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This work promotes the room temperature energy storage properties of the multiferroics. In this approach, impacts of PrFeO3 
doping on PT-based solid solutions (Pb1−xPrxTi1−xFexO3, x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26) have been explored. X-ray dif-
fraction (XRD) patterns were used to estimate the crystallographic parameters, confirming the single phase tetragonal structure. 
The ferroelectric Curie temperature (Tc

FE) is observed to drop from 410 K to below room temperature as the Pr concentration 
increases. The ferroelectric P-E loops were used to determine the energy storage values at room temperature. The sample x = 0.24 
achieved the maximum value of energy storage density of 362.25 mJ/cm3 with the efficiency of 40.5%. The ferroelectric P-E loops 
were used to determine the energy storage values at room temperature. The validity of magnetoelectric coupling in all samples 
was confirmed by magneto-dielectric studies and found that the sample x = 0.24 shows the maximum response with the coupling 
coefficient (γ) = 15.54 g2/emu2.
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1. � Introduction

Multifunctional materials are garnering a lot of attention 
because of their distinct capabilities.1–3 They can be used in a 
variety of ways. One such category, which is being explored 
the most, is magnetoelectric multiferroics. Multiferroic 
materials are those substances, which are magnetically and 
electrically ordered at the same time.4–6 Partially filled d- 
orbitals cause magnetic behavior in these materials, whereas 
ferroelectricity is driven by the unoccupied d-orbitals. The 
multifunctionality of these materials benefits in memory 
devices, sensors and energy storage devices.7–15 Mixed per-
ovskite approach is one of the most frequent ways to make 
high-performance multiferroics.16 Ferroelectric oxides hav-
ing perovskite structure with generic formula ABO3 possess 
prominent role in order to explore the areas of research and 
applications. Among various ferroelectrics, lead titanate (PT) 
and PT-based materials are in forefront to build mixed per-
ovskite multiferroics. It is the only candidate that has high 
ferroelectric phase transition, (Tc = 490°C) and high dielec-
tric constant when compared to other ferroelectric materials, 
allowing for a wide range of applications due to its superior 
dielectric and ferroelectric properties.17–19 Transition metal 
cations such as Fe3+, Mn3+, Ni2+, Co2+ are commonly substi-
tuted at the Ti-site to provide magnetic behavior. However, 
substituting transition metal cations increases leakage current 
in the system. This rise in leakage current is compensated 

by the addition of rare earth ions (Re3+) to the Pb-site in 
PT-based materials.20 Rare earth orthoferrites (ReFeO3, 
where Re= Sm, La, Gd, Pr, Nd) are commonly used to sub-
stitute rare earth cations in ferroelectric perovskites.21–24 To 
properly enter into the lattice, the dopant must fulfill the 
basic requirement (equivalent ionic radii, valence state as the 
core material).25 The doping of Pr3+ (by following the selec-
tion criteria) at Pb-site enhances the electrical and magnetic 
properties of PT.26–28 Besides, PrFeO3 (PF) has emerged as 
a potential alternative in industry due to its high dielectric 
constant and low dielectric loss.29,30 It has a G-type antiferro-
magnetic structure with four Fe and four rare earth ions per 
unit cell, and like other orthoferrites, it belongs to the Pbnm 
space group.31 The sharing of Fe-ions with the unit cell’s six 
nearest oxygen ions can be seen in PF’s three-dimensional 
distorted perovskite structure.32 Such structural aberrations 
have an impact on magnetic ordering in the suggested mate-
rial.33 Singh et al. reported the Pb1−xPrxTi1−yYyO3 where x = 
0.02, 0.04, 0.06, 0.08 and y = 0.02 and studied its ferroelec-
tric and piezoelectric properties.34 Samad et al. investigated 
the effect of rare earth ions on lead zirconate titanate (PZT) 
and obtained that Pr-doped PZT is highly efficient for mem-
ory devices.35 Zou et al. studied the microstructure properties 
of Pr-doped PZT ceramics and proposed that the appropri-
ate amount of Pr enhances the piezoelectric activity in the 
MPB area.36 However, little research has been done into the 
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mechanism of Pr doping in PT-based material to enhance its 
multiferroic properties. The primary goal of this research is 
to investigate the effects of Pr and Fe doping on the A and 
B-sites of PT-based solid solutions. Owing to the literature 
survey, PrFeO3–PbTiO3 solid solutions are seen to be a good 
way to start multiferroic research.

In this work, the synthesis and characterization of Pb1−x-
PrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26) have 
been done. Moreover, the detailed investigation of multifer-
roic properties has been carried out.

2. � Experimental

By using the usual solid state reaction approach, solid solu-
tions of Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 
and 0.26) were produced. Pr6O11, PbO, TiO2 and Fe2O3 were 
weighed in stoichiometric quantities and mixed thoroughly 
for 2 h using a mortar pestle. The powder was milled for  
24 h after being transferred to vials containing acetone and 
zirconia balls. The combined powders were calcined at 
1000°C for 12 h in a high temperature furnace for phase for-
mation. The powders were then combined with PVA binder 
of 2 wt.% and formed into circular pellets with a diameter of 
10 mm and a thickness of 1 mm using a hydraulic press. To 
limit weight loss owing to lead volatility, pellets were sin-
tered in a lead environment for 2 h at 1150°C (after opti-
mization tests) using a closed crucible arrangement. These 
sintered materials’ X-ray Diffraction (XRD) data were col-
lected using a Shimadzu (Maxima) diffractometer in the 
20°–80° range with a step size of 0.02° and a scan speed of 
2°/min using a Cu K anode (λ = 1.54 Å). All of the samples’ 
surface morphology was studied using a Carl Zeiss FE-SEM 
(Supra 55) with an InLens detector at 2 kX magnification. 
To evaluate the density of prepared samples, an Archimedes 

principle-based setup was used. MicroSense’s Vibrating 
Sample Magnetometer (VSM) EZ9 and Marine India’s auto-
matic PE loop tracer was used to measure the electric versus 
polarization results. The dielectric properties were deter-
mined using a KEYSIGHT TECHNOLOGIES impedance 
analyzer (E4990A), while magneto-dielectric studies were 
made using an impedance analyzer to measure the dielectric 
versus frequency in the presence of a magnetic field.

3. � Results

3.1. � Structural analysis

The goal of the phase study was to see how varying levels of 
Pr affected crystallographic parameters. Figure 1(a) shows the 
discovered combined patterns of composition Pb1−xPrxTi1−x- 
FexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26). Pr3+ has 
successfully penetrated the lattice in all of the samples, which 
shows a pristine perovskite phase with tetragonal structure. 
Due to a mismatch in the ionic radii of Pr3+ (1.17 Å) and 
Pb2+ (1.49 Å), the peaks are migrating to a higher angle as 
represented in Fig. 1(b). As the Pr content grows, the diffrac-
tographs show a steady elimination of splitting. In order to 
investigate the detailed information about lattice parameters, 
the data were refined by Rietveld Refinement using Full Prof 
software in the 2θ range of 20°–80°. Multiple criteria were 
considered during the refinement process including zero cor-
rection, scale factor, lattice parameters and positional param-
eters. The background was described using a sixth-order 
polynomial, while the shape parameter was simulated using 
the Thompson Cox Hasting Function. Figure 2 depicts the 
refined graphs for all of the samples. The refined data agree 
well with the experimental data.

The results reveal that, as the doping value of Pr increases, 
the c/a ratio falls. The decrease in crystal tetragonality in the 

(a) (b)

Fig. 1.  (a) The combined patterns of XRD and (b) the migration of peaks between angle 45°–47.5°.
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proposed PT samples is confirmed by this drop in c/a ratio. 
This could also be due to its high spontaneous stress, as sug-
gested by the Ts ∝ (c/a − 1) relation.37 It can be deduced that 
the Pr substitution improves the material densification by 
reducing internal stress, allowing crystallites to form a denser 
microstructure. All the refined parameters are tabulated in 
Table 1.

3.2. � Microstructural studies

Figure 3 shows the images of the collected samples taken 
from the field emission scanning electron microscopy 
at a magnification of 10 kX. Along with the images, the 

histogram displaying the grain size distribution across all 
samples is also provided. The images demonstrate that the 
particles have distinct boundaries and are spherical in shape. 
The photos show that the prepared samples have precise 
grain development. Image J software was used to determine 
the average grain size. A lab setup based on the Archimedes 
principle was used to determine the density of the samples. 
All of the needed parameters are listed in Table 2, indicating 
that as the PF quantity is increased, the grain size and exper-
imental density also increases. Figure 4 depicts the EDAX 
spectrum of one sample of x = 0.21 with practically all of the 
peaks linked with components such as Pb, Fe, Pr and Ti. The 
results clearly confirm the existence of necessary elements in 

(a) (b)

(c) (d)

(e) (f)

Fig. 2.  (a)–(f) The refined XRD graphs of composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26), respectively.
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Table 1.  Parameters obtained from XRD refinement.

Composition x = 0.21 x = 0.22 x = 0.23 x = 0.24 x = 0.25 x = 0.26

Space Group P4mm 
(tetragonal)

P4mm 
(tetragonal)

P4mm 
(tetragonal)

P4mm 
(tetragonal)

P4mm 
(tetragonal)

P4mm 
(tetragonal)

a (Å)
c (Å)

3.9212
3.9711

3.9256
3.9695

3.9259
3.9637

3.9267
3.9575

3.9273
3.9515

3.9317
3.9428

Pb/Pr
Fe/Ti
OI
OII

0/0/0
0.5/0.5/0.5045
0.5/0/0.0620 
0.5/0/0.4487

0/0/0
0.5/0.5/0.4968
0.5/0.5/0.0451
0.5/0/0.5458

0/0/0
0.5/0.5/0.5047
0.5/0.5/0.0430
0.5/0/0.5577

0/0/0
0.5/0.5/0.4916
0.5/0.5/0.038
0.5/0/0.4918

0/0/0
0.5/0.5/0.5163
0.5/0.5/0.0421

0.5/0/0.491

0/0/0
0.5/0.5/0.5004
0.5/0.5/0.049
0.5/0/0.6013

V(Å3)
Polarization (µC/cm2)

61.2603
9.66

61.1693
7.42

61.0940
6.83

60.9971
5.22

60.9458
5.08

60.9391
2.05

Rexp

χ2 (GOF)
8.83
4.40

8.01
2.96

8.57
2.58

7.34
3.15

8.55
2.97

8.36
2.87

Fig. 3.  (a–f) The FE-SEM images of composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26), respectively. 
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Fig. 3.  (Continued )

Table 2. Data acquired after analysis from FE-SEM micrographs.

Sample
Average grain size  

(µm)
Standard deviation  

(σ)
Experimental density  

(g cm−3)
Theoretical density 

(g cm−3)

x = 0.21 6.218 1.831 5.6839 7.84

x = 0.22 6.280 1.698 6.1317 7.86

x = 0.23 6.599 1.686 6.899 7.87

x = 0.24 7.035 1.487 7.022 7.89

x = 0.25 7.281 1.586 7.310 7.90

x = 0.26 7.329 1.567 7.585 7.92
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the composition. As a result of the microstructural study, this 
material is PbTiO3 substituted by Pr and Fe.

3.3. � Dielectric properties

Figure 5 depicts the acquired temperature versus dielectric 
constant (ε′) plots for various Pr compositions across a fre-
quency range of 1–100 kHz. There is no dielectric deviation 
in the low-temperature area, as in ordinary ferroelectrics, 
and the dielectric constant climbs steadily below the Curie 
temperature before dropping. The dielectric constant exhibits 
this behavior at higher temperatures due to the creation of 
additional thermal energy, which improves the movement of 
charge carriers and thereby boosts the hopping rate.

Furthermore, as Pr concentration rises, the ferroelectric 
Curie temperature (Tc

FE) drops from 410 K to below room 
temperature. It is linked to lower tetragonality in the sam-
ples, which lowers the internal stress and as a result, lowers 
the transition temperature.38 Figure 6 depicts the variation in 
dielectric loss (tanδ) anomalies as a function of temperature 
for all samples. Structure irregularities and grain orientations 
are the primary causes of loss in the samples.39,40 The calcu-
lated values of Tc

FE, ε′, tanδ and c/a are given in Table 3.

3.4. � Ferroelectric properties

The modulation of polarization versus electric field at room 
temperature (referred as PE loops) was studied to ensure fer-
roelectric behavior in all the samples in Pb1−xPrxTi1−xFexO3 
(x = 0.21–0.26). The polarization in lead-based materials is 
related to the hybridization in 3d and 2p states of titanium and 
oxygen ions.41 As seen in Figs. 7(a)–7(f), the loops possess 
symmetric behavior, which demonstrates that the trapped 
charges are dispersed uniformly across all the samples.42 
There is an appearance of lossy behavior in sample x = 0.26, 

which may be due to the increase in the leakage current due 
to rise in the Fe concentration. Hence, the leakage current 
can deteriorate the ferroelectric behavior.43 Figure 7(g) illus-
trates the relationship between c/a ratio and remnant polar-
ization (Pr) with composition (x) and found that the value 
of Pr for x = 0.21 drops from 14.42 µC/cm2 to 5.17 µC/cm2, 
while the result of coercive field (Ec) declines from 0.21 to 
0.24 and then increases as given in Fig. 7(h). This could be 
because of the cell content that has a smaller atomic displace-
ment, which results in the softening of the material.44 The 
phase structure of the sample x = 0.26 is different to others. 
It is because that the c/a ratio for this sample is almost equal 
to 1, which leads to have the lowest tetragonality from the 
other samples. Moreover, lowering the tetragonality leads to 
decrease in the dielectric constant value at Curie tempera-
ture (Tc

FE) and lossy behavior of the ferroelectric loop of the 
sample.

3.5. � Energy storage analysis

The ferroelectric loops also provide the information about 
the energy storage properties of the dielectric materials. The 
total energy stored in the material can be linked with the 
application of electric field. The change in the value of elec-
tric field corresponds to discharge/charge process as shown 
in Fig. 8. The recoverable energy density (area ABCA, blue 
color) is used to calculate the energy storage in the material 
as follows:

	 W E dP
Pr

P

rec

max
= ∫ , 	 (1)

where Pmax is the maximum attained polarization, Pr is the 
remnant polarization and E is the applied value of the elec-
tric field. Moreover, the area A′BAA′ (green color) is termed 
as the energy loss density (Wloss), which arises from the 

Fig. 4.  The EDAX spectrum of composition Pb1−xPrxTi1−xFexO3 (x = 0.21).
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dissipation of heat in the dielectrics.45 The energy storage 
efficiency (η) of the material can be obtained by

	 η =
+

×
W

W W
rec

rec loss

100%. 	 (2)

Figure 9 represents the obtained values of Wrec, Wloss and η 
with respect to electric field calculated from Eqs. (1) and (2). 
Table 4 shows that the maximum value of the energy stor-
age density (Wrec = 362.25 mJ/cm3) is given by sample x = 
0.24 with an efficiency of 40.5% at 50 kV/cm. As given in 
Eq. (1), material can possess higher energy storage for which 
change in polarization with electric field i.e., ∆P = Pmax – Pr 

is maximum.46 For higher value of ∆P, Pmax should be max-
imum keeping the lower value of Pr. Recall that sample  
x = 0.24 has shown the minimum value of Pr as depicted in 
Fig. 7(g) leading to higher value of energy density.

3.6. � Magnetic analysis

For the magnetic analysis, the variation in magnetization (M) 
with respect to applied magnetic field (H) has been studied. 
Figure 10 represents the M-H graphs for Pb1−xPrxTi1−xFexO3 
(x = 0.21–0.26) samples. The creation of oxygen vacancies 
during Fe3+ ion doping in Ti4+ sites is ascribed to the mag-
netic behavior of the samples.47 Moreover, the five unpaired 

(a) (b)

(c) (d)

(e) (f)

Fig. 5.  (a)–(f) The obtained temperature versus dielectric constant (ε′) plots of composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 
0.25 and 0.26), respectively.
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d-shell electrons of Fe3+ ion also gives the confirmation of the 
magnetic order in all the samples. The increase in remnant 
magnetization (Mr) with enhanced coercivity is clearly visi-
ble from the figure. Evidently, increasing Fe content from PF 
concentration is directly correlated with improved magnetic 
behavior of these samples. The observed values of remnant 
magnetization obtained from the M-H data are tabulated in 
Table 5.

3.7. � Magneto-dielectric study

As indicated in Fig. 11, the validity of magnetoelectric 
(ME) coupling in all samples was determined using ε′ versus 

(a) (b)

(c) (d)

(e) (f)

Fig. 6.  (a)–(f) The variation in dielectric loss (tanδ) anomalies as a function of composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 
0.25 and 0.26), respectively.

Table 3.  The calculated values of Tc
FE, ε′, tanδ and c/a of 

composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 
0.26), respectively, at frequency 1 kHz.

Composition Tc
FE (in K) ε′ (at Tc

FE) Tanδ (at Tc
FE) c/a

x = 0.21 410 3621 0.169 1.0127

x = 0.22 392 2958 0.132 1.0111

x = 0.23 374 4008 0.097 1.0096

x = 0.24 346 3181 0.060 1.0078

x = 0.25 320 2707 0.053 1.0061

x = 0.26 — — — 1.0028
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7.  (a)–(f) PE loops of composition Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26), respectively, (g) variation between 
c/a ratio and remnant polarization (Pr) with composition (x) and (h) variation between coercive field (Ec) and remnant polarization (Pr) with 
composition (x).
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frequency measurements with different magnetic fields (0 T, 
0.5 T, 1 T and 1.5 T). The samples show magnetoelectric cou-
pling only up to x = 0.25 as there was a variation in the value 
of ε′ with a change in the magnetic field. A visible decrease in 
the value of ε′ has been observed in the figure. This decrement 
in the value of ε′ also indicates a negative magneto-dielectric 
response in the samples. The simultaneous generation of 
stress in the magnetic and ferroelectric domains by an exter-
nally applied magnetic field is responsible for the change 
in dielectric permittivity of the material.48,49 The magneto- 
dielectric response can be calculated as follows:

	 MDR Response =
′ ( ) − ′ ( )

′ ( ) ×
ε ε

ε
H 0

0
100%, 	 (3)

Fig. 8.  Diagrammatic representation of charge–discharge process 
for assessing their energy storage capabilities.

(a)

(b)

(c)

Fig. 9.  (a)–(c) The obtained values of Wrec, Wloss and η with respect 
to applied electric field.

Table 4.  The calculated values of Wrec, Wloss and η of proposed 
samples at room temperature at 50 kV/cm.

Composition Wrec (mJ/cm3) Wloss (mJ/cm3) η (%)

x = 0.21 281.61 1141.58 19.71

x = 0.22 343.52 943.54 26.68

x = 0.23 344.05 849.83 28.81

x = 0.24 362.25 531.09 40.55

x = 0.25 356.01 716.78 33.18

Fig.  10.  The combined M-H graphs for composition Pb1−xPrx- 
Ti1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26), respectively.

Table 5.  The observed values of remnant 
magnetization (Mr) obtained from the M-H data.

Composition (x)
Remnant magnetization 

(Mr) (emu/g)

x = 0.21 0.03

x = 0.22 0.06

x = 0.23 0.10

x = 0.24 0.15

x = 0.25 0.17

x = 0.26 0.18
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where ε′ (H) and ε′ (0) represent the dielectric constant with 
and without magnetic field, respectively. From the response 
value, it is found that x = 0.24 shows maximum magneto-di-
electric effect. Further to find the magneto-electric coefficient 
(γ), Ginzburg–Landau–Devonshire theory50 is used in multi-
ferroic system as follows:

	

Φ Φ= + + − + ′

+ ′ − +

o α β α

β γ

P P PE P

M MH P M .

2 4 2

4 2 2

2

2
	 (4)

Here, α, α′, β, β′ and γ are the coefficients of ME coupling, 
P and M indicate the polarization and magnetization, respec-
tively, whereas P2m2 gives the measure of ME coupling. The 
influence of a magnetic field on the dielectric constant can 
be calculated as ′ − ′

′ ∼ε ε
ε γ( ) ( )

( )
H M0

0
2. The value of γ can be esti-

mated by linear fitting of above equation for x = 0.21, 0.22, 
0.23, 0.24 and 0.25 samples and the values are tabulated in 
Table 6. According to the table, the value of γ is the highest 
for the x = 0.24 sample, indicating that it has the best multi-
ferroic characteristics. The maximum value of γ for sample 
x = 0.24 is due to the presence of ferroelectric as well as 

(a) (b)

(c) (d)

(e) (f)

Fig. 11.  (a)–(f) The ε′ versus frequency measurements at different magnetic fields (0T, 0.5T, 1T and 1.5T) of composition Pb1−xPrxTi1−xFexO3 
(x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26), respectively.
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magnetic domains. Since sample x = 0.24 has shown max-
imum magnetization along with ferroelectric behavior, this 
sample exhibited maximum coupling phenomenon. Also, it 
is worth mentioning that this sample has also shown the max-
imum energy storage density.

4. � Conclusion

Pb1−xPrxTi1−xFexO3 (x = 0.21, 0.22, 0.23, 0.24, 0.25 and 0.26) 
has been prepared by solid-state reaction route. The struc-
tural, energy storage and magnetoelectric properties are stud-
ied in depth in this work. The phase analysis and dielectric 
studies supported the creation of hard ceramics in PrFeO3-
doped PT solid solutions. It has been proven that the tetrago-
nality decreases with increase in doping concentration. With 
increasing Pr content, the value of remnant polarization is 
observed to be diminished from 14.42 µC/cm2 to 5.17 µC/
cm2 for x = 0.21–0.26 sample. The sample x = 0.24 achieved 
the maximum value of energy storage density of 362.25 mJ/
cm3 with the efficiency of 40.5%. The magnetic character of 
the prepared samples increases with a rise in the amount of 
Fe. The magneto-dielectric studies confirmed the presence of 
multiferroic nature in the proposed samples. The maximum 
response was exhibited by x = 0.24 sample with the coupling 
coefficient (γ) value of 15.54 g2/emu2.
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