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Abstract:

The aim of the work is to fabricate the (1-x) PbTiOs (PT) - x Y3FesO12 (YIG), where x takes values of 20, 30, 65,
and 80, using the standard solid-state sintering method, with ball milling employed to mix the components before
sintering at 1000°C. The structural and magnetic properties of the composites were then evaluated. The results
demonstrate PT and YIG phases coexist without any secondary phase. The observed Raman active mode confirms the
presence of cubic and tetragonal phases of YIG and PT. SEM photographs have shown both larger spherical and small
shape grains. The magnetic and electrical characteristics are determined by the ferroelectric and magnetic hysteresis
loops. The composite exhibits a maximum saturation magnetization of approximately 27 emu/g for higher YIG and
lower PT (80 YIG-20PT) content among all the composites. PT is well-known toxic material; however, one cannot
replace this material to another lead-free material. To achieve environmentfriendly, non-lead material such as YIG-
based PT composites are being prepared. Based on the law of approach to saturation (LAS) and ferroelectric hysterics
loops, it is concluded that the strong magnetic and electric coupling interaction for 8OYIG-20PT acts as a key role
and helpful to fabricate the multi-dielectric or magnetodielectric device.
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INTRODUCTION

The modified garnets family is being received interest owing to the fact of its inherent insulating strong
magnetic properties at RT. The structure of YIG is cubic system with space group la3d containing 8-
formula units per unit cell. Yttrium ions occupy dodecahedral (24c¢) sites. Iron ions are distributed over
tetrahedral (24d) sites and octahedral (16a) sites. On account of its unique magnetic properties, many
researchers are concentrating both electrical and magnetic properties on modified YIG ceramics. In our
earlier results and based on the reports, it is revealed that the non-magnetic ion modified YIG has shown
improved magnetic properties .

Yttrium Iron Garnet (YIG) - barium ttitanate (BaTiO;) composites have shown distinctive multiferroic
properties and therefore they found attractive candidates for technological innovations’. YIG is known
for its excellent magnetic characteristics, including low magnetic loss, high permeability, and strong
performance in microwave-antenna applications'. These unique attributes have led to its widespread use
in functional devices °. YIG is also utilized for energy harvesting, magnetic, and electromagnetic shielding
applications’. However, few research reports is being available on Yttrium Iron Garnet (YIG)-based
composites. Recent reports on piezo-magnetic of similar composites have shown remarkable exchange
coupling properties’. These composites are of great interest because the combine magnetic and
piezoelectric or ferroelectric characteristics of these materials. This makes them highly promising for
applications in magnetoelectric devices, spintronics, and other multifunctional systems *"°.

On the other hand, PbTiO; (PT), a ferroelectric ceramic, is renowned for its outstanding piezoelectric
and ferroelectric behaviour. These materials have shown applications in electronic devices such as
piezoelectric sensors, actuators, capacitors, etc. '*'". PbTiO; also plays a crucial role in energy harvesting
applications, where it efficiently converts mechanical stress into electrical energy 7. PbTiOs has also shown
remarkable displacive - ferroelectric transitions as the inelastic scattering of soft optic phonons of PbTiOs
prompted many researchers in the optoelectronic field. While YIG and PbTiO; materials are utilized
extensively in various applications, but the potential for combining these materials in composite form has
garnered limited attention. The integration of YIG, with its magnetic properties, and PbTiOs, with its
piezoelectric and ferroelectric properties, could lead to the creation of magnetoelectric composites, where
the coupling of magnetic and electric responses could open up new possibilities. Despite this potential,
there is a noticeable lack of research that focuses on the synthesis and application of YIG-PbTiO; ceramic
composites.
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In pprevious work, we synthesized YIG materials via solid-state reactions '®. Building on this foundation,
the present study investigates the development of YIG-PbTiO; particulate composites through solid-state
synthesis. The goal is to assess how varying the ratio of PbTiOj; affects the magnetic and other functional
properties of these composite materials. Specifically, we explore compositions of YIG and PbTiO; with
varying weight percentages, x YIG - (1-x) PT, where x takes values of 20, 30, 65, and 80. A detailed electrical,
magnetic and Raman studies were reported in this work.

METHODOLOGY

In this study, Yttrium Iron Garnet (YIG) was chosen as the magneto strictive phase, while lead titanate
(PbTiOs) was selected as the ferroelectric phase. YIG was synthesized using a solid-state synthesis approach,
with Y,O; (Sigma Aldrich) and Fe,O; (Sigma Aldrich) serving as the starting materials. The required
stoichiometric amounts of the powders were carefully combined and subjected to ball milling in the
presence of ethanol as a grinding medium. Following this, the wet mixture was dried, and the dried
sample was ground once again for 30 minutes. The resulting powder underwent calcination first at
1200°C, and then at 1250°C for 4 hours, with intermediate grinding to ensure uniformity throughout
the process. Similarly, PbTiO; was synthesized through a solid-state synthesis method. The reactant
materials were g PbO and TiO,. The materials were mixed in the exact stoichiometric ratio required for
the formation of PbTiOjs. The first step in the process involved thorough grinding of the powder mixture
using a planetary ball mill for a duration of 24 hours with 150 rpm. During this grinding process, ethanol
was used as the grinding medium to prevent particle agglomeration. After the grinding process, the wet
powder was dried overnight under an infrared lamp to remove any residual ethanol and moisture. Once
dried, the powder was sieved through a 200-mesh sieve and further ground for an additional hour using
an Agate mortar and pestle. The powder was then formed into pellets using a hydraulic-press, with
polyvinyl alcohol (PVA) used as a binder. To prevent the evaporation of lead during the heating process,
the green pellets were carefully placed in a bed of lead oxide ' *°. This step is crucial, as lead has a high
vapor pressure at elevated temperatures, and its loss would alter the stoichiometry and affect the final
properties of the material. By surrounding the pellets with lead oxide, it ensures that any lead vaporized
during calcination can recombine with the oxide, thus maintaining the necessary lead content in the
material. The pellets were then subjected to a two-step calcination process. The first calcination step took
place at 800°C, which allows for initial phase development and solid-state reactions between the lead
oxide and titanium oxide. The second calcination step, conducted at 900°C for 4 hours, ensures the
complete crystallization of the desired PbTiO; phase.

For the preparation of the multiferroic composite, Yttrium Iron Garnet (YIG) and Lead Titanate (PT)
were combined in specific weight ratios, following the formula (x) wt% YIG - (1-x) wt% PbTiOs, where x
was set to values of 20, 30, 65, and 80. The powders of both materials were thoroughly blended using an
Agate mortar and pestle to ensure an even mixture. After blending, the powder was compacted into 10
mm diameter pellets. These pellets were then subjected to a sintering process in a furnace at 1000°C for
a duration of 4 hours to facilitate the solid-state formation of the composite.

To analyse the phase and structure of the synthesized materials, X-ray diffraction (XRD) measurements
were conducted with an Xpert Panalytical diffractometer, utilizing Cu K, radiation (A=1.54056 A).
Scanning electron microscope (SEM) pictures were taken on the fine polished YIG-PT composites with
the help of microscope model ZEISS FESEM.

Vibrational properties of the composite were assessed at ambient temperature through Raman
spectroscopy, employing a 785 nm laser from a Horiba Jobin Yvon system. The ferroelectric behaviour
was examined by recording the polarization-electric field (P-E) hysteresis loops at room temperature, using
pellets with a silver electrode as the test samples. For evaluating the magnetic characteristics, a vibrating
sample magnetometer (Lake Shore) was used to determine the magnetic response of the composites under
an external magnetic field up to 5000 Oe.

RESULTS AND DISCUSSION

Figure 1 illustrates the XRD patterns of YIG/PT composites with varying weight percentages. The results
clearly indicate that both YIG and PT phases are present in the composites. As the percentage of YIG
increases, a decrease in the intensity of the (4 2 0) peak is observed (marked as # in the Fig 1). All the
Bragg diffraction peaks corresponding to YIG and PT match well with the JCPDS reference files #555980
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and #1102397, respectively. The characteristics of these peaks, including their intensity and position, vary
with the composite’s composition. Table 1 provides the 20 and intensity values for the primary peaks at
(101)and (4 2 0). As increasing the YIG content, the intensity of (1 0 1) peak of PT decreases and finally
disappears. On the other hand (4 0 0) peak of YIG shows the same trend. This is considered to be the
hetaeristic nature of the present composites. This change could be attributed to variations in internal
strain resulting from the interaction between the ferroelectric and ferromagnetic lattices in the composite.

Similar observations were reported by Avanish et al.

ZO

Figure 1. XRD patterns of YIG,PT and its composites.
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Table 1. XRD Intensities of Bragg peaks of YIG-PT composites
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Fig 2(a-d) show SEM micrographs of the PT-YIG composite ceramics. The grain size was calculated, using
image-] software. The average grain size was found to increase with increasing the YIG composition (see
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inset Fig 2). Moreover, the two different grains with different shapes seen in YP2 is ascribed to the present
of two lattices namely PT and YIG. From the SEM pictures it is evident that with increasing the YIG, the
small grains were found to coalesced into single grain. This clearly indicates the complete formation of

YIG-PT composites.

Figure 2(a-d). SEM micro graphs of YIG-PT (YP2, YP3, YP6 and YP8) composites.

Fig 3(a-d) illustrates the P-E hysteresis behaviour of YIG - PT composites recorded at room temperature.
The graph clearly shows that composites with higher magnetic content (YP8) exhibit broader, more lossy
hysteresis loop. This suggests that the presence of a larger proportion of magnetic YIG, which leads to the
greater energy dissipation. A possible explanation for this could be the charge separation occurring within
the composite lattice. In composites with higher magnetic phase concentrations, the magnetic regions
likely to dominate within the local order and influences the ferroelectric (PT) phase. The interaction
between the magnetic and ferroelectric/dielectric phases could result in an increased resistance to the
reversal of polarization, contributing to the observed loss in energy. The same can be corroborated to
tending saturated nature and shape of the hysteresis loop with higher remanet polarisation (Pr) value, as
observed in 20YIG-80PT(YP2) composite. But this loop is not exactly ferroelectric nature, instead a lossy
nature or dielectric nature. More aspect of this can corroborated to magneto-dielectric studies, which
would be discussed in due course.
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Figure 3(a-d). P-E loops of YIG-PT composites

The variation of maximum value of polarization with increasing the PT content is shown in the Fig 4.
From the plot it is evident that the maximum polarization is found to decrees with increasing the YIG
composition and showed higher value for YP8 sample. Moreover, the hysteresis loop shows a circular
kind and this nature is being attributed to magnetodielectric nature of the sample.
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Figure 4. P, vs (PbTiO;) PT% and M,vs YIG% of YIG-PT composites

Fig 5(a) shows the room temperature Raman spectra of the YIG-PT composite of different weight
percentages. The spectra clearly display vibrational modes associated with both the tetragonal PT and the
YIG phases. Compared to the pure PT spectrum, noticeable differences are seen in the composite spectra.
In particular, the E(1TO), A(1TO), and E(2TO) Raman modes, which are characteristic of the tetragonal
PT phase. These phases are distinctly visible and well matches with the results observed in previous studies
L2 Additionally, the plot highlights the presence of the B;+E mode from the PT phase, along with the
Eg mode of the YIG phase. The T,, and E, modes associated with the YIG phase are also clearly seen in
the Raman spectrum.

Fig 5(b) depicts the deconvolution of the Raman modes for the 20YIG-80PT composite, which clearly
shows the Raman peaks corresponding to both the PT and YIG phases. This plot indicates that both
phases coexist in the composite, with each phase contributing its own unique vibrational modes. The
coupling of these modes suggests an interaction between the phases, demonstrating how phase interaction
influences the vibrational properties of the composite. Inset Figure 5a clearly shows the how the shoulder
peak of YIG-PT composite (YP2) converts to peak of the ferroelectric phase (PT) (marked as dotted region
in the Fig 5a). Further, it shows the presence of both the B,+E and E, modes.
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Figure 5(a) Raman analysis of YIG-PT composites
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Figure 5(b) Deconvolution of Raman modes of (YP2) 20YIG-80PT composites

Fig 6 shows the M vs H hysteresis behaviour of all the composite samples recorded at room temperature.
It is obvious from the plot that the YIG-PT composites exhibit soft magnetic nature as it shows narrow
hysteresis loop. It also it shows that the saturation magnetization increases with the increasing of YIG
concentration in the composite lattices. The values of saturation magnetization (Ms), Remanent
magnetization (Mr), coercive field (Hc) and squareness ratio of the four composites (YP2, YP3, YP6 and
YP8) are as given in the Table 2. The squareness factor is a key parameter, which generally ranges from O
to 1. Composites with (Mr/Ms) ratio lie below 0.5 are typically characterized as multi-domain structures,
while those with ratios exceeding 0.5 are considered to exhibit a single-domain magnetic configuration.
The squareness ratio (SR) is calculated from the following relation:

Squareness Ratio (SR) =% (1

s

Where, M., is the remanent magnetization, which is the magnetization remaining in the material after the
external magnetic field is removed. M, is the saturation magnetization, which is the maximum
magnetization the material can achieve when subjected to a sufficiently large external magnetic field.
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Figure 6. M-H loops of YIG-PT composites
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SNo. Sample Name Ms (emu/ g) Mr (emu/ g) Hc (Oe) Mr / Ms
1 20Y1G-80PT 9.705 0.719 13.189 0.074
2 30YIG-70PT 12.500 0.477 9.459 0.038
3 65YIG-35PT 19.999 0.550 6.980 0.027
4 S0YIG-20PT 27.820 0.638 7.241 0.022

Table 2. Magnetic analysis of the YIG-PT composites

In this study, the squareness values, given in Table 2, were found to range between 0.022 and 0.074,
indicating the presence of multiple magnetic domains in the composites. This suggests that the
composites are in a multi-domain state rather than a single-domain one.

Fig 4 also depicts the relationship between saturation magnetization and the proportion of Lead Titanate
in the YIG-PT composites. The graph clearly demonstrates that an increase in the concentration of YIG
within the composite results in a corresponding rise in the saturation magnetization (Ms). This trend can
be primarily attributed to the dominance of the ferromagnetic YIG phase over the ferroelectric PT-phase.
As YIG is incorporated, the magnetic interactions within the composite are strengthened and finally
enhances the overall magnetic response. This suggests that the ferromagnetic properties of YIG play a
significant role in shaping the composite's magnetic characteristics, with the ferroelectric phase. To extract
more information, the magnetization data is fitted with Law of Approach to Saturation (LAS).
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Figure 7(a-d). LAS fittings of YIG-PT composites

Fig 7 (a-d) illustrates the LAS fittings of the YIG-PT composites. These fittings were performed using the
Origin software, which allowed for the application of a user-defined function in conjunction with the
Levenberg-Marquardt Iteration Algorithm. This iterative algorithm is commonly used to solve nonlinear
curve fitting problems, enable us to describe the composite’s magnetization behaviours as it approaches

2239



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 22s, 2025
https://theaspd.com/index.php

saturation. The Law of Approach to Saturation, which models the relationship between magnetization

and applied magnetic field, can be expressed by the following equation:

- a b
M=M|[1-2- )

a o . .
Here, the term 1 Tepresents magnetic hardness, which explains the structural defects of the sample. The

term explains the magnetic crystalline anisotropic behaviour of the sample. It is a known that the M,

and M, are related to the lattice rearrangement bond-angle and cationic bond distances. As mentioned
earlier, the complex structure of YIG consists of three different cationic positions, nearly octahedral (24d
- site), tetrahedral (16a-site) and dodecahedral site (24c-site), Neel has proposed in his theory that the total
magnetic moment of YIG is originated from the magnetic interaction through cation-oxygen anion super
exchange interaction between Fe’ ions (Fe’-O-Fe’) and Y** ions. From this one can speculate that the
strong coupling of magnetic - piezoelectric/ferroelectric properties may lead to advancements in memory
storage devices, which enables us in the development of faster and more efficient storage-conversion
devices.

CONCLUSION

The YIG-PT composites were synthesized using the traditional solid-state sintering method, with the
sintering process occurring at 1000°C. X-ray diffraction (XRD) patterns of the composites confirm the
presence of both YIG and PT phases, indicating their coexistence in the material. The polarization-electric
(PE) loops reveal an increase in the energy loss characteristics of the composites as the weight percentage
of YIG is increased. Magnetic hysteresis (M vs H) loops demonstrate the soft magnetic behaviour of the
composites, with the saturation magnetization rising as the proportion of YIG increases. Additionally,
the low squareness ratios observed in all composites, with values below 0.5, suggest the formation of multi
domain structures.

The combination of high concentration of YIG and low concentration of PT (80YIG-20PT) composite
materials holds great promise for a variety of applications, particularly in the field of magnetoelectric
devices that require both magnetic and electric field responses. These multi-dielectric composites could
be utilized in applications such as magnetoelectric sensors, multifunctional actuators, and energy

harvesting systems.
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