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A B S T R A C T

Ternary compounds are proven to be a more fascinating, owing to their potential to span a broader composition
region of morphotropic phase boundary (MPB) – enhanced piezoelectric, electrostrictive, dielectric and ferro-
electric properties. To activate defects dipoles, we perform MnO2 doping in ternary MPB compound 0.55 Pb(Ni1/
3Nb2/3)O3-0.135PbZrO3-0.315PbTiO3 [PNN-PZ-PT]. Temperature dependent dielectric spectroscopy reveals
relaxor-ferroelectric nature of the synthesized ceramics. With the poling treatment, P-E loop of xMn-PNN-PZ-PT
is softened, which emphasizes that the poling introduces higher order structural instability in MPB structure. The
evolution of structural instability is as evidenced by the emergence of additional anomaly in thermal profile of
dielectric constant due to electrical poling of xMn-PNN-PZ-PT and no systematic difference between polarizing
behaviour of poled and unpoled specimen (Arrott plots). In association with defects dipoles, pyroelectric
response based figure of merits (FOMs) of PNN-PZ-PT are improved. FOMs are characteristics of pyroelectric
materials that insights about their suitability for specific application. Fi is suppressed with MnO2 doping and Fv,
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Fe and F*e increases with MnO2 doping. Our study reveals that tailored and precise acceptor doping is crucial for
the simultaneous optimization of all pyroelectric FOMs.

1. Introduction

Piezoelectric materials find widespread applications in sectors like
medical, naval and energy harvester [1,2]. Most piezoelectric ceramics
also possess pyroelectric properties, allowing them to convert energy
between thermal and electrical domains [3,4]. These materials are often
used in the manufacturing of devices like actuators and sensing appli-
cations such as infrared detectors, intruder alarms, fire alarms, laser
detectors, pollution monitoring devices, and thermal sensing applica-
tions [5–7]. Pyroelectric infrared detectors are very desirable due to
their broad temperature range, affordability, low energy consumption,
and strong stability. In addition to the pyroelectric coefficient, figures of
merit (FOMs) are important for evaluating potential materials for py-
roelectric detector devices including the current responsivity (Fi) FOM
define as the amount of pyroelectric current (ip) generated per watt of
incident radiation power (W) on the pyroelectric element i.e. Fi = ip/W
and voltage responsivity (Fv) FOM define as the amount of pyroelectric
voltage (vp) generated per watt of incident power i.e. Fv = vp/ W [8,9].
Similarly, for energy harvesting application, two pyroelectric energy
harvesting FOMs are defined i.e. Fe and F*e , where Fe is used for material
selection for energy harvesting application and F*e is specifically used for
devices exposed to a heat of specific energy density [10].
Lead-based pyroelectric materials, such as lead titanate [PbTiO3, PT]

and lead zirconate titanate [Pb(Zr,Ti)O3, PZT], are commonly utilized in
pyroelectric applications [11].These lead-based ferroelectrics follow a
general formula of Pb(B′ B″)O3 where B′ represents Ni2+, In3+, Zn2+,
Mg2+, Fe3+, Mn4+, Sc3+, or Sn4+; and B″ represents Ta5+, Sb5+, Nb5+ or
W6+ [12,13]. Pure PZT and PT are often doped with other materials to
enhance their properties and have shown significant results in systems
like Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), Pb(Zn1/3Nb2/3)O3-Pb(Zr,Ti)
O3 (PZN-PZT) and Pb(Mg1/3Nb2/3)O3-Pb(Zr,Ti)O3 (PMN-PZT) [14–19].
Relaxor type ferroelectric, lead nickel niobate (PNN) is an important

compound in the family of perovskite and has been studied by many
researchers [20–23]. PNN possesses a pseudo cubic symmetry at room
temperature and diffusive phase transition at − 120 ◦C [24]. Since the
discovery of PNN-PZ-PT ternary system by E.A. Buyanova et al., in 1965,
its properties have been widely explored by many scientists [25–27].
PNN-PZ-PT based ceramics are well known for their excellent electro-
mechanical coefficient (kp), dielectric permittivity (ε), piezoelectric

properties and pyroelectric properties [28–31].
The electrical properties of PNN-PZ-PT can be significantly altered

by adding dopants. This modification is based on the defect chemistry
inherent in the perovskite structure of PNN-PZ-PT. Introducing charged
impurities can affect the concentration of oxygen vacancies within the
material. These oxygen vacancies are crucial as they play a significant
role in determining the electrical behaviour of the PNN-PZ-PT [32,33].
The incorporation of Mn can improve the sinterability of PZT-based
ceramics by creating oxygen vacancies [34]. This is achieved through
the dipole moment interaction between manganese ions and oxygen
vacancies created by the substitution of B-site cation in perovskite lattice
by a low valence manganese ion (Mn3+/2+) [35]. Studies have indicated
that the doping of the Mn into PZT-based piezoelectric ceramics, in-
troduces varying valence states of Mn due to the distinct heat treatments
at different temperatures. Equation (1) gives the oxidation states of Mn
stable at different temperature intervals [36].

535◦C⋯1080◦C⋯1650◦C
MnO2 →Mn2O3→Mn3O4→MnO
4+ ⋯3+ ⋯2+ 3+ ⋯2+

(1)

It was also observed that, the incorporation of Mn into PZT results in
improved pyroelectric properties [37]. Wei et al. [38] synthesized Mn
doped PbNb0.02(Zr0.95 Ti0.05)0.98O3 (PNZT95/5) ceramics and observed
the high value of pyroelectric coefficient i.e, 9.15 × 10− 8 C/cm2. The
enhancement of the pyroelectric property in PNMZT95/5 ceramics is
due to Mn stabilizing internal polarization and reducing dielectric
properties. Qiao et al. [39] investigated (Pb1–1.5xLa0.02)(Zr0.86Ti0.14)
O3(x = 0.02, 0.03, 0.04 and 0.05)ceramics and discovered that x = 0.03
ceramic exhibit a high value of pyroelectric coefficient at room tem-
perature i.e 5.2 × 10− 8C/cm2K. The significant improvement of pyro-
electric coefficient with increasing La doping is due to increase in
metastable ferroelectric phase with applied electric field. K. Kang et al.
[31] synthesized yttrium-doped 0.15[Pb(Ni1/3Nb2/3)O3]–0.85[Pb
(Zr1/2Ti1/2)O3] ceramics and found that the maximum pyroelectric co-
efficient and figures of merit for undoped and 1.0 mol% Y3⁺ doped ce-
ramics were 761 and 452 μC/m2⋅K, respectively, at room temperature.
The enhancement is attributed to formation of an extra phase within a
material with higher Y3⁺ content.
Still there is no report available on pyroelectric properties of Mn

doped PNN-PZ-PT. So, here in the present study, we examine how the

Fig. 1. (a) X-ray powders diffraction patterns of xMn-PNN–PZ–PT (x = 0 %, 1 % and 2 %), (b) Enlarged pattern correspond to 2θ = 44.6◦–45.6◦.
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incorporation of MnO2 impacts the structural, electrical and pyroelectric
properties of the PNN-PZ-PT ceramics.

2. Experimental details

Polycrystalline ceramic specimens of 0.55PNN-0.135PZ-0.315 PT +

xMnO2 (x= 0, 1, and 2mol%) were prepared using the conventional two
step solid-state reaction method. Firstly, the precursor NiNb2O6 was
synthesized bymixing the high purity raw powders of NiO(99.9 % Sigma
Aldrich) and Nb2O5(99 %, Sigma Aldrich) and ball milling them in iso-
propyl alcohol (IPA) medium for 12 h (PM 400 Retsch) followed by
calcination at 1000 ◦C for 6 h in a closed alumina crucible. This powder
was again ball milled with PbO (99.9 % AlfaAesar), ZrO2(99.9 %),
TiO2(99.9 %) and MnO2(99.9 %) according to their stoichiometric ratio
all chemicals were purchased from Sigma Aldrich. 1.0 wt% excess PbO
was added to compensate the lead loss during calcination and sintering.
The mixed powder was then calcined at 1050 ◦C for 4 h and re-milled for
another 12 h. Green pellets were prepared by adding the 5 wt% PVA
(Poly-vinyl alcohol) solution to the dried powder, and later pressed into
disks with a diameter of 10 mm under 7 tons pressure using uniaxial
pellet making hydraulic press. The PVA was burned off at 600 ◦C for 3 h
and subsequently, the sintering of pellets was done at 1250 ◦C for 2 h.
The sintered pellets were then polished to a thickness of 0.7 mm and
silver electrodes were fired on both ends for further characterization.
The X-ray diffraction (XRD) was carried out on X-ray diffractometer
(PANalytical’s X’Pert Pro) by crushing the sintered pellet into powder
and annealing them at 600 ◦C for 30min. Themicrostructural analysis of
the samples was done using the field emission scanning electron mi-
croscope [FESEM, SU8010 SERIESHITACHI]. Dielectric studies tem-
perature dependent were performed on the Impedance Analyzer
[E4990A, KEYSIGHT]. The piezoelectric properties were performed on
the sensor tech SS01 d33 m. The room temperature and temperature
dependence ferroelectric studies (P-E Loop) were done using the Marine
India P-E loop tracer.

3. Results and discussion

Fig. 1(a) shows the room temperature XRD patterns of the 0.55 Pb
(Ni1/3Nb2/3)O3-0.135PbZrO3-0.315PbTiO3 +xMnO2 (x = 0 %, 1 %, and
2 %) ceramic samples. All the samples exhibit a typical ABO3 perovskite
structure without any trace of pyrochlore phase (JCPDS,
PDF#34–0103). The obtained XRD peaks indicate that the Mn
completely diffused into the lattice of PNN-PZ-PT. The diffraction pat-
terns in the 2θ range of 44◦–46◦ corresponding to the (200) diffraction
peak are enlarged respectively, in Fig. 1(b). In the present study, the

Fig. 2. (a–c) Rietveld refined XRD pattern for xMn-PNN-PZ-PT with (Pm-3m)
structure models.

Table 1
Refinement parameters.

Composition a (Å) Volume
(Å3)

Density (g/
cm3)

Space
group

χ2

PNN-PZ-PT 4.0313 65.5156 8.287 Pm-3m 1.3
PNN-PZ-PT+1%
Mn

4.0312 65.5094 8.289 Pm-3m 1.6

PNN-PZ-PT+2%
Mn

4.0301 65.4552 8.305 Pm-3m 1.6

Table 2
Atomic parameters.

Pseudocubic (Pm-3m) structure parameters of xMn-PNN-PZ-PT ceramics

Atomic
coordinates

x y z Isotropic thermal
parameters (Å2)

Pb 0.00000 0.00000 0.00000 1.00000
Ni/Nb/Zr/Ti/Mn 0.50000 0.50000 0.50000 1.00000
O 0.50000 0.00000 0.50000 1.00000
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sintering temperature for xMn-PNN-PZ-PT ceramics used is 1250 ◦C,
which further results in manganese exits as Mn2⁺ (0.76 Å) or Mn3⁺ (0.58
Å), with Mn3⁺ being the predominant form [40]. The ionic radius of Mn3⁺
is smaller than that of Ti4+(0.605 Å), which overall reduces the cell
volume and results in shifting of peak towards higher angle with
increasing Mn doping [41]. To investigate the structure of the prepared
compositions, Rietveld refinement was performed using the FullProf
software, and it reveals the presence of pseudo-cubic phase with Pm-3m
space group as shown in Fig. 2(a–c). Tables 1 and 2 represent the
different parameters such as lattice parameters, volume, density, space
group and atomic parameters obtained using Rietveld refinement. It
indicates that with Mn doping, cell volume decreases, which correlates
with the shifting of XRD peaks toward higher angle. The Rietveld
refinement of xMn-PNN-PZ-PT ceramics displays the best fit as the value
of χ2 for all samples is close to 1. It is also reported that ceramic com-
positions 0.55PNN–0.135PZ–0.315 PT at room temperature are
considered near the coexistence of various phases i.e rhombohedral,
tetragonal and pseudocubic symmetry [42,43]. Some reports also sug-
gest the existence of monoclinic phase in PNN–PZ-PT and PNN–PT
systems [44,45].
The FESEMmicrographs of the fractured surface of xMn-PNN–PZ–PT

(x = 0 %, 1 % and 2 %) ceramic pellets are shown in Fig. 3(a–c). All the

images are shown at the same magnification and the grain size is
calculated using the ImageJ software. The FESEMmicrographs show the
uniform grains with clear grain boundaries suggesting optimized sin-
tering condition. The grain size generally followed a normal distribu-
tion, with the average size progressively decrease from 4.76 μm to 4.13
μm as the Mn doping content rose from 0 to 2 mol% as shown in Fig. 3
(d–f). By considering, the valence state and the principle of similar ionic
radius, Mn3+ (0.58 Å) preferentially replaces Ti4+ (0.605 Å) from the B-
site and results in the formation of oxygen vacancies [28]. The increase
in oxygen vacancies at the grain boundary with increasing Mn content
prevents the mobility of grain boundary and restricts the grain growth
[46,47].
Fig. 4(a and b) represents the dielectric permittivity and dielectric

loss of the as prepared ceramics as a function of temperature in the range
303 K–573 K with varying Mn content at 1 kHz. The value of dielectric
permittivity for all xMn-PNN-PZ-PT samples rises with temperature
displaying a peak attributing to phase transition. With the increase in
Mn content, the value of dielectric permittivity decreases due to pinning
effect, and the phase transition temperature (Tc) shifts towards high
temperature [48]. This phenomenon occurs due to the emergence of
oxygen vacancies generated from the doping of high-valance Ti4+ ion by
the low-valence Mn3+/2+ions. Along with oxygen vacancies, there is a

Fig. 3. (a–c) FESEM micrographs of xMn-PNN-PZ-PT(x = 0 %, 1 % and 2 %) ceramics, (d–f) average grain size.
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formation of MnTi acceptor centers, which further leads to the
(MnTi-V••o )×defect dipoles. These oxygen vacancies hinder the motion of
domain wall by reducing the volume of perovskite cells [49].
Fig. 5(a) and (b) represent the dielectric permittivity (εr) and

dielectric loss (tanδ) of PNN-PZ-PT ceramic with varying Mn content (x
= 0 %, 1 % and 2 %) at the frequency range of 100 Hz − 1 MHz. The
value of dielectric permittivity was found to be almost equal for all the
ceramics in the tested frequency range. The results also showed that the
dielectric loss of Mn doped PNN-PZ-PT samples was lower compare to
the pure ceramic sample. The room temperature dielectric loss for the 1
mol% Mn doped ceramic is ~0.0129 whereas, for the pure sample, the
loss is around ~0.0585. The decrease in tanδ for x = 0.01 sample is
attributed to the hardening effect of the acceptor dopant Mn [50].
However, x = 0.02 sample shows slightly high value of tanδ because of
emergence of oxygen vacancies in the crystal structure. The amount of
these vacancies increases with increase in Mn doping. Excessive oxygen
vacancies become ionic charge carriers, leading to rise in dielectric loss
for x= 0.02 sample [51]. It can also be observed from Fig. 4(a), that near
Curie temperature (Tc) the shape of the dielectric curves showed a
broader trend with the addition of Mn. To investigate the relaxor
properties of the prepared ceramics, a graph between ln(1/εr-1/εmax) as
a function of ln(T-Tmax) was plotted in Fig. 5(c). This plot follows the
Uchino and Nomura function, also known as modified Curie-Weiss law
[52].

(
1
ϵr
-
1

εmax

)

=
(T-Tmax)γ

C
(2)

where ε and εmax represent dielectric permittivity and maximum
dielectric permittivity respectively, at phase transition temperature
(Tmax), C is a constant, and degree of diffusiveness is represented by γ

Fig. 4. (a–b) Temperature dependence of dielectric permittivity and dielectric
loss for xMn + PNN-PZ-PT (x = 0 %, 1 % and 2 %).

Fig. 5. (a)- Dielectric constant as the function of frequency at room tempera-
ture, (b)- dielectric Loss as the function of frequency at room temperature, (c)-
ln(1/εr-1/εmax) plotted against ln(T-Tmax) at 1 kHz for the PNN–PZ-PT ceramics
with various Mn content.
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whose range is between 1 and 2 (γ = 1 for normal ferroelectrics and γ = 2
is for relaxor ferroelectrics) [52]. By fitting the experimental data in
modified Curie-Wiess law fitting yields the value of γ. The value of γ
increases from 1.84 to 1.98 with the increase in Mn content, suggesting
that the Mn doping enhances diffuse phase transition behaviour. To
examine the effect of oxygen vacancy on ferroelectric phase transition,
electric field poling was employed. The ceramics were subjected to a DC
electric field at 3 kV/cm. Fig. 6(a–c) represents the ε− T curve for poled

and unpoled samples. The emergence of novel peak well below the
transition temperature TC is observed. The emergence of additional
peaks evidences about the structure instability. Additionally due to
poling process, the applied field aligns the defects dipole caused by
oxygen vacancies, thereby decreasing their contribution to the dielectric
constant [53].
Polarization (P) vs. electric field (E) is one of the important probing

techniques and may be employed as a fingerprint to reveal the under-
lying complexity of a ferroelectric system. Fig. 7(a) represents the room
temperature P-E loop of the PNN-PZ-PT + xMn (x = 0 %, 1 %, and 2 %)
at 20 Hz. For x = 0 %, the ferroelectric loop is well saturated with
remnant polarization, Pr ~23.37 μC/cm2 and saturation polarization, Ps
~29.84 μC/cm2. The Pr and Ps remarkably decrease with increasing Mn
content because of the oxygen vacancies created by the substitution of
Ti4+ by Mn3+/2+ions. Such oxygen vacancies hinder the motion of
domain walls and results in decreasing the value of remnant polarization
[28].
Fig. 7(b–d) represents the P-E hysteresis loop, at room temperature,

for the poled and unpoled ceramics. The figure clearly illustrates that the
saturation polarization (Ps) and remnant polarization (Pr) values for the
unpoled sample are lower compared to those of the poled samples. This
observation suggests that the present scenario is more likely consistent
with the structural instability, driven by electric field poling, as evi-
denced by ε − T measurement for poled and unpoled samples. Asym-
metric P-E loop characteristics are generally observed in an electrically
poled hard ferroelectric. Shift in P-E loop on electric field axis arise from
domain pinning and generate an internal bias field, Ei, equivalent to(
E+c -E

-
c
)
/2, depicts the presence of oriented defect dipoles. The defects

dipoles are formed by the point defects and intentionally may be
introduced by the doped ions with mixed valancy. During the poling
process, defect dipoles are structurally coupled with macroscopic po-
larization, and their orientation is stabilized through oxygen vacancy
mediated octahedral tilting or point defect migration [54], which
further provide restoring forces via field Ei and retention to Pr [55].
Further, P-E loops of Mn-doped specimen (x = 1 % and 2 %) become
asymmetric with poling. However, asymmetricity in P-E loop becomes
more significant as Mn content increases. The Ei is found to be 0.19,
0.52, and 1.32 kV/cm for x = 0%, 1 % and 2 %, respectively. The
emergence of the asymmetric P-E loop feature in Mn3+/2+ doped spec-
imen reveals the additional dynamics imposed by defect dipoles, led by
the formation of oxygen vacancies. MnO2 doping improves the forma-
tion of oxygen vacancies occurs as a result of substitution of higher Ti4+

with lower Mn3+/2+ state. Table 3 represents the different values of
parameters obtained from P-E loop.
We plot P2 vs. E/P curves Fig. 8(a), known as Arrott plot, for elec-

trically poled and unpoled specimens. The Landau free energy consid-
eration in the vicinity of the transition temperature, free energy can be
mentioned in terms of order parameter. In the condition of equilibrium,
the minimization of free energy condition mathematically leads to a
linear mathematical expression between P2 and E/P. Both curves for all
specimens are found to be linear and parallel, which suggests no addi-
tional difference between polarizing behaviour of the poled and unpoled
specimen. This depicts that similar domain characteristics are observed
during the removal of field, which further confirms that the splitting of
Arrott lines corresponding to poled and unpoled specimen is genuinely
driven by structural instability rather than domain mobility [56].
The piezoelectric properties of xMn-PNN-PZ-PT ceramics at room

temperature exhibit a declining trend with the addition of Mn repre-
sented in Fig. 9(a). Specifically, the d33 piezoelectric coefficient de-
creases from 545 pC/N for undoped (x = 0 %) ceramics to 370 pC/N for
1 % Mn doping and further to 360 pC/N for 2 % Mn doping (measured
after 24 h of poling). This decline in d33 is correlated with decreases in
both εr and Pr. With increasing Mn content, both εr and Pr weaken,
leading to a corresponding decrease in d33, as indicated by Equation (3)
[57].

Fig. 6. (a–c) Dielectric permittivity variations with temperature for poled and
unpoled xMn + PNN-PZ-PT ceramics.
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d33=Pr⋅εr⋅Q (3)

where Q is the electrostrictive coefficient.
To explore the pyroelectric properties of PNN-PZ-PT ceramics, P-E

loops were measured at a series of temperature between 303K and 453K,
providing an applied field of ±20 kV/cm at 20 Hz. From Fig. 10(a–c), it
is observed that as temperature increases, the polarization diminishes
consistently for all synthesized xMn-PNN-PZ-PT ceramics. Additionally,
it reveals a decline in the values of Ps, Pr and Ec (coercive field) of xMn-
PNN-PZ-PT ceramics with increasing temperature. This phenomenon is
attributed to the increasing thermal agitation, which facilitates easier re-
orientation of ferroelectric domains, consequently decreasing the

Fig. 7. (a) – P-E Loop of xMn + PNN-PZ-PT ceramics at room temperature at 20Hz frequency, (b–d) P-E Loop with and without polling.

Table 3
Ferroelectric properties of PNN-PZ-PT + xMnO2.

Composition Pr (μC/cm2) Ps (μC/cm2) Ec (kV/cm) Ei (kV/cm)

PNN-PZ-PT 23.37 29.84 4.45 0.19
PNN-PZ-PT+1%Mn 17.89 27.53 3.15 0.52
PNN-PZ-PT+2%Mn 13.14 22.03 3.13 1.32

Fig. 8. (a) P2 versus E/P plot for poled and unpoled xMn + PNN-PZ-
PT ceramics.

Fig. 9. (a) Variation of piezoelectric coefficient of xMn + PNN-PZ-PT ceramics
at room temperature.
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overall ferroelectric performance [58]. Fig. 11(a)–(c) depict polarization
versus temperature (P-T) curves for all xMn-PNN-PZ-PT ceramics at
different electric field strengths, derived from the isothermal P-E loops
obtained at series of temperatures.
Fig. 11(d–f) displays the temperature dependence of pyroelectric

coefficient, π = dP/dT, for xMn-PNN-PZ-PT ceramics at varying electric
fields. The π in the vicinity of room temperature are found to be 10.632
× 10− 4, 9.18 × 10− 4, and 0.03 × 10− 4 C m− 2K− 1 for pure, 1 %, and 2 %
Mn doped samples. Figure of merits (FOMs) are considered as decisive
parameters towards their specific application. Here, we deal with FOMs

Fi, Fv, Fe, and F*e that are mainly governed by pyroelectric coefficient &
dielectric constant and used to estimate the performances of material as
a component of pyroelectric sensing and energy harvesting devices.
Doping approachmay play a vital role in the performance of pyroelectric
devices. Fig. 12(a–d) presents the thermal variation of the pyroelectric
FOMs defined as [59]:

Fi =
π
Cv

(4)

FV =
π

CvƐ0Ɛr
(5)

Fe =
π2
Ɛ0Ɛr

(6)

F*e =
π2

C2vƐ0Ɛr
(7)

here, Cv represents volume-specific heat, εr represents relative permit-
tivity, and ε0 signifies the permittivity of free space. The value of specific
heat was taken from the literature [60].Fi, Fv, Fe and F*e represent current
responsivity, voltage responsivity, and pyroelectric energy harvesting
figure of merits, respectively. These FOMs help in choosing the materials
for pyroelectric applications in various fields. The expression for FOMs
indicates that higher values can be achieved by either increasing the
pyroelectric coefficient or by decreasing the dielectric permittivity.
However, there are various strategies to achieve high FOM values, such
as chemical substitution (acceptor doping) [61], microstructural tuning
by introducing porosity, and employing different synthesis techniques or
by introducing defect dipoles [62–65]. Here, we adopt defect dipole
route to optimize the pyroelectric performances of a ternary MPB
compound. Pyroelectric coefficient is derived from P(E,T) vs T curves
(Fig. 11(a–c)). From the thermodynamic consideration, in the vicinity of
ferroelectric phase transition, order-parameter, P drops rapidly to attain
zero value and as a result first order derivative of P, pyroelectric coef-
ficient attains maximum value. Tables 4 and 5 represent the comparison
table of FOMs of other well-known materials with the present work at
room temperature and at elevated temperature [66–69]
For device application point of view, temperature dependence of

FOMs has been evaluated for all xMn-PNN-PZ-PT ceramics, as shown in
Fig. 12(a–d). As the pyroelectric figure of merit decreases with increase
in Mn doping at room temperature, depicting a diminishing pyroelectric
response. It leads to a significant drop for all FOMs at room temperature.
However, at elevated temperature current responsivity FOM Fi is high
for undoped sample but other FOMs i.e., Fv, Fe and F*e increases for 2 %
Mn doped MPB specimen, indicating the higher pyroelectric response of
2 % doped sample, which occurs due to simultaneous suppression of π −

T and ε − T curves with the Mn doping.

4. Conclusion

In conclusion, the present study systematically investigated the
impact of Mn-doping on the structure, microstructure, dielectric,
ferroelectric and pyroelectric properties of ternary MBP composition
PNN-PZ-PT prepared by solid-state reaction method.These findings
reveal that the addition of Mn additive has minimal effect on the
structural properties. The partial substitution of Ti4+ cations by Mn3+ at
the B-sites of a crystal structure of PNN-PZ-PT leads to the formation of
oxygen vacancies, which results in decreased grain size with increasing
Mn content. The dielectric spectroscopy analysis reveals that the syn-
thesized ceramics exhibit diffusive characteristics, however the degree
of diffuseness (γ) increases from 1.84 to 1.98 with increasing Mn con-
tent, suggesting relaxor behaviour. The splitting of Arrott lines corre-
sponding to poled and unpoled specimen is driven by structural
instability rather than domain mobility for all the ceramics. Notably the

Fig. 10. (a–c) P-E Loop of the xMn + PNN-PZ-PT ceramics as the function of
temperature ranging from (303 K–453 K) measured at 20Hz.
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Fig. 11. (a–c) Polarization versus temperature curve as a function of electric field, (d)–(f) pyroelectric coefficient (dP/dT) versus temperature plots of PNN-PZ-PT
ceramics sintered at different temperatures.
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2 % Mn doped sample shows the optimal value of pyroelectric figure of
merits values at elevated temperature (below Tc) i.e Fi = 1103 p.m./V,
Fv = 0.026 m2/C, Fe = 132.03 J/m3 K2and Fe* = 32.508 p.m.3/J sug-
gesting pyroelectric FOMs of MPB based compound can be enhanced by
heterovalent doping. Our study highlights the significance of acceptor
doping in optimizing select figures of merit. Further, to realize simul-
taneous improvements across all relevant FOM parameters of PNN-PZ-
PT, precise doping and comprehensive characterization techniques are
essential.
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Fig. 12. (a–d) Pyroelectric figure of merits for xMn-PNN-PZ-PT ceramics in temperature range 300K- 450K.

Table 4
Comparison of room temperature figure of merits of other well-known materials with present work.

Compositions π (10− 4C/m2 K) Fi (pm/V) Fv (m2/C) Fe (J/m3K2) Fe* (pm3/J) Reference

PbNi0.183Nb0.366Zr0.135Ti0.315O3 10.86 533 0.012 26.51 6.46 This work
PbNi0.183Nb0.366Zr0.135Ti0.315O3 +1 % Mn 9.18 456 0.010 20.04 4.89 This work
PbNi0.183Nb0.366Zr0.135Ti0.315O3 +2 % Mn 0.03 9.95 0.001 0.64 0.04 This work
PbNb0.02(Zr0.95Ti0.05)0.98O3 7.90 – 0.088 – – 65
Bi0.5(Na0.95K0.05)0.5]0.95Ba0.05TiO3 3.25 194.6 0.026 – – 66
(Ba0.84Ca0.15Sr0.01)(Ti0.90Zr0.09Sn0.01O3) 11.16 479.3 0.013 – – 67
BaCe0.1Ti0.9O3 3.57 171 0.009 6.8 1.53 68
Ba0.85Sr0.15TiO3 4.70 201 0.030 21.9 6.1 69
Bi0.5(Na0.94K0.05Li0.016)0.5]0.95Ba0.05TiO3 3.60 220.5 0.029 – – 66

Table 5
Figure of merit of synthesized ceramics at high temperature (below curie).

Composition Fi (pm/
V)

Fv (m2/
C)

Fe (J/m3

K2)
F*e (pm

3/
J)

T (K)

PNN-PZ-PT 1637 0.018 115 28.41 ~360
PNN-PZ-PT+1%
Mn

1181 0.016 67.96 16.95 ~335

PNN-PZ-PT+2%
Mn

1103 0.026 132.03 32.508 ~350
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