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Effect of iron doping on PbTiOs perovskites
to enhance material properties for technological applications
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Iron-doped titanate (PbTii~Fe«Os) was successfully synthesized using the sol-gel auto-
combustion method, with varying iron concentrations (x = 0.00, 0.02, 0.04, 0.06, 0.08, and
0.1). Elemental composition was determined by EDS, morphology was analyzed using
SEM, and ferroelectric properties were evaluated through the P-E loop and PUND
methods. EDS confirmed the successful incorporation of Fe into the structure. SEM
images showed a reduction in the particle size of PbTiOs, from 100 nm to 20 nm,
suggesting that the presence of Fe ions contributed to the decrease in particle size.
Ferroelectric analysis indicated a reduction in polarization, enhanced coercivity, and
minimal leakage current at an iron concentration of x = 0.02, making it suitable for energy
storage applications.
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1. Introduction

The magneto-electric multiferroic related to the magnetic and ferroelectric demands have
focused great devotion for potential uses [1-4]. The multiferroics and ferroelectric materials are
focused largely but are most focuses is active micro electronics devices and components [5-6]. The
materials which are based on ferroelectric XTiOs (X= Pb, Sr, Ba etc) with properties of high
permittivity, ferroelectric at room temperature, extraordinary polarization and considerable
piezoelectric are extremely used in electronics such as multilayer capacitors, resonators, memory
devices and resonators etc. [7-8]. In past decades these materials have focused great interest as are
technical and are research relevant [9-11]. The ferroelectric perovskite is extremely focused as it is
one of the vital materials systems for multiferric investigation, with tunable magnetic and electric
order, after the discovery of trends of perovskites including BiFeOs; and TbMnO; [12-13]. In past
decade many multiferric materials have been proposed due to their different physical origins [14].
The magneto electric linked effect expected among the ferroelectric materials having magnetic
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structure that can induce spin induced multi ferric materials [15]. In the last decades, the PbTiOs
focused more in different electronics application such as in electronic devices, sensors, phase
shifters and tunable filters [16]. The PbTiO; have stable perovskite phase so is most promising
material because of its mophotropic phase boundary [17]. The controllable ferroelectric materials
can be applying in many nano scale ferroelectric devices such as electro optic, solar and energy
garnering devices and dense memory devices [18-20]. The perovskite also focused more attention
polarization [21]. The most recent applications of multi ferric lead TiOs — based perovskites are in
digital computer memories with low high speed and low power consumption [22]. Therefore
multiferroic Pb base perovskites are being synthesized by substituting magnetic citations such as
Pb(Fe 23 W13)O3 [23] Pb(Fei» Tai) [24] Pb(Fe Ta)O; [25] and PbTi PdO;[26] which changes the
properties by replacing the diamagnetic Ti*" . The many multiferroic have been fabricated by
introducing Ti*" site into PbTiOs[27]. Hasitha Ganegoda and Soham Mukherjee et al. investigated
the effect of Fe doing on local structure and magnetic properties of PbTiOs nanostructure, they
concluded their magnetic properties enhanced by doping of Fe and exist as ferroelectric and
magnetic phases [28]. Zahir Muhammad and M.U.U. Ishafaq et al. studied the influence of Ni
doing on electrical and magnetic properties of PbTiO; nanostructure; they concluded their
magnetic properties enhanced by doping of Ni and occur as multiferroic properties [29]. Y Sakout,
and O.I Ghadraoui et al. enhanced the dielectric properties of PbTiO3; nanoparticles by Ni doping
[30]. Amrita Nayak and S.K. Patri at al reported their review article that the electric and magnetic
properties of PbTiO3 perovskite were enhanced by Fe doping [31]. In the present we synthesize
Fe-doped lead titanate (PbTi;.x FexOs) with different concentration of Fe (x=0.00, 0.02, 0.04, 0.06,
0.08 and 0.1) by sol gel auto combustion route and investigated their morphological and magnetic
properties by changing the doping concentration. Sol-gel is most famous, low cost, low
temperature and easy to handle method as compared to other methods [32]. The SEM images
disclose shrinkage of particle size with growing doping concentration this decrease in particle size
could be advantages in specific uses. The ferroelectric study was achieved by P-E loops which
reflects the increasing polarization and with highest doing concentration of Fe. Further more
moderate iron doing (x=0.02) delivers best performance of ferroelectric performance which is
useful in energy storage devices and electronics uses.

2. Materials and method

The lead titanate (PbTi;x FexO3) iron doped at different concentration (x= 0.00, 0.02, 0.04,
0.06, 0.08 and 1.0) was synthesized by sol-gel auto combustion route. The precursors used were
Lead acetate (Pb(C2H303),), Titanium dioxide (TiO,), Iron oxide (Fe;O3),Iron nitrate (Fe(NO3)3),
acetone, ethanol and distilled water. For synthesis, initially lead acetate, titanium dioxide and iron
oxide were weighted according to required concentration then raw were mixed in a stoichiometric
ratio by mill which uniformly distributes Fe*" ions in the TiO, lattice. The mixture dissolved in
distilled water to prepare homogeneous solution. Then mixture was calcinated at 800 °C in the
furnace for 6 hours to get perovkite structure. After calcination, the powder was again grinded to
avoid any agglomerates. Finally, the pellets were sintered at temperature of 1100 °C for 4 hours to
get crystalline structure and then were cooled at room temperature.

2.1. Characterization techniques

The synthesized samples were analyzed using various techniques, including EDS to
determine the elemental composition, SEM to examine the sample morphology, and the
ferroelectric properties were studied using the P-E loop and PUND methods.
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3. Results and discussion

3.1. EDS analysis

The elemental composition of all the samples was determined using EDS to predict the
effects of doping. The EDS analysis of the pure PTO sample is shown in Figure 1. The analysis
reveals a prominent peak for Pb, accounting for approximately 58%, while Ti makes up 11% and
O constitutes 16%. These findings confirm the dominant presence of Pb, with intermediate peaks
for Ti and O, indicating the successful formation of the sample. The EDS data for doped PTO (x =
0.02) is presented in Figure 1. The results clearly show that the sharpest peak corresponds to
approximately 62 weight percent, representing 62% Pb. There are also smaller peaks with weight
percentages of 13% for Ti and 15% for O, as indicated by the EDS analysis, confirming that Pb is
the dominant element, while Ti and O show intermediate peaks. No peak for Fe is observed due to
its low doping concentration, resulting in minimal intensity. The EDS results for doped PTO (x =
0.04) are presented in Figure 1. The analysis shows approximately 55% Pb, 12% Ti, and 14% O,
based on the EDS data of the sample. This confirms a prominent peak for Pb, with intermediate
peaks for Ti and O. No peak for Fe is detected, likely due to the low concentration of doping. With
an increase in doping, specifically at x = 0.06, a peak corresponding to Fe appears with a weight of
approximately 7%. This is attributed to the higher intensity of reflected beams from Fe.
Meanwhile, the weight percentage of Ti decreases by about 9%, indicating the successful
substitution of Ti by Fe. Additionally, the sample contains around 17% oxygen and 55% lead, as
illustrated in Figure 1.With an additional increase, specifically for x = 0.08, Fe is found to be
around 14%, while Ti decreases to about 7%, as shown in Figure 1. At this point, the sample
exhibits a dominant peak for Pb, with a weight percentage of approximately 48%. In the final
sample (x = 0.1), Fe constitutes approximately 20%, while Ti decreases to around 4%. O makes up
about 23%, and Pb accounts for 45% of the total weight, as shown in Figure 1. The decrease in Ti
and the increase in Fe confirm that the concentration of Fe rises in each subsequent sample due to
the increase in Fe doping.
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Figure 1.a) EDS images for pure PTO and x = 0.02, 0.04, 0.06, 0.08 and 0.1 concentrations.
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Figure 1.b) EDS images for pure PTO and x = 0.02, 0.04, 0.06, 0.08 and 0.1 concentrations.

3.2. SEM analysis

The surface morphology was examined by Scanning Electron Microscopy (SEM). The
pure PTO and doped with iron in different concentration changes in the morphology with the
increment of dopant as x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.1 in PbTi.«<Fe«O;. Figure 2 shows
SEM images for pure sample for x = 0.00 i.e. pure PTO. It can be seen clearly that average particle
size is about 100 nm. There is agglomeration of particles having a bit granular nature. This
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agglomeration may due the magnetic nature of the sample. A good thing is that there is almost
continuous nature of agglomeration which helps us in using the sample for different applications.
For x = 0.02, Figure 2 shows SEM images for the doped sample at different resolutions. It can be
seen clearly that average particle size reduces up to 70 nm. There is less agglomeration of particles
than the pure sample. Shape of the sample is different as it has mostly particles in the shape of
squares boxes. For x = 0.04, Figure 2 shows SEM images for as doped sample at different
resolutions. It can be seen that average particle size is about 50 nm. There is less agglomeration of
particles with reduction in their size due to increment of dopant. For x = 0.06, Figure 2 shows
SEM images for the doped sample at different resolutions. It can be seen clearly that average
particle size reduces up to 25 nm. There is less agglomeration of particles than the previous
sample. For x = 0.08, Figure 2 shows SEM images for as doped sample at different resolutions. It
can be seen clearly that average particle size reduces up to 25 nm. The sample is like sand and
mud particles with having rocks of different sizes on their surface. Most of the particles have
similar shapes. The trend continues and particle size reaches 20 nm which means pure PFO sample
has comparatively less particle size along with agglomeration as compared to doped and pure PTO
as shown in Figure 2. We have concluded that the particles size of host material decreases by
increasing doping concentration it may be due to trapping effect which is produced by grain
boundaries and Fe ions furthermore the dragging force between Fe ions and grain boundaries and
Fe also reduces the particle size [33]. The reduction particles size was also reported when Fe was
doped in BCT Perovskites [34]. The doping of Fe in (Ba-Ca) TiO; also reduced the particle size
[35]. The same result was also reported by Amrita Nayak in his review article [36].

Pure PTO

Y T
AN

S PT
Xo

Figure 2.a) SEM images for pure PTO and x = 0.02, 0.04, 0.06, 0.08 and 0.1 concentrations.
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Figure 2.b. SEM images for pure PTO and x = 0.02, 0.04, 0.06, 0.08 and 0.1 concentrations.

3.3. Ferroelectric analysis

The ferroelectric behavior of pure sample and Fe doping at different concentration has
been investigated by recording polarization and applied electric field (P-E) hysteresis loop at
frequency of 50 Hz varying with doping and electric field. The behavior of ferroelectric properties
strongly depends on different factors such as temperature, axial ratio, grain size, ionic radius and
phase transition [37, 38]. The variation of polarization verses electric field was recorded at room
temperature for PbTi1—<FexO with varying iron concentrations (x = 0.00, 0.02, 0.04, 0.06, 0.08, and
0.10) and at different applied electric field (100-600KV) are represented in figure3 (a-d). For each
doped composition is denoted by figure 3(a), it can be seen that loop becomes more saturated and
shriller at x=0.02, and then thickness increases by increasing doping intensity. The variation of
polarization verses applied electric field was investigating and shown in figure 3 (c), which reflects
that the polarization decreases with intensity of applied field the this may be recognized the
improvement of ferroelectric domains with increasing applied electric field [39].The Figure 3 (b)
reflects that the value of maximum polarization (P,,) for the pure PTO is found to be 0.46485
nC/cm? and similarly remanence (P,) is about 0.33208 nC/cm?. It can be seen from the P-E curve
that these values go on decreasing with increase in doping concentration and for x = 0.08 these are
found to be 0.35067 nC/cm? and 0.29006 nC/cm?. Corecivity (E.) of all the samples shows the
trend from minimum (for x = 0.0) 58.196 kV/cm to maximum (for x=0.08) 68.912 kV/cm. for x=
0.10 i.e. for pure PTO sample maximum polarization (P,) is about 0.2871 nC/cm? and remanence
(P,) is about 0.1434 nC/cm? and it has coericivity value of about 42 kV/cm. All these values are
obtained by applying electric potential in the range of 100kV/cm to 600kV/cm.
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Figure 3. (a) Polarization vs substitution content(x), b) Maximum Polarization (P,) and Remnance
Polarization (P, ) vs. substitution content(x),c) Polarization vs. Electric Field loops and d) Variation of
Recoverable Energy Density (Wr ) and Energy Loss Density (Wr).

It is confirmation from hysteresis loop that all the samples have typical ferromagnetic
properties. It also proved that intensity of polarization and loop density is highly affected by Fe
content. The values of P,, and P,and Ec obtained from all samples are listed in Table 1 Review the
data presented in Table 1, it has been perceived that by increasing doping intensity of Fe leads to
decrease in P, and Ec. This may due to disturbance in polarization between grains because of
increasing number of grain boundaries which leads to decreasing the grain size (observed in SEM
images) with increasing Fe concentration [40]. The figure 3 (d) it shows that the energy loss
density depends on doping concentration which is minimum at x=0.02.

Table 1. Values of Pw,Prand E. for x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.1.

X Pu(nC/cm?) | P(nC/em?) | E(kV/cm)
0.00 0.46485 0.33208 58.196
0.02 0.10976 0.71477 53.864
0.04 0.23242 0.18315 57.227
0.06 0.29968 0.23234 63.554
0.08 0.35067 0.29006 68.912
0.1 0.2871 0.1434 41.72
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Figure 4. PUND sequence for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1
and switching energy density vs. substitution content.

Figure 4 shows the ferroelectric properties of PbTi,«<FecOsat (x = 0.00, 0.02, 0.04, 0.06,
0.08 and 0.1) by using PUND method. PUND is one of the methods which are used for finding the
true value of remnant polarization [41]. The PUND measurements are carried out by the functions
of pulse width (PA), pulse amplitude (PA) and pulse delay time (PD). The PUND measurements
are standard characterization based on pulses. The PUND measurement techniques can be
instigating elsewhere [42]. In the graph 4 pulse width is equal to one unit and similar for time
delay. First pulse which is above from normal position is used to measure the total polarization
with switching charge density. If switching polarization add with leakage polarization, then it is
equal to total polarization (P"= Pswiching + Pleakage). Second pulse tells about total polarization
without switching charge density (Qsw). Third and fourth pulse is similar to first and second
respectively but in negative bias maximum potential. Along with this the sample showed lower
value of leakage current. For finding switching charge density following relation is used Switching
charge density (Qsw) is equal to the difference of Switching polarization (P*) and un-switching
polarization (P") [ 43]. The difference between P* and P” leakage mechanism is back to effect of
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switching ferroelectric domain and polarization contribution [44]. In our results at x = 0.02 it
shows the minimum leakage current and maximum value of switching charge density 13.8 x 10
“nC/cm?. Results of these material show ferroelectric properties with the most suitable value of
remnant polarization compare with other composition; hence it has potential to be used in energy
storage applications.

0.0014 |- 13854
0.0012 |-
& 0.0010 |-
0.0008 |-

0.0006 =

Qgw(nC/cm

0.0004 |-

2.20E-4

2.09E-4

0.0002 |=1.39E-4

0.0000

0.0 0.2 0.4 0.6 0.8 1.0
Subititution content (x)

Figure 5. Switching charge density for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1.

From above Figure 5 it is clear that value of switching charge (P*) is greater than un-
switching charge due to remanant polarization. Along with this the sample showed that sample has
lower value of leakage current. For finding switching charge density following relation is used:

In Table 2 it is seen that the material has maximum switching density at x= 0.02 which
suggest that the sample is ideal at this concentration for storage application

Table 2 Total polarization, polarization without switching and switching charge density of sample.

PbTiixFexO3 Total polarization | Polarization without switching Switching charge density
X= P* PA st
(nC/cm?) (nC/cm?) (nC/cm?)
0.00 0.318513 0.318374 0.000139
0.02 0.553111 0.551729 0.001382
0.04 0.193081 0.192994 0.000087
0.06 0.295975 0.295755 0.000220
0.08 0.393291 0.393082 0.000209
0.1 0.431127 0.430813 0.000314

4. Conclusion

The iron-doped titanate (PbTii.x FeiOs) was successfully synthesized using the sol-gel
auto-combustion method with varying iron concentrations (x = 0.00, 0.02, 0.04, 0.06, 0.08, and
0.1). The incorporation of iron at different concentrations was confirmed through EDS analysis.
SEM images were used to study the morphology of both un-doped and iron-doped samples. SEM
analysis revealed that particle size decreased with increasing doping concentration, from 100 nm
to 20 nm.
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This suggests that Fe doping influences particle size and agglomeration, which is
beneficial for various applications. The ferroelectric properties were analyzed using P-E loops,
which showed a decrease in maximum polarization and remanent polarization with higher doping
concentrations. However, Fe doping improved the coerctivity. The PUND analysis confirmed the
ferroelectric nature, showing minimal leakage current and maximum switching charge density at x
= 0.02. This makes Fe-doped PbTiOs at this concentration ideal for energy storage applications. In
summary, Fe-doped PbTiOs; enhances both electrical and structural properties, improving
ferroelectric performance and reducing particle size at x = 0.02, suggesting this composition as the
optimal choice for practical applications in energy storage, sensors, and memory storage.
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