent polarization 
of the materials is  0.16 μC/cm2, 0.14 μC/cm2, 0.13 μC/
cm2, and 0.14 μC/cm2 at 12 kV/cm for 0.5(BiSmyFe1-yO3)-
0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) respectively. 
Though a very weak polarization, ferroelectric properties 
exist in the materials.

Fig. 1   (a) X-ray diffraction pattern and (b) impurities phase of 0.5(BiFeySm1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, 0.20)

Table 2   Comparison of lattice parameters (in Ǻ) and structural parameters of 0.5 (BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, 0.20)

Materials a (Ǻ) c (Ǻ) c/a (Ǻ) Crystallite 
size P (nm)

Dislocation density 
(δ) (nm−2)

Micro strain 
(ε)

Crystallinity 
(%)

0.5(BiSm0.05Fe0.95O3)-0.5(PbZrO3) 5.809 14.166 2.487 17 0.0034602 0.241203 64
0.5(BiSm0.10Fe0.90O3)-0.5(PbZrO3) 5.833 14.200 2.434 18 0.0030864 0.222293 63
0.5(BiSm0.15Fe0.85O3)-0.5(PbZrO3) 5.811 14.195 2.442 16 0.0039062 0.261667 65
0.5(BiSm0.20Fe0.80O3)-0.5(PbZrO3) 5.835 14.514 2.487 17 0.0034602 0.252074 61
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Fig. 2   SEM micrograph of 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, 0.20)

Fig. 3   (a) Variation of dielectric constant (εr) and (b) dielectric loss (tan δ) of 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) 
with temperature at 500kHz
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3.4 � Impedance Study

Impedance spectroscopy is an effective automatic technique 
that can reveal the relation of electrical properties with the 

microstructural properties of the ceramic materials. This tech-
nique can be used to separate the contributions of (i) bulk, (ii) 
grain boundary, and (iii) electrode polarization effects of the 
material. Electrical ac data of a material can be represented in  

Table 3   Comparison of 
dielectric properties and Tc of 
0.5 (BiSmyFe1-yO3)-0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, and 0.20) 
at 500 kHz

Materials εr at 25 °C tan δ at 25 °C Tc (°C) εr at Tc
500 kHz 500 kHz 500 kHz 500 kHz

0.5(BiSm0.05Fe0.95O3)-0.5(PbZrO3) 589 0.04531 360 1305
0.5(BiSm0.10Fe0.90O3)-0.5(PbZrO3) 480 0.01173 360 1154
0.5(BiSm0.15Fe0.85O3)-0.5(PbZrO3) 294 0.04454 370 1097
0.5(BiSm0.20Fe0.80O3)-0.5(PbZrO3) 491 0.4166 370 1288

Fig. 4   Variation of  polarization and electric field (P-E loop) of unpoled samples 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20)   
at room temperature
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any of the four necessary formalisms [31, 32]: (i) Complex imped-
ance: Z*(ω) = Z′(ω) − jZ″(ω), where Z′ and Z″ are real and  
imaginary components of impedance, respectively. (ii) Complex 
admittance: Y* = Y′ + jY″ = 1/R + jωC. (iii) Complex modu-
lus: M* = 1/ε* = M′ + jM″ = jωC0Z. (iv) Complex permittiv-
ity: ε* = ε′ − jε″ . Tangent loss can also be calculated by using 
the relation, tan ẟ = ε″/ε′ = − Z′/Z″ = Y′/Y″ = M′/M″.

Figure 5 shows the variation between real parts of imped-
ance (Z′) with frequency at different temperatures. In the 
low-frequency spectrum, the value of Z′ is more significant 
and obtains a monotonous decline with a rise in frequency. 

It may be due to the space charge polarization. The real part 
of impedance decreases with an increase in temperature and 
shows a negative temperature coefficient of resistance like 
semiconductors.

The frequency dependence of imaginary parts of imped-
ance (Z″) is shown in Fig. 6. The figure shows an individual 
peak for each curve at a specific frequency of about 1 kHz. 
There is an expanding associated change of these peaks to 
the more generous frequency side at increasing temperature. 
The presence of peaks in this plot demonstrates the nature 
and strength of the electrical relaxation. The expansion of 

Fig. 5   Variation of Z′ as a function of frequency at different temperatures of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) 
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the asymmetric peak describes the distribution of relaxa-
tion time in the material [33]. The first low-frequency peak 
is associated with the contribution of the grain boundary 
whereas the second (high frequency) is the bulk response. 
The peaks are well settled and indicated  the grain and inter-
face relaxation phenomena of the corresponding materials 
[34].

Figure 7 shows the Z′ versus Z″ curve. According to Debye’s 
model, a material having a single relaxation time gives rise 
to ideal semicircles. For the materials, 0.5(BiSm0.05Fe0.95O3) 
– 0.5(PbZrO3), only one semicircle is found indicating a bulk 

effect and a slight indication of grain boundary effect. But grain 
and grain boundary effect for the materials 0.5(BiSm0.15Fe0.85O3) 
– 0.5(PbZrO3) and 0.5(BiSm0.20Fe0.80O3) – 0.5(PbZrO3) are 
clearly identified.

The equivalent circuits (shown in inset of Fig. 7) are excel-
lently fitted with R(C(R(QR))) (CR) for 0.5(BiSm0.05Fe0.95O3) 
– 0.5(PbZrO3) and 0.5(BiSm0.10Fe0.90O3) – 0.5(PbZrO3) 
and R(C(R(Q(R(C(RW)))))) for 0.5(BiSm0.15Fe0.85O3) 
– 0.5(PbZrO3) and 0.5(BiSm0.20Fe0.80O3) – 0.5(PbZrO3). 
It is indicated that the simple R(C(R(QR))) (CR) and 
R(C(R(Q(R(C(RW)))))) circuit could show the impedance 

Fig. 6   Variation of Z″ as a function of frequency at different temperatures of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) 
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Fig. 7   Complex impedance spectrum (Z′ vs. Z″) and fitted impedance data of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) at 
selected temperatures with equivalent circuits (inset)
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data (χ2 ~ 10−4) and the parameters of each fitting as shown 
in Table 4.

3.5 � Conductivity Study

Figure 8 shows the variation of ac conductivity (σac) of 
0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 
0.20) with frequency at different temperatures. There are 
three regions through which conductivity varies with fre-
quency, i.e., (i) low-dispersion frequency–dependent region, 
(ii) plateau or frequency-independent region, and (iii) high-
frequency-dependent region. The solid lines in the ac con-
ductivity spectra display the similarity of exponential data to 
the power-law expression: �

ac
= �

0
+ A�n [35], where A is 

a parameter with the unit of conductivity, n is a dimension-
less parameter, and ω is the angular frequency at which the 
conductivity σ is measured. From the conductivity spectrum, 
it is evident that the materials systematically show a stead-
ily growing trend towards growing frequency. However, a 
frequency-independent plateau-like area appears in the low-
frequency spectrum as a comparative assessment of conduc-
tivity spectra. Consequently, the nature of conductivity rises 
with a rise in frequency and temperature, indicating that the 
negative temperature coefficient of resistance is present in 
the materials. All plots of ac-conductivity tend to fuse at 
greater frequencies.

It is confirmed that the linear rise in the value of param-
eter n with temperature between 200 and 300 °C may be the 
reason for the increase of electrode polarization contribution 
with temperatures for all concentrations. It is noticed that 
charge carriers take a translational motion with a sudden 
hopping for n < 1, a localized hopping of the species (small 
hopping without leaving the neighborhood) for n > 1, and it 
behaves like an ideal capacitor for n = 1 [36]. n depends on 
the temperature and decreases with increasing temperature 
which follows the small polaron model (Table 5).

Depending on the slope and temperature, the spectrum of 
ac-conductivity is splitted into distinct areas as shown in Fig. 9. 
The value of ac conductivity rises in the low-temperature region 
and very low in the high-temperature zone. For all the materi-
als, the activation energies are determined in the temperature 
regions 25–220 °C and 225–450 °C. The activation energies 
(Ea) are minimal for all the materials at low-temperature and 
high-temperature regions as shown in Table 6. The graph shows 
thermally activated process in the materials.

3.6 � Magnetic Study

The magnetic properties of 0.5 (BiSmyFe1-y O3) – 0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, and 0.20) have been studied from mag-
netization vs. magnetic field intensity (hysteresis loop) with 
a maximum applied field of 15 kG as shown in Fig. 10. The 
remanent magnetization (Mr) of the materials is found to be 
0.011 emu/gm, 0.74 emu/gm, 0.14 emu/gm, and 0.005 emu/gm 
for 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 
0.20) respectively. This indicates that remanent magnetization 
decreases with an increase in concentration. Antiferromagnetic 
behavior is observed in the 0.5 (BiSmyFe1-y O3) – 0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, and 0.20) ceramics.

3.7 � Thermistor Properties

3.7.1 � Electrical Resistance

The electrical resistance of 0.5(BiSmyFe1-y O3) – 0.5(PbZrO3) 
(y = 0.05, 0.10, 0.15, and 0.20) is determined from the imped-
ance data. The variation of resistance with temperatures 
(ranging from 175 to 350 °C) is decreasing exponentially 
which confirmed the NTCR behavior [37] of materials as 
shown in Fig. 11(a). It is observed that the materials become 
more electrically conductive with the decrease in the concen-
tration of dopant Samarium.

Table 4   Values of fitting 
parameters  from equivalent 
circuits of 0.5(BiSmyFe1-yO3) 
– 0.5(PbZrO3) (y = 0.05, 0.10, 
0.15, and 0.20) at 200 °C

Different parameters x = 0.05 x = 0.10 x = 0.15 x = 0.20

R1 2.030 × 10
1   5.112 × 10

1
2.507 × 10

1 3.591 × 101

C1 3.85 × 10
−10

2.71 × 10
−10 3.48 × 10

−10 2.94 × 10–10

R2 4.99 × 10
4

6.542 × 10
3

5.726 × 10
3 6.129 × 103

CPE or Q 1.642 × 10
−8

6.485 × 10
−8

6.473 × 10
−9 2.967 × 10–9

Frequency power (n) 6.044 × 10
−1

4.683 × 10
−1

6.670 × 10
−1 7.171 × 10–1

R3 4.921 × 10
4

9.168 × 10
4

9.652 × 10
4 2.056 × 105

C2 1.218 × 10
8

1.416 × 10
−8

9.73 × 10
−9 1.46 × 10–8

R4 1.233 × 10
5

7.329 × 10
4

9.097 × 10
4 8.308 × 104

W - - 2.473 × 10
−6 8.647 × 10–6

Chi-square 1.816 × 10
−4

2.271 × 10
−3

1.512 × 10
−4 1.31 × 10–4
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Fig. 8   Variation of ac conductivity (σac) with frequency of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) at different temperatures
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Electrical resistance (R) of Negative Temperature Coefficient 
(NTC) thermistors can be explained as a function of temperature 
which is related by the equation ln

(

R
T

)

=
1

T
+ C , where RT rep-

resents the resistance of the sample at respective temperature T. 

From Fig. 11(b), the linear behavior of materials explained the 
excellent NTCR characteristics as reported [38]. The deviation in 
graphs for some materials is because of systematic errors in pro-
cessing parameters, the effect of sintering, and doping contents.

Table 5   Fitting parameters 
obtained from the Johnscher 
power law at 200 °C

Composition 0.5BiSm0.05Fe0.95O3-
0.5PbZrO3
200 °C

0.5BiSm0.10Fe0.90O3-
0.5PbZrO3
200 °C

0.5BiSm0.15Fe0.85O3-
0.5PbZrO3
200 °C

0.5BiSm0.20Fe0.8
0O3-0.5PbZrO3
200 °C

σdc (Ω−1 m−1) 2.8312 × 10
−4

2.12957 × 10
−4

1.77642 × 10
−4

1.35216 × 10
−4

A 5.5716 × 10
−8

6.19356 × 10
−8

2.50746 × 10
−8

1.27202 × 10
−8

n 0.78621 0.76893 0.85231 0.93106

Fig. 9   Variation of ac conductivity (σac) with (1000/T) of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) at 100 kHz, 500 kHz, 
and 1 MHz
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Table 6   Values of 
activation energies (eV) 
of 0.5(BiSmyFe1-yO3) – 
0.5(PbZrO3) (y = 0.05, 0.10, 
0.15, and 0.20) at 100 kHz for 
different temperature range

Materials Frequency (kHz) 25–220 °C
Ea (eV)

225–450 °C
Ea (eV)

100 0.1366 0.5984
0.5(BiSm0.05Fe0.95O3)– 0.5(PbZrO3) 500 0.0887 0.6176

1000 0.0740 0.5642
100 0.2908 0.6335

0.5(BiSm0.10Fe0.90O3) – 0.5(PbZrO3) 500 0.2091 0.6474
1000 0.1636 0.5793
100 0.1157 0.6427

0.5(BiSm0.15Fe0.85O3) – 0.5(PbZrO3) 500 0.0826 0.6123
1000 0.0753 0.5300
100 0.1152 0.7668

0.5(BiSm0.20Fe0.80O3)– 0.5(PbZrO3) 500 0.0831 0.6722
1000 0.0888 0.5702

Fig. 10   Magnetic hysteresis loops of 0.5(BiSmyFe1-yO3) – 0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 0.20) at room temperature
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3.7.2 � Thermistor constant (β)

The thermistor constant β values of all the compositions at 
different temperatures are calculated using the relation 
� =

ln

(

R1

R2

)

∕( 1

T1

−
1

T2

) in the temperature range of 175–350 °C. 

β values of all the materials at different temperatures are 
observed between 4289 and 6584K which are higher than 
the available NTC thermistors [39] in the market and indus-
try. The activation energy of the materials is calculated using 
the relation [40] E

a
= K

B
� , where K

B
 represents Boltzmann 

constant. These are in the range of industrial NTC thermis-
tors for temperature sensing.

It is observed that the material 0.5BiSm0.20Fe0.80O3-
0.5PbZrO3 is more adequate for thermistor fabrication due 
to the high value of thermistor constant, and activation 
energy than others. As the values of the thermistor constant 
increases with rise in temperature and doping concentration 
as mentioned in Table 7, it can be applicable for medical 

applications, thermistor-based devices, temperature sensors, 
etc. [41, 42].

3.7.3 � Sensitivity

The value of sensitivity index or temperature coefficient of 
resistance (α) is an important parameter for the characterization 
of the thermistor. This can be determined from the value of 
thermistor constant β using the relation of Steinhart–Hart coef-

ficient � =

√

(

b

3c

)3

+
�2

4
    [43, 44] which can be simplified 

as � =
a−T

c
=

−�

T2
 . The sensitivity index (α) is generally 

described in percentage per Kelvin (%/K) [45, 46]. For a good 
thermistor, the sensitivity index should fall between − 1 
and − 9% which is approximately equal to experimental data as 
mentioned in Table 7. It is also confirmed that α decreases with 
rise in thermistor constant β. Some variations of sensitivity may 
be due to the existence of extrinsic charge carriers in grain.

Fig. 11   (a) Variation of Resistance (R)  with temperature (T) and (b) variation of logarithmic resistance (lnR) with inverse temperature (1000/T) 
of 0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, 0.20)

Table 7   Temperature-dependent thermistors constant (β), activation energy (Ea), and sensitivity index (α) of 0.5BiSmyFe1-yO3-0.5PbZrO3 
(y = 0.05, 0.10, 0.15, 0.20)

Temperature 
(°C)

0.5BiSm0.05Fe0.95O3-0.5PbZrO3 0.5BiSm0.10Fe0.90O3-0.5PbZrO3 0.5BiSm0.15Fe0.85O3-0.5PbZrO3 0.5BiSm0.20Fe0.80O3-0.5PbZrO3

β Ea α β Ea α β Ea α β Ea α

175 4289.1831 0.36961  − 2.136 4438.2696 0.38246  − 2.21 4818.5619 0.41523  − 2.399 5095.64083 0.43911  − 2.537
200 4580.7911 0.39474  − 2.046 4941.4871 0.42582  − 2.207 5285.6327 0.45548  − 2.361 5536.37544 0.47709  − 2.473
225 4997.5335 0.43065  − 2.014 5366.1194 0.46241  − 2.162 5682.8572 0.48971  − 2.29 5913.63077 0.5096  − 2.383
250 5511.6100 0.47495  − 2.014 5681.1712 0.48956  − 2.076 5977.1269 0.51507  − 2.184 6192.75869 0.53365  − .2263
275 6046.2013 0.52102  − 2.012 5861.1805 0.50508  − 1.951 6142.6514 0.52933  − 2.044 6347.72969 0.547  − 2.113
300 5764.3232 0.49673  − 1.755 5997.051 0.51678  − 1.826 6265.3995 0.53991  − 1.907 6460.91687 0.55676  − 1.967
325 5091.1547 0.43872  − 1.423 6144.9440 0.52953  − 1.718 6399.1607 0.55143  − 1.789 6584.3816 0.5674  − 1.84
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Based on the above explanation, it is confirmed that all 
the materials are suitable for NTC thermistors with better 
performance and thermistor constant as well as low sensitiv-
ity as shown in Table 7.

4 � Conclusions

0.5(BiSmyFe1-yO3)-0.5(PbZrO3) (y = 0.05, 0.10, 0.15, and 
0.20) materials are synthesized through solid-state reac-
tion technique. Rhombohedral structure is confirmed for all 
the materials. The average value of the crystallite size is 
found to be in the range of 16–18 nm. It is observed that the 
average grain sizes are within the range of 5 μm, demon-
strating that the grains are bigger than the average crystal-
lite size. The material transition temperature is found to be 
360 °C and 370 °C. The remanent polarization of materi-
als is found to be 0.16 μC/cm2, 0.14 μC/cm2, 0.13 μC/cm2, 
and 0.14 μC/cm2 for 0.5(BiSm0.05Fe0.95O3)-0.5(PbZrO3), 
0.5(BiSm0.10Fe0.90O3)-0.5(PbZrO3), 0.5(BiSm0.15Fe0.85O3)-
0.5(PbZrO3), and 0.5(BiSm0.20Fe0.80O3)-0.5(PbZrO3) respec-
tively suggesting a very weak polarization. The Nyquist plot 
reveals the contribution of bulk and grain boundary effect 
of the materials. The ac conductivity varies as a power law 
of the form �

ac
= �

0
+ A�n , with n is found to be in the 

range 0.76–0.93 at 200 °C. The materials show antiferro-
magnetic behavior at higher concentrations. The � value lies 
between − 1 and − 9% which is suitable material for NTC 
thermistors with better performance. The studied materials 
can be useful for thermistor-based device and temperature 
sensor application because of the high value of � , i.e., greater 
than 4000 K.
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