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Abstract

Hard ferrite, especially hexaferrite, has the advantages of low cost, high chemical stability, excellent
corrosion resistance, and desirable magnetic properties, and is widely used. This review paper gives an
overview of the structural and magnetic properties, synthesis processes, and applications of hard ferrites.
The crystal structure, coercivity, magnetocrystalline anisotropy, and permanent magnet performance of
various hexaferrite families are discussed. The effects of chemical doping, hard-soft magnetic material
exchange coupling, and nanostructuring on the magnetic properties are also highlighted. The role of
various synthesis methods, such as sol-gel and citrate precursor methods, has been reviewed. The paper
presents the application of hard ferrite in a variety of fields, such as permanent magnets for electrical
vehicle, microwave devices, and electromagnetic interference shielding. Such development also
contributes to smart and sustainable tourism by enhancing the transportation, communication, and
technological aspects of the environment.

Keywords: M-type ferrite, magnetic properties, Synthesis method, Permanent magnets, Microwave
absorption.

1. Introduction :

With its substantial impacts on the world’s GDP, jobs, and international trade, the tourism industry is now
recognized as the largest economic sector in the world. The large-scale expansion of tourism has led to
serious issues related to resource depletion, sustainability, and climate change. Now, it has become
essential to recognize the importance of knowing how tourism development can help achieve green growth
goals [1-3]. One way to combine the idea of tourism with the use of green energy sources is to use cheap,
easily available, non-hazardous, and eco-friendly magnetic materials. The purpose of this review paper is
to deal with two important problems related to the environment: the use of costly and rare-earth permanent
magnet (PM) in electrical vehicle (EVs) and electromagnetic interference (EMI) in telecommunications
[4,5]. Batteries and motors are two essential components for the working of EV's. In recent years, scientists
have been looking for an alternative to EV motors without the need for rare earth elements (REE) [6]. On
the other hand, a large number of wireless devices and communications equipment operate on various
frequencies, so it becomes essential to use some microwave (mW) absorbers to reduce EMI [5]. Ferrite
nanoparticles (NPs) are pointed out as a probable material with an exceptional combination of magnetic
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and dielectric properties to successfully address both challenges. Ferrites' exceptional magnetic behaviour
has garnered a lot of interest [7]. These materials are valuable in magnetic energy conversion, information
storage, spintronics, mW technology, PM for EVs, and EMI shielding, due to low cost, excellent stability,
high electrical resistivity, and their magnetic properties, including high Hc and large crystalline anisotropy
These materials are valuable in magnetic energy conversion, information storage, spintronics, mW
technology, PM for EVs, and electromagnetic interference (EMI) shielding, due to low cost, excellent
stability, high electrical resistivity, and their magnetic properties, including high coercivity and large
crystalline anisotropy [8—11]. Ferrites are classifiable into various types, depending on the nature of their
crystal structure and magnetic properties. Classification of ferrites is based on their crystal structure, such
that there are spinel, garnet, ortho, or hexagonal ferrites. In addition, ferrites are categorized based on their
magnetic properties into two groups, namely, hard ferrite (HF) and soft ferrite (SF) [11].

1.1. Ferrites

A consequence of their chemical composition and crystal structure, which will be discussed in more detail
later, ferrites are a class of materials that indicate a unique combination of electrical and magnetic
characteristics that make them extremely useful in a variety of applications. Unlike many other magnetic
materials that are electrically conductive, ferrites are typically insulators or semiconductors, making them
suitable for applications where minimizing eddy current losses is crucial. The versatility of ferrites stems
from their ability to be tailored for specific functionalities in a variety of technological domains through
controlled variations in their composition and processing methods. Ferrites have a basic quality in common
with ferromagnetic materials, such as iron, cobalt, and nickel: they automatically become magnetic when
the temperature drops below the Curie point. In the absence of a magnetic field from the outside, this
spontaneous magnetization occurs due to the alignment of atomic magnetic moments beneath the material.
Ferrites exhibit ferrimagnetism, a more complex magnetic arrangement than ferromagnets, where all
magnetic moments align uniformly. Because the magnetic moments of different sublattices in the crystal
structure of ferrimagnetic materials point in opposite directions, the net magnetic moment of these
materials is often lower than that of a ferromagnet of the same composition. A major determinant of
ferrites' magnetic characteristics, including their saturation magnetization (Ms), coercivity (Hc), and
permeability (W), is their ferrimagnetic behavior. One important factor influencing the magnetic properties
of ferrites, such as saturation magnetization, coercivity, and permeability, is their ferrimagnetic behaviour.
Although the ferrite family is mostly classified as spinel, garnet, and hexagonal ferrites (HgF), it contains
a wide variety of structural shapes. Each of these types has unique magnetic characteristics and crystal
structures [12]. Possibly the most common variety of ferrite, spinel ferrites have a cubic crystal structure
and are utilized in magnetic recording media, transformers, and inductors. Having a cubic structure as
well, garnet ferrites are especially well-suited for mW applications due to their exceptional resistance and
low losses at high frequencies. Because of its layered hexagonal structure and significant magnetic
anisotropy, HgF is ideal for PM applications and high-frequency devices. Many magnetic and electrical
devices depend on these ferrite types due to their diverse properties.

1.2. Historical Context and Discovery

The discovery of hexagonal ferrites in the 1950s was a major turning point that sparked growing attention
because of their significance in both commerce and technology [13] These materials created new
opportunities for use in magnetic recording media, high-frequency devices, and PM due to their distinctive
layered structure and strong magnetic anisotropy. The identification of hexaferrites not only increased the
variety of magnetic materials that were accessible but it also prompted more investigation into the
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fundamental properties of ferrites and their potential technological applications. The continued interest in
and study of HFs underscore their significance in modern materials science and engineering.

Ideally suited engineering applications were highlighted in the description of manganese-zinc ferrite's
mechanical and magnetic properties [14]. This preliminary study provided valuable insights into the
possible use of ferrites in various devices and systems. High permeability, low losses, and exceptional
mechanical strength are some of their attributes that are explained. Ferrites have become widely used in
the electronics industry as a result of the discovery of appropriate engineering uses, such as filter coils and
high-frequency transformers.

Ferrites have been used in filter coils and high-frequency transformers [14]. These applications take
advantage of ferrites' unique combination of high permeability and low electrical conductivity. Ferrites
are used in filter coils to increase inductance and improve circuit selectivity. Ferrite is utilized as the core
material in high-frequency transformers to reduce eddy current losses and increase transformer efficiency.
The use of ferrites in various applications has enabled the development of more compact, effective, and
high-performance electrical devices. The basic chemical makeup of ferrites and the thermal treatments
they undergo during manufacturing are intricately linked to their properties. The kind and concentration
of magnetic ions present in the material, which is defined by its chemical composition, have a direct impact
on the strength of magnetic interactions and, as a result, magnetic characteristics [15]. Heat treatments
such as sintering and annealing control the microstructure of the ferrite, including grain size, density, and
phase purity, all of which have a significant impact on its electrical and magnetic behaviour. Customizing
ferrites' properties to meet the specific needs of different applications necessitates precise control over
both the chemical composition and the thermal treatment.

In the PM industry, hard ferrites, particularly M-type hexagonal ferrites like strontium ferrite (SrF) and
barium ferrite (BaF), occupy a major position due to their low cost and strong magnetic properties [16].
These materials provide unique electrical and magnetic properties that are useful in a variety of technical
fields, making them essential in memory and mWshielding devices as well [17,18]. The properties,
processing, uses, and developments of hard ferrites will be covered in this introduction, with an emphasis
on their use in memory devices and PMs.

Hard ferrites, also known as ceramic magnets, are a type of PM made from iron oxide combined with
barium, strontium, or cobalt. These magnets are not only inexpensive and robust, but they also possess
unusual magnetic characteristics that make them suitable for memory devices. Hard ferrites can
dependably retain magnetic information because of their high coercivity, which means they resist losing
magnetism even under adverse situations such as heat or external magnetic fields. This stability is critical
for memory devices, such as magnetic recording media used in old-school hard drives or magnetic tapes,
where data must be safely preserved for extended periods of time. Furthermore, hard ferrites are resistant.
It is anti-corrosion and can be molded into ultrafine particles, making it excellent for high-density storage
solutions. Their ability to magnetize in certain patterns assists in the accurate writing and understanding
of information. Hard ferrites, which are made from common and low-cost materials, provide a cost-
effective solution for modern motor technology, combining performance and practicality in functions that
need long-term data retention.

Both PMs and memory devices rely heavily on hard ferrites, a type of magnetic material. These materials
have a unique mix of qualities that make them appropriate for a wide range of technological applications,
including high coercivity and remanence (M) (a material's capacity to sustain magnetization) [17]. Hard
ferrites, also known as hexaferrites, are ferrimagnetic oxides that are widely used in PMs in EVs and
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memory devices because of their high coercivity, stability, and low cost. This in-depth examination delves
into its basic qualities, recent advances, and prospects of hard ferrites, with a specific focus on their
importance in the evolution of magnetic technology.

Ferrites, also known as magnetic oxide, have been utilized for hundreds of years, originating with
loadstones (magnetite) for navigation in ancient Greece around 800 B.C. Early navigators used loadstones
to determine magnetic north, demonstrating their original technical importance. William Gilbert
conducted the first magnetism-related scientific investigation in 1600, while Hans Christian Oersted

identified the link between electric current and magnetic field in 1819. There are two types of ferrites: soft
and hard.

2. Classification of ferrites

Ferrites may be divided into two groups: those based on magnetic fields and those based on crystalline
structure. Under the category of crystalline structure, there are four subtypes: garnet ferrite, ortho ferrite,
spinal ferrites, and hexagonal ferrites. However, there are only two subtypes of ferrite, namely soft and
hard, which are dependent on the characteristics of the magnetic field. Compared to soft ferrites, hard
ferrites have greater magnetic properties.

Classification of
ferrites

MNormal ‘
Garnets Inverse
Ortho Mixed
Ferrite
Hexa
ferrite M- type W- type Y -type

w

U-type | | X-type | | Z-type

Fig.1: Classification of ferrites.
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2.1 Soft Ferrites:

Soft ferrites, typically man-made, vary in size and shape and exhibit low coercivity, as shown in Fig. 1,
making them easily magnetizable and ideal for use as conductors in magnetic fields. High-frequency
applications require them, which are mostly made of garnets and spinels. Soft ferrites, especially spinel
ferrites, were discovered in 1946 by J. L. Snoek at Philips Research in the Netherlands. They have low
coercivity, a high squareness ratio, an important magneto-crystalline anisotropy, and strong Ms[19]. Soft
ferrites have a small value of coercivity; therefore, they can be easily demagnetized.

2.1.1 Spinel Ferrites (SFs)

Spinel ferrites, along with hexagonal ferrites (HFs), are experiencing rapid growth in usage across various
applications [20]. This surge in popularity is attributed to their flexible magnetic properties, ease of
synthesis, and affordability. Their applications span a wide range of fields, such as transformers, pollution
control, catalysis, pigments, electronic devices, gyromagnetic devices, medical devices, information
storage, mobile communication, magnetic shielding, magnetic biosensors, and magnetic recording
devices. The ability to tailor the properties of spinel ferrites through compositional modifications and
controlled processing makes them attractive materials for both traditional and emerging technologies.
Spinel ferrites, represented by the general formula MFe;O4 (where M can be Co, Ni, Cu, Mg, or Zn), can
be synthesized using sucrose auto-combustion [21]. This technology provides a straightforward and
effective way to create nanocrystalline ferrite powders with precise particle size and excellent purity.
Sucrose serves as both a fuel and a complexing agent, allowing for more homogenous mixing of metal
ions and promoting the spinel structure to form when burned. The resultant powders can be further treated,
such as sintering, to produce dense ceramic materials with the necessary magnetic characteristics.
Identification techniques such as X-ray diffraction are critical for determining the formation purity and
crystallite size of synthetic ferrites. The diffraction patterns acquired from XRD measurements may be
compared to standard reference patterns to determine the presence of the spinel phase and its lattice
characteristics. The size of a crystallite can be determined by applying the Scherrer equation to the
broadening of diffraction peaks. XRD is an important tool for quality control and understanding the
relationship between synthesis conditions and spinel ferrites' structural properties.

Classification of Spinel Ferrite Spinel ferrites may be classified into two types depending on the
arrangement of their two cationic regions: trivalent ferric ions and divalent metal ions which is shown in
Fig.2 below..

Spinel ferrite

| U
II ]

Normal Inverse
Spinel Spinel
Ferrite Ferrite

Fig.2: Spinel Ferrite Classification
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2.1.2 Spinel-ferrite structure :

O
B
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Fig. 3: Spinel-ferrite crystal structure [22]
Spinel ferrite has a cubic close-packed structure and a unit cell of 8 formula units (MgFe16032) with metal
ions occupying 1/8 of the tetrahedral and 1/2 of the octahedral sites. In normal spinal ferrites, the structure
of AB>O4, where the trivalent Fe*" ion occupies octahedral sites, and the divalent A** ion occupies
tetrahedral sites. In the case of inverse spinel ferrite, the divalent ions occupy the iron-vacant octahedral
places, but the Fe*" ions are evenly distributed in octahedral and tetrahedral sites (like NiFe,Ou) [23], as
shown in the Fig. 3.

2.2 Hard Ferrites:

Hexaferrites, another name for hard ferrites, are ferrimagnetic oxides possessing a hexagonal magneto-
plumbite-type crystal structure. They are useful due to their high electrical resistivity, high magnetic
permeability, and tenable permittivity. Additionally, HFs have minimal eddy current loss at high
frequencies, good mechanical hardness, and outstanding chemical stability [17]. These materials gained
prominence in the 1950s and have since been extensively utilized in PMs, recording media, storage
devices, rod antennas, and high-frequency mW devices, among other applications [13].

2.2.1 Classification of hard ferrites :-

(a) Garnet Ferrites

Garnet ferrites are another significant class of ferrite materials [12]. These ferrites, which have a cubic
crystal structure similar to the mineral garnet, are suitable for a wide range of specialized applications due
to their particular magnetic and optical properties. In contrast to spinel and hexagonal ferrites, garnet
ferrites generally include rare earth ions in their crystal structure, which contributes to their peculiar
magnetic behavior. They are highly resistive and have minimal dielectric losses at mW frequencies,
making them ideal for use in optical isolators and mW devices.

Eddy current effects provide size-dependent contributions in polycrystalline ferrites and garnets.
Circulating currents, known as eddy currents, are created in materials by a fluctuating magnetic field and
can cause significant energy losses at high frequencies. The extent of these losses is determined by the
electrical conductivity of the material, as well as the diameters and shape of its crystallites. It is possible
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to minimize eddy current losses and improve high-frequency performance by modifying the ferrite
microstructure, such as lowering grain size or increasing resistivity.

Anisotropy and porosity have been associated with size-independent contributions [12]. Magnetic
anisotropy refers to the tendency of magnetization to align along certain crystallographic orientations, as
well as the material's coercivity and the shape of the hysteresis loop. Porosity, or the presence of voids or
pores inside a material, may also affect magnetic characteristics by lowering the effective volume of
magnetic material and producing demagnetizing fields. Controlling and optimising ferrites' magnetic
properties for specific applications necessitates consideration of these issues.

(b) Hexagonal Ferrites (HFs)

HFs are becoming more popular in applications such as PMs, recording media, storage devices, rod
antennas, and high-frequency mW devices. This is owing to their strong magnetic anisotropy, high Curie
temperatures, and chemical stability. Their use in high-frequency devices is particularly remarkable since
they can function at frequencies that regular spinel ferrites cannot. Because of their versatility, HFs are
essential components in many modern technologies.

Hexaferrites are classified into six types: M, Z, Y, X, U, and W. Because of their different magnetic
properties and crystal structures, each kind is suitable for a wide range of applications. M-type HFs, such
as StF (SrFe 2019) and BaF (BaFei2019), are commonly employed as PMs due to their strong ~ Hc and
M:. The additional forms of HF provide a spectrum of magnetic and dielectric properties that may be
adjusted for specific applications in mW devices and magnetic recording media. The most commonly
produced HFis Barium M-type ferrite (BaF) [13]. Its abundance, low cost, and excellent magnetic
characteristics make it a preferred choice for PM applications in automotive, consumer electronics, and
industrial equipment. BaF is also used in mW devices such as circulators and isolators because of its high
magnetic anisotropy and minimal loss at high frequencies. The broad usage of BaM demonstrates its
relevance as a crucial material in current magnetic technology.

Types and Structures of HFs:

Hexaferrites are classified into six types: M, Z, Y, X, U, and W. The barium M-type ferrite is the most
extensively produced worldwide. Each category demonstrates ferrimagnetic behavior that is intimately
connected to its crystal structure [13].

Sr | Types Chemical Formula Stacking Key Properties Main
no. Applications
1. | Spinel - Good catalytic | Motors,
ferrites | 2 MeO-2Fe>O3 activity, large | loudspeakers
surface area Magnetic stripes
2. | z-type 3Ba0-2MeO-12Fe;03 | RSTSR*S*T*S* | Soft magnetic | Automotive
ferrites character, motors, Sensors,

acceptable high | Magnetic

frequency separators
3. |W — | 2Ba0-2MeO-6Fe;O3 | RSSR*S*S* Large  crystalline | MWdevices,
Type anisotropy advanced
Ferrites magnetic
components
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4. | M-Type | BaO-6FexO3 RSR*S* High curie | Wide range of
Ferrites temperature, PMs
High chemical
stability, low cost
5. | Y-Type |2BaO-2MeO-6Fe;O3 | TSTSTS Lower H, suitable | mW device, high-
Ferrites for high -frequency | frequency
use, planar | applications
anisotropy
6. | U-type | BasMexFes6060 SRS*R*S*T High electric | PMs and
ferrites resistivity, low cost | switching devices.
and chemical
stability.
7. | x-type 2Ba0-2MeO- 14 RSR*S*S* High curie | PMs, mW devices
ferrites | Fe203 temperature,  high
chemical stability

Table 1: Types of hexaferrites [24]

3. Stacking Sequence (S, R, and T)

S-block: with the chemical formula MexFe4Os, consists of two hexagonal, closely spaced oxygen layers.
R-block: This block is a three-layer oxygen structure composed of BaFecO11 or SrFesO11, with a Ba*" or
Sr?* ion substituted for one of the intermediate layer's oxygen ions.

T- block: The oxygen ion is replaced by one Ba®" or Sr*" ion. In each of the two intermediate layers of
this block's four oxygen layers. Either BaxFesO14 or SroFegOi4 is the chemical formula.

3.1 Crystal Structure of Hard Ferrites

Hard ferrites typically adopt a hexagonal crystal structure, which is key to their magnetic properties. The
main structural types are:

Magnetoplumbite Structure (M-type)

The most prevalent structure for BaFei2O19, StFei2019, and PbFei12010 is M-type hexaferrite, as shown in
Fig. 4. It 1s composed of a close-packed hexagonal lattice of hexagonal (R) and spinel-like (S) pieces that
alternate. The five crystallographic positions that Fe** ions inhabit are tetrahedral, octahedral, and trigonal
bipyramidal. In its unit cell, which has two formula units (36 atoms). Anti-parallel spin alignments of A
net magnetic moment has been generated along the c-axis by Fe*" ions, which makes M-type HFs
ferrimagnetic. Strong Hc is a result of significant magneto crystalline anisotropy, making it perfect for
PMs [25].

IJFMR260381637 Volume 8, Issue 3, May-June 2026 8
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Fig.4. Crystal structure of M-type HF [13]
W-type Structure
Me is usually a first row transition metal or another divalent cation, and the formula for w ferrites is
BaMexFei16027. It is possible to substitute another group two metal for the barium.
Fig 5 : W-type HF crystal structure [13]

{ M2+ Me3+ 02-

,iy‘,:‘

b =
- T o= Toe » Te
TN e e

Though first only created as a mixed phase with Mand X ferrites, Fe2W (BaFe:Fe16027) was the first W
ferrite to be reported. Even though the c-axis of the hexagonal crystal structure had an easy axis of
magnetization, single-phase Fe2W had a much higher electrical conductivity than BaM because of the
Fe?" ion /26].

The W-type Ferrite figure is shown in Fig. 5
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Y-type Structure

Hexagonal M-type and cubic spinel ferrites make up Y-type ferrites as shown in Fig. 6 below. It was
discovered that the simplest plane of spontaneous magnetism at room temperature in Y-type hexaferrites
is the basal c-plane, which is perpendicular to the c-axis. Y-type are work well for use at ultra high
frequencies in modern information and communication processing devices. To study magnetoelectric and
mW device applications, the majority of Studies on Y-type HF have concentrated on its magnetic and
structural properties /27].

a M2+ Me3+ Az-l- 02-

t.. @ ce

Fig. 6: Crystal structure of Y-type hexaferrite[13]

U-type structure:

Block stacking structure SRS*R*S*T is created when Z+M type HF and U type HF are combined.
Undoubtedly, the most complicated magneto plumbite, U-type hexaferrites, have the longest unit cell.
Because of their maximum inherent magnetocrystalline anisotropy (MCA) and maximal complexity, U-
type hexaferrites have demonstrated greater mW absorption over a broad frequency range.

X-type Structure:

Me is an acronym for divalent metal ion, and its chemical formula is Ba;Me>Fe2s046 as shown in Fig. 7.
In this structure, three oxygen layer blocks R (BaFesO11) and S (FesOg) consist of BaFesOg and BaFesO11.
Six R and S blocks are arranged along the hexagonal ¢ axis in the model SRS*S*S*R*. Four hexagonally
stacked layers of M and W type structure make up the unit cell in R3m space symmetry.

Fig 7: X- type crystal structure of hexaferrite[13]

Z-Type Structure: Z hexaferrites can be obtained by combining M (BaFe2019) and Y (BaxMexFe2022)
hexaferrites, as shown in Fig 8. The crystal structure includes 33 layers located on a hexagonal c-axis and
classified into S, R, and T blocks, which correspond to the S, R, and T Blocks models, according to the
STSR block-based model.
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Fig.8: Crystal structure of Z type HF[13]

4. Fundamental Properties of Hard Ferrites

Hard ferrites, also known as hexaferrites, are ferrimagnetic oxides with a hexagonal magneto-plumbite-
type crystal structure [17]. Their desirable characteristics make them suitable for many potential
applications [24] . The general chemical formula for M-type hexaferrites is BaFe12019 or SrFe12019 [28],
where barium or strontium can be substituted with other components to alter their magnetic
properties [29]. Their substantial uniaxial magnetocrystalline anisotropy is the main cause of these
materials' high He., i.e., resistance to demagnetization [30].

Intrinsic and Extrinsic Properties

Internal and external factors impact the magnetic properties of hard ferrites. The material's crystal structure
and chemical composition provide intrinsic properties such as magnetocrystalline anisotropy, Curie
temperature (Tc), and M;[31]. Extrinsic characteristics, including density, orientation, shape, and grain
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size, are related to the material's microstructure [32]. These two sets of features have a significant impact
on the overall performance of hard ferrites in a range of applications.

4.1. Magnetic Properties

Hard ferrites have numerous essential magnetic properties that contribute to their popularity in PM
applications. These are:

High Coercivity (Hc): The capacity to resist demagnetization is crucial for PMs, and hard ferrites have
high H. values that vary from 200 to 400 kA/m [33].

Moderate Remanence (My): M; is the residual magnetization left behind when an external magnetic field
is removed. Hard ferrites have modest M; values, which contribute to their capacity to produce a magnetic
field [34].

The Curie temperature (T¢) is the point at which a material loses its ferromagnetic properties. Hard
ferrites have high Curie temperatures, which often surpass 700 K, assuring their stability at high
temperatures [31].

Energy Product (BH)max: is a measure of a PM's strength, indicating the maximum energy stored in the
magnetic field. Although hard ferrites provide less energy than rare-earth magnets, their other benefits
make them useful for a variety of applications [35].

Advantages of Hard Ferrites

Hard ferrites have various benefits over other PM materials.

Low Cost: Because hard ferrites are created from abundant and inexpensive raw materials, they provide
an affordable alternative to rare-earth magnets [30].

High Availability: Hard ferrites' raw materials are readily available, reducing the possibility of supply
chain disruption [30].

Excellent Chemical Stability: Hard ferrites are highly resistant to corrosion and oxidation, ensuring long-
term performance in a variety of settings [13].

Low Eddy Current Losses: Due to their high electrical resistivity, hard ferrites offer small eddy current
losses at high frequencies, making them appropriate for high frequency applications [13].

Chemical Doping

Foreign ions can be introduced into the crystal structure of hard ferrites, altering their magnetic properties.
Doping can influence the material's magneto crystalline anisotropy, saturation magnetization, and Curie
temperature [36]. Some popular dopants include:

Aluminium (Al) : doping reduces saturation magnetization but increases H¢ in hexaferrites [36].

Cobalt (Co): By substituting cobalt ions for iron ions, hexaferrites' magneto-crystalline anisotropy and
Hc can be increased [37].

Lanthanum (La) substitution improves the sintering behavior and grain alignment of hexaferrites,
resulting in improved magnetic properties [38].

Gadolinium (Gd) can change the structural, thermodynamic, and magnetic properties of SrFei2019
HF[39].

Hard-Soft Magnetic Composites

Combining hard ferrites and soft magnetic materials can result in exchange-spring magnets with higher
energy output. The hard ferrite phase has significant Hc, whereas the soft magnetic phase leads to
saturation magnetization [32]. The exchange coupling between the two phases leads to increased overall
magnetic performance. Examples of hard-soft ferrite composites include.
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Zno.2Fe2304/SrFe12019; which combines zinc and strontium ferrites to optimize energy output [32].
SrFe12019/NiFe204: Strontium ferrite and nickel ferrite combine to improve magnetic characteristics [40].
BaFe12019/CoFe204: BaFis mixed with cobalt ferrite to produce a high energy product [40].

5. Ferrite Synthesis Methods

Ferrite materials are well-known for their unique electrical and magnetic properties, which have made
them widely used in a variety of technical applications. These materials are commonly used in mW devices
because of their high magnetic permeability, and electrical resistivity is critical for performance [17].
Furthermore, ferrites serve as both PMs and high-density recording mediums, resulting in efficient data
storage and steady magnetic fields for a wide range of applications. Ferrites' versatility extends to
biomedical applications; spinel ferrites are used in electrical devices, medication delivery systems, and
magnetic resonance imaging (MRI) [40]. Furthermore, certain ferrites, such as tin ferrite (SnFe2O4), have
properties that make them suitable for use in lithium-ion batteries and hydrogen peroxide sensors,
therefore adding to energy storage and environmental monitoring technologies [41]. The many
applications highlight the importance of ferrites in modern technology.

The capacity to manipulate the characteristics of ferrite materials during synthesis is critical for adapting
them for specific purposes. The preparation method has a substantial influence on ferrites' structural,
dielectric, and magnetic properties [17]. Different techniques may result in variations in particle
composition, size, and shape, affecting the material's overall performance. As a result of size dependency,
rigorous synthesis methodology selection and optimization are important for attaining the desired
characteristics in the final product [40,42]. Researchers may fine-tune the properties of ferrites to meet the
requirements of a variety of applications, ranging from high-frequency electrical components to biological
imaging agents, by properly manipulating the synthesis parameters. Furthermore, choosing proper
parameters in the synthesis process might boost ferrites are widely used, assuring their efficacy and
dependability in several technical domains [42].

There are several ways for producing ferrite NPs, each with its own advantages and disadvantages. Some
examples of these techniques include sol-gel, hydrothermal, co-precipitation, and thermal breakdown etc.
as shown in Fig 9 below. The co-precipitation procedure is a simple and cost-effective way to generate
large volumes of NPs, but the sol-gel method allows for precise control over the composition and
homogeneity of the final product. Thermal breakdown can give NPs with restricted size distributions,
whereas hydrothermal synthesis allows for the creation of extremely crystalline materials under moderate
circumstances [43]. Furthermore, the methods of sol-gel auto-combustion and co-precipitation are
frequently used to produce nanocrystalline cobalt ferrite powder, allowing a variety of approaches for
producing this critical magnetic material [44]. The citrate precursor approach, along with sol-gel auto
combustion and hydrothermal spray pyrolysis, are innovative synthesis methods for cobalt ferrite
production, providing more choices for customizing the characteristics of the resultant NPs [45].
Understanding the principles and variations of these synthesis methods is critical for developing and
manufacturing ferrites with specific properties for specific applications.
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Fig. 9: Synthesis Method for Nanocomposite of ferrite.

5.1 Sol-Gel Method: Principles and Variations

The sol-gel process, a versatile method for creating ferrite materials, provides precise control over particle
size, homogeneity, and content. The sol-gel technique is based on the use of metal nitrates as precursors
and citrate as fuel, which react in solution to form a gel [46]. Shortly thereafter, this gel is heated, causing
ferrite NPs to form. The sol-gel approach guarantees uniformity and excellent purity in the produced
materials, making it appropriate for applications requiring high-quality ferrites [47]. Furthermore, the sol-
gel approach can minimize process steps and the time spent creating powder, simplifying a production
process and increasing efficiency [48]. By carefully controlling the amounts of precursors and reaction
conditions, researchers can alter the properties of the produced ferrites to satisty specific application needs.
There are several sol-gel techniques, each with its own advantages and suitability for specific ferrite
formation. Highly exchange-coupled nanosized ferrites are produced using the citrate sol-gel combustion
process [49] which are ideal for applications needing increased magnetic characteristics. In this procedure,
citrate is used as a complexing agent to promote the production of a homogenous gel, followed by burning
to eliminate organic components and crystallize the ferrite phase [50]. One approach for synthesizing
single-phase NiFe>O4 and CoFe,04 ferrites is the sol-gel self-propagating combustion process, which
provides a straightforward way to acquire these key magnetic materials in their pure form [51].
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Furthermore, citrate-gel auto combustion is employed to create manganese-doped cobalt nanoferrites,
allowing individual dopants to be included to change the electrical and magnetic properties of the final
ferrites [52]. Researchers may use Sol-gel's spectrum of approaches to choose the best way for
synthesizing ferrites with certain qualities. When compared to other synthesis processes, the sol-gel
methodology offers several advantages. It makes it possible to have precise stoichiometric control,
ensuring that the final product has the desired chemical composition [48]. Additionally, Smaller particle
sizes can be produced as tiny powders using the sol-gel technique, and this is essential for uses where
increased reactivity and surface area are required [45]. However, one disadvantage of the Sol-gel approach
is the agglomeration of particles, which can limit the performance. Various strategies, such as the use of
capping agents and optimized drying procedures, can be employed to minimize agglomeration and
improve the overall quality of the synthesized ferrites. Despite this challenge, High-quality ferrite
materials with specific characteristics may still be produced using the sol-gel process.

ph and
Reagent (aq.) Mixing molar ratio Sol
adjustment
Hexaferrites Grinding Heat Gel
treatment

Fig. 10: Basic steps for the sol-gel method [53]

5.2 Co-precipitation Method

Ferrite NPs are frequently synthesized via the co-precipitation approach because of their ease of use,
affordability, and capacity to provide comparatively tiny NP sizes. The fundamental principle of the co-
precipitation, a precipitating agent, such as a base, is added to a solution to cause many metal ions to
precipitate out of it at once [43]. This process results in the formation of a solid phase containing the
desired metal ions in a controlled stoichiometry [54]. Co-precipitation is a well-known method for
synthesizing NPs with relatively tiny sizes, making it ideal for applications requiring a large surface area
and quantum confinement effects [55]. Furthermore, co-precipitation with citrate is employed to produce
magnetic NPs of mixed calcium/manganese ferrite, highlighting the method's adaptability in creating
complex ferrite materials with customized characteristics [56]. By carefully controlling the reaction
conditions and precursor concentrations, researchers may modify the particle size, shape, and composition
of the resulting ferrites.
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Fig. 11: The basic steps for producing HF utilizing the co-precipitation process [53]
Several factors impact the shape and size of ferrites formed by co-precipitation, as shown in Fig 11. Longer
reaction periods tend to result in bigger particles due to Ostwald ripening, which influences the co-
precipitation particle size. Capping agents minimize aggregation in co-precipitation by stabilizing the NPs
and preventing them from clumping. These capping agents, such as surfactants or polymers, adsorb onto
the NPs' surfaces, forming a steric or electrostatic barrier that prevents agglomeration [57]. Higher
annealing temperatures promote grain growth and increase the size of the crystallites within the NPs [58].
In order to generate ferrites with the correct particle size and shape, these characteristics must be carefully
controlled. It is a relatively easy and safe fabrication method that requires little equipment and expertise.
The co-precipitation process yields NPs with relatively tiny sizes, which is useful for applications that
need a large surface area and quantum confinement effects. However, co-precipitation can cause
aggregation in the absence of effective capping agents, reducing the material's performance and effective
surface area [55]. To address this issue, researchers frequently use capping agents or surface modification
methods to increase the stability or dispersibility of synthetic ferrite NPs. Despite this restriction, co-
precipitation remains a common technique of creating ferrite materials due to their low cost and ease of
usage.
5.3 Citrate Method: Mechanism and Synthesis of Ferrites
The citrate technique, which is commonly used to manufacture ferrite materials as shown in fig 12 below,
allows for precise control over the end product's chemical composition and homogeneity. The citrate
method's detailed mechanism includes the use of metal nitrates as precursors and citrate as fuel, which
react in solution to form a complex [46]. In the citrate technique, citric acid acts as a complexing agent,
attaching to metal ions and avoiding early precipitation [45]. When heated, the citrate undergoes a
combustion process, releasing energy and driving the production of the ferrite phase. Citrate can also
stabilize NPs in co-precipitation, preventing agglomeration and promoting the formation of well-dispersed
particles [56]. The functionalities of the synthesized ferrites can be modified by researchers to satisfy
particular application needs by carefully regulating the reaction conditions and precursor ratios.
The citrate method has been used effectively to synthesize a large number of ferrites with particular
properties. Several metal ions can be added to the ferrite lattice by employing the citrate gel approach to
create nanostructured ferrites with specific compositions [59] . The citrate precursor approach is employed
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to create Mno2Nio2ZnocFe204 ferrite NPs, proving its capacity to make complex ferrite materials with
regulated stoichiometry [60]. Furthermore, the citrate sol-gel manufacturing technique is used for fine
powders of doped BaF, allowing for the incorporation of additives that alter the final ferrites' electrical
and magnetic properties [61]. The citrate method's versatility makes it a useful tool for researchers looking
to develop and synthesize ferrites with specified properties for a variety of applications.

Calcination

Fig 12: Procedures for HF synthesis using citrate.

As a synthesis technique, the citrate method has both advantages and disadvantages. It ensures uniformity
and improved properties in the resultant ferrites, which leads to better performance in a variety of
applications. The citrate approach enables exact stoichiometric control, guaranteeing that the end product
has the correct chemical composition. The citrate approach generates single-phase cubic spinel crystals,
which are ideal for many magnetic and electrical applications. However, the citrate method can be
extremely complex and time-consuming in contrast to other methods, including co-precipitation. Despite
this limitation, the citrate method remains a powerful tool for producing high-quality ferrite materials with
tailored properties.

5.4 Hydrothermal method

Materials that are generally insoluble are dissolved and recrystallized using the hydrothermal synthesis
technique, which involves a heterogeneous interaction with an aqueous solvent at high pressure and
temperature [62]. The hydrothermal approach is a flexible way to manufacture advanced NPs. Due to the
high heat and pressures involved in preparation, the word came from earth science. In this process for
synthesizing ferrites, a saltwater solution is prepared, and drop by drop, NaOH or KOH is added. The
involvement of NaOH or KOH is crucial in the formation of metal nitrate precipitates from the watery
mixture. The mixture is stirred to ensure uniformity and then placed in an autoclave (a specialized reactor
used to conduct reactions under high temperature and pressure). Thermal treatment is applied to the
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solution by heating the autoclave in an oven between 150 and 290°C. After the precipitates are produced,
they are filtered, cleaned, and oven-dried.

5.5 Solvothermal method

The synthesis using the solvothermal technique is helpful for creating ferrite materials with enhanced
chemical and tangible characteristics that can be used in both industrial and biomedical settings. In the
solvothermal process, metal precursors are mixed into a solvent, which can be either aqueous or non-
aqueous. To encourage the production of crystals, the resultant mixture is heated in an oven and autoclaved
to generate high pressure and temperature. The boiling point of the solvent rises due to its vapor pressure.
The crystals are then cleaned and dried. This method is known as the solvothermal technique.

chloride
! Dried in oven Washing

Desired
heat treatment

Centrifugation

Stainless- steel
autoclave for
crystallization

Fig.13: Procedures for the solvothermal technique of HF preparation

5.6 Thermal decomposition method

A thermal breakdown process (shown in Fig 14 ) was used to make Nij—xZnsFe;O4 (x =0.5, 0.6, 0.7) NPs.
Basic ingredients included nickel (II) acetylacetonate (97%) and zinc acetylacetonate hydrate (95%).
Benzyl ether (98%) was employed as a solvent, 1,2-hexadecanediol (90%) as a reducing agent, and oleic
acid (90%) and oleyl amine (70%) as surfactants. In accordance with the chemical form of Ni;—xZnxFe>O4
(x=10.5, 0.6, and 0.7), the precursors of Ni, Zn, and Fe-acetylacetonate were weighed, respectively, and
then poured into a 500 mL three-neck flask that was filled with an oleic acid mixture containing 6 mol,
heated to 200 °C for an hour, and then heated to 300 °C for an additional hour. Refluxing cooling water
and a N> environment were used for the technique. To get rid of any last bits of organic material from the
ferrite particles, the solution was centrifuged for 30 minutes at 4000 rpm after the reaction was finished
and allowed to cool to room temperature. It was then repeatedly washed with ethanol and hexane. Fatty
acids like oleic acid and oleyl amine were dissolved in hexane. Final steps were collecting and drying
Nii—xZnxFe>O4 (x = 0.5, 0.6, 0.7) NPs at 100 °C for 24 hours using 20 mL of benzyl ether, 1,2-
hexadecanediol (HDD), and mmol oleyl amine.
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Fig.14: Steps for the preparation of hexaferrites by thermal decomposition method [62]

5.7 Auto Combustion Method

The most common acronym for the auto-combustion process is the modified sol-gel citrate method as
shown in Fig 15. The necessary metal salts (oxidizer) and organic complexant (reductant) are added to a
solution made from water, xerogel undergoes a self-sustaining exothermic anionic redox reaction caused
by heat. In order to provide the oxidizer/reductant relation equal to 1, proportions between complexants
and salts are often computed based on the valences of the reactive components. Since the nitrate salts
constitute a water-soluble source of NOj3 oxidants at low temperatures, they are preferred as precursors. In
certain instances, complexants and metal nitrates are combined immediately by vigorous heating and
stirring not using water. The hygroscopic nature of metal nitrates allows them to easily absorb moisture
and form a slurry.

The flash-combustion method is the name given to this kind of auto-combustion sol-gel.

Ferrite NPs are created when a huge volume of gasses is rapidly evaluated and a significant mass loss
occurs during the xerogel combustion. The development of gases restricts agglomeration. Crystalline
ferrite is directly converted from xerogel during combustion, which is surely caused by the heat generated
by the exothermic process. The temperature of the flame can fluctuate between 600°C and 1350°C during
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burning. The processing process flow chart is displayed in Fig. 15. The sol-gel auto-combustion method
offers several advantages, including excellent chemical homogeneity (mixing of cations with the desired
composition at the molecular level), high product purity and crystallinity, a fine and narrow particle size
distribution, straightforward stoichiometry control, the ease of incorporating dopants into the final product,
reduced processing time, minimal external energy consumption (initiating at low temperatures), and the
elimination of multiple processing steps.

Stiochiometric

amount of Add ammonia to set
PH -7

metal nitrates

Final powder ‘ Heating ‘

Fig.15: The fundamental stages involved in producing HF using the auto combustion technique.

5.8 Mechanical Milling

NPs are often produced by grinding on a machine in glass mills, planetary ball mills, or high-energy
shakers. The procedure is an example of a top-down method for producing ferrite NPs. The capacity to
enlarge to enormous tons of material for a variety of purposes is this method's greatest advantage;
nevertheless, one of the biggest problems with milling is that it can contaminate NPs. CoFe204, CuFe;O4,
and NiFe.O4 are among the several ferrite NPs that have been synthesized via mechanical milling. The
milling process is an easy and affordable technique to create ferrite NPs[13].

5.9 Green synthesis

Green synthesis methods have gained significant popularity due to their simplicity, cost-effectiveness,
high stability, reduced time consumption, eco-friendliness, and non-toxic by-products, making them easily
scalable for large-scale synthesis. In the green synthesis approach, hazardous chemicals are replaced with
safer alternatives. The production of ferrite NPs frequently involves the use of organic or plant-based
components. However, there may be some disadvantages, such as uncertainties with recycling, reuse, and
regeneration; bioaccumulation; and instability in harsh conditions. Kagdi et al. Different amounts of ginger
(Zingiber officinale) root extract were utilized to synthesize X-type Barium-Zinc HF, having the chemical
formula Ba;ZnoFexs046. The powders were synthesized through a combustion treatment process, initially
pre-heated at 550 °C for 4 hours using ginger as fuel, then subjected to final heating at 900°C for 5 hours,
followed by natural cooling to room temperature to yield BaxZn,FexsOs6 HFs powder. The phase
composition of the heated powder samples was examined through X-ray diffraction (XRD), showing the
development of a blend of X-type and hematite (a-Fe>03). At 900 °C, X-ferrite formation reached 82.6%
using 52.5 g of ginger root extract. Dielectric analysis of the prepared samples reveals phenomena that
depend on frequency. All samples were hard magnets, exhibiting Hc values ranging from 262.2 to 318.3
kA m™, and squareness ratios exceeding 0.5. The sample made with 52.5 g of ginger root extract shows
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the highest saturation magnetisation value (MS = 33.87 Am® kg ") when compared to the other samples
prepared. Thus, ginger has been demonstrated to be an effective natural plant extract for reducing fuel in
the low-temperature synthesis of X-ferrites. The sample made with 35 g of ginger root extract exhibits a
wide loss tangent resonance peak within the 10 kHz to 100 kHz range, whereas the other samples display
loss tangent resonance peaks in the 300 kHz to 2 MHz frequency range.

6. Application of hard ferrite in PMs for EVs and Memory devices

6.1 Hard ferrite for PMs

The ferrimagnetic oxides known as hard ferrites, or hexaferrites, have a hexagonal magneto-plumbite-type
crystal structure

The M-type HFs materials exhibit an intense uniaxial anisotropy of magneto-crystalline materials, which
is the primary explanation for their high Hc, i.e., resistance to demagnetization [30]. HF finds extensive
use in numerous PM applications due to their cost-effectiveness, availability, and chemical stability.
Although their energy output is less than that of rare-earth magnets, making them appropriate for uses
where top performance is not essential. However, the material's magnetic characteristics may be improved
to the point that it may be utilised as PM magnets in high-power applications such as EVs after doping it
with an appropriate element. This may be achieved by making a few alterations to the hexagonal ferrites'
crystal structure, such as decreasing their size at the nanoscale, altering their morphology, substituting
divalent and trivalent metal cations to increase their magnetism, and many other adjustments [13].

The structure of magneto plumbite with P63 space geometry, known as PbFe12019, serves as the basis for
the hexagonal ferrites that age to a family of hard ferrites. A kind of hexagonal ferrite, M-ferrite, is
composed of one S block and one R block. The unit cell formula SRS*R* is provided by the mirror block
R, R*, where * denotes the 90° rotation of the specified block around the c-axis. The mirror plane, where
the S and R blocks are 180° rotated around the c-axis, is the plane that includes the barium atom. Blocks
overlap with layers that are packed hexagonally and cubically. It also emerged that BaM ferrite, which is
composed of stacking blocks that resemble spinel, and massive scale studies of M-type ferrite, such as
BaFel2-xAx019, have been executed. This has been studied to enhance the fundamentals of BaM ferrite's
magnetic properties [13].

Based on the research, the lattice parameters of BaM , StM and PbM varies with some values. See table
below:

Lattice parameters | BaM SrM PbM
c 23.17A° 23.03A° 23.02A°
a 5.89A° 5.86A° 5.88A°

The specific features of hard ferrites' magnetic fields are established by both intrinsic and extrinsic factors.
Intrinsic details are innate to the crystal structure of the substance and chemical composition, including
Magneto crystalline anisotropy, Curie temperature, and saturation magnetization [17]. Extrinsic
properties, on the other hand, are related to the microstructure of the material, such as grain size, shape,
orientation, and density. Both sets of properties play crucial roles in determining the overall performance
of HF in various applications. This may be achieved by making a few alterations to the hexagonal ferrites'
crystal structure, such as decreasing their size at the nanoscale, altering their morphology, substituting
divalent and trivalent metal cations to increase their magnetism, and many other adjustments.

(a) Magnetic material for PMs

Long before the phrase "materials science" was coined, PMs were the focus of materials research. The
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ancient Greeks were aware of magnetite (Fe3O4), a naturally occurring lodestone. From the year 1200 to
the end of the 1800s, carbon steels were the only material utilized to make PMs; they are occasionally still
used today. The most important PMs sold in stores, as well as the first magnet made of carbon steel for
real-world applications. These days, PMs are crucial enabling technologies utilized in a variety of sectors
and applications, including those in transportation, industry, consumer electronics, residential and
commercial settings, military, IT/PC, wind energy, and medicine.

Here schematic representation of the magnetic material used in PMs:

Magnetic
materials

Iron and Nickel & iL

cobalt steel cobalt alloy

intermetallic
compound

Oxides

Fig.16: four types of magnetic material used in PMs
(a) Iron and cobalt steel
By the end of the 1800s, tungsten steels made of iron (up to 6% W) had been developed. Cobalt steels
were found to be PMs in Japan by 1917. Although they typically utilize 35% Co, they may include up to
40% Co . These steels may be hot worked and machined when annealed. Steel undergoes heat treatment
in the austenite zone and quenching to produce martensite in order to achieve He.
The attendant attraction cannot be machined and is fragile.
(b) Nickel and cobalt alloy
Regard less of whether they include Co or are isotropic or anisotropic, The Al-Ni—Fe and AI-Ni—Co—Fe
magnets were developed by Mishima in 193 1. These magnets are commonly referred to as "Alnicos." Both
casting and sintering can be used to create them. The range of cobalt concentration is 12—30%. The Hc
rises as the Co content does. The variation known as "Alnico 8" has a composition of 34 Co, 5 Ti, 5 Cu, 7
Al, 14 Ni, and balance Fe (wt %) and is produced through field annealing and hardening of precipitation
with an energy product of up to 8 MG Oe. Although ferrites and RE magnets have mostly supplanted
Alnicos, some are still made.
© Oxides
Ba-HF (BaFe2019) is used in permanent adhesives and its derivatives are the most significant oxide. These
materials, which were uncovered in 1950 at the Philips laboratories, completely changed how PMs are
used in daily life. The literature provides an overview of ferrite magnets (e.g. Mc Currie 1994). Regarding
volume, ferrite magnets are produced in greater quantities than any other kind of magnet; but in the case
of overall value, the producing process of PMs based on RE is gradually catching up to ferrites.
(d) RE intermetallic compound
A potentially good PM material would be an intermetallic compound with a strong easy-axis anisotropy
and a moderately high saturation magnetization and Curie temperature value. Since the 1950s, the USA
has conducted systematic research into RE alloys and compounds to determine the characteristics that are
relevant to their application in PMs. Major players in these investigations that led to the discovery of the
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significant crystals ,the authors of the YCoS5 crystal anisotropy were Strnat (Wright Patterson Air Force
Base, Dayton), Wallace (University of Pittsburgh), Nesbitt, Wernick, and Geller (Bell Labs) & Hubbard
and Adams (Naval Research Laboratory) [63]

(e) Commercially available PM:

There are five types of commercially available PMs as shown in Fig 17.

Permanent
magnets
Ferrite/Hexaferri
Carbon steel . Sm-Co Nd-Fe-B ¢
Alnico Magnets ¢
Magnets Magnets Magnets M
agnets

Fig.17: Types of PMs

(f) Carbon Steel Magnets

The Ms of magnetite is higher than that of carbon steel magnets. A tiny reversible field can demagnetize
carbon steel due to its poor He. By 1885, steel with 5% tungsten was being made and used for magnets
after it was discovered that alloying steel with other metals improved its magnetic properties after 1880.
It has been said that carbon steel with 30-40% cobalt, tungsten, and chromium has the greatest Hc of any
magnetic material (230 Oe) and an enhanced energy product of up to 1 MGOe. However, compared to
those made ten years later, steel magnets had noticeably worse magnetic characteristics. The finest steel
magnets are costly because of the large proportion of costly cobalt elements. As a result, these magnets
were no longer produced commercially and were swapped out for more contemporary, high-performance
models.

(g) Alnico Magnets

Mishima created the PMic alloy alnico in 1931. Originally composed of iron, nickel, and aluminium, in
order to increase the BHmax and Hc, cobalt was then added. In addition to various alloying elements like
Al, Ti, and Cu, the primary constituents of alnico, a permanent magnetic substance, are Fe, Co, and Ni. In
applications like traction motors, Alnico alloys can be used in place of rare-earth PMs owing to their
exceptional thermal stability (up to 400 °C). Because of its high-temperature stability, Guitar pickups,
MRI machines, and electric motors and generators all require alnico alloys, and navigational devices in
aircraft and aviation. Alnico alloys, ferrites, and magnets that incorporate REE, such as NdFeB and SmCo,
make up the majority of PMs. PMs are widely used in electric motors, wind turbines, generators, and
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alternators to convert electrical energy into mechanical energy and vice versa. PM materials have high Hc
ranging from 0.5 to 35 kOe, a M; of 0.7-1.5 T, and a maximum energy product (BHmax) of 0.75-54.04
MGOe. PMs are frequently employed to transform electrical energy into mechanical energy and vice versa
in electric motors, wind turbines, generators, and alternators [13].

(h) Sm-Co Magnets

Due to their magnetic qualities, particularly their magnetic energy density and the natural coercive force,
Sm-Co-based magnets outperformed commercially available hard ferrite and Alnico magnets and saw a
relatively quick commercial development from the late 1960s until the late 1970s. Powder metallurgy is
used to create these novel PM classes, SmCos and Sma (Co, Fe, Cu, Zr)17. In contrast to alternative PM
classes, these magnets have superior magnetic qualities at high temperatures, outstanding corrosion
resistance, and exceptional thermal stability. Owing to these characteristics, Sm-Co magnets is the ideal
option for an extensive variety of demanding uses such as, electronic countermeasures, accelerometers
and gyroscopes, high-speed motors and generators, medical devices, and traveling wave tubes for space
exploration and satellite communication [64].

(i)Nd-Fe-B Magnets

High-performance PMs that are built on Nd>Fe14B are made using a variety of production methods and
compositions. The intricate, multiphase microstructure of the magnets is influenced by the composition
and the manufacturing method, which affects phase distribution, alignment, and grain size. The HDDR
(Hydrogen decrepitation deabsorbation recombination) technique, mechanical alloying, and melt spinning
are used to produce grain sizes in the 10-500 nm range. Grain diameters in hot-worked and sintered
magnets are more than 1 pm In small-grained magnets, exchange coupling reduces the coercive field, but
the dipolar interactions between misaligned grains are more noticeable. How advanced (Nd,S1)—(Fe,S2)—
B:(M1,M2) magnets' microstructure, Hc, and corrosion resistance are affected by substituent and dopant
components has been investigated using transmission electron microscopy. Particularly in large-grained
magnets, corrosion resistance is increased by substituting stages that are secondary created obeying M1
and M2 type doping elements for the Nd-rich intergranular phase. The energy product and M; are
decreased by secondary, nonmagnetic phases. The computer simulation of the interaction between H. and
microstructure has received particular attention in addition to the microstructure's characterisation. Both
the magnetization models and the experimental measurements accord well with the reversal process based
on the actual microstructure.

PMs based on NdFeB have a multiphase, intricate architecture. The ternary phase diagram indicates that
there are at least three equilibrium phases [65]: The hard magnetic Nd>Fe 4B phase, the boride phase Nd'*
Fes4B4, and the low melting Nd-rich phase (n).. Certain substituent elements significantly alter intrinsic
features, including Magneto crystalline anisotropy, the Curie temperature, and spontaneous polarization
by replacing the Fe atoms with Sz , Co, Ni, and Cr, and the Nd atoms with S, Dy, Tb, in the hard magnetic
phase, respectively. The Hc of the magnets is weakened by the generation of soft magnetic Nd-(Fe, S2)
intermetallic phases, which involves the Laves-type (NdFe, S2),-phase [66].

(j) Hexaferrite magnets

Humans have been using PMs for thousands of years, first in the form of lodestone and then in the form
of magnetized steel. Their practical application was restricted to the compass for most of history, and for
most people, they continued to be nothing more than a sort of magic trick. The widespread usage of
magnets didn't start until the Industrial Revolution. These days, a lot of technologies employ materials for
PMs, particularly in sensors and information storage. Furthermore, they are transducers that connect
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electrical to mechanical and mechanical to electrical. Thanks to advancements in material science and
concurrent technological development, materials have been produced since the beginning of the twentieth
century with the express purpose of improving the ancient magnetic materials. These metallic alloys led
to the discovery of Mishima's work on the Alnico family in the 1930s, the development of Phillips' hard
ferrites through the 1950s, and the development of Rare-earth powerful magnets SmCo and NdFeB in the
1970s and 1980s, respectively. The variation of the properties required for a hard magnet, like the magnetic
anisotropy, has increased in tandem with this growth.

Hard ferrites, such as the M-type HF, 1i.e., BaF, and SrF, and similar materials, now dominate the ferrite
magnet industry. Ferrites have modest Ms or magnetization induction Bs = poMs, specific saturation (os),
and M; (M; induction, Br = puoM;), but they have comparatively substantial He up to 380 kA m™'. The
magnetic hardness, or «, is a valuable measure to empirically demonstrate a material's eligibility to produce
a compact PM without forming limitations. The definition of this is given by the ratio « = (Ki/poM;?)/2,
the magnetostatic energy to anisotropy, K1, and it is thought that k > 1 is the threshold for a material to be
considered hard. Despite their moderate anisotropy and relatively low M, M-type HF is often employed
to create PMs because of their hardness, which is more than 1 (for instance, for BaF « = 1.34). The Hitachi
Metals NMF-15 series, the best ferrite magnets available, can achieve maximum M; induction values of
480 mT. Their figure of merit for magnet strength, the maximal energy product (BHmax), is 44 kJ m™. In
contrast to rare-earth-based materials like Nd-Fe—B, which usually exhibit M; of 1.3 T, He of 1500 kKA m™!
(uoHc = 1.85 T), and energy products of 350 k] m>.

Ferrites do, however, have a few significant benefits. The primary one is unquestionably the accessibility
and regarding the relatively cheapness of raw materials in a powdery form, which cost around 1.5 $ kg !,
whereas powdered NdFeB costs about 60 $ kg '.They are also exceptionally chemically stable and
electrically resistant. Since increasing the amount of magnetic material may compensate for the low flux
density, ferrite magnets are commonly used in mass applications where significant energy products are
not required or where increasing the device's weight is not a concern. The result of their low eddy current
losses they include electromagnets, transformers, and inductors. Due to those features, ferrite magnets
become one of the most often used PMs in terms of weight.

6.1.1 The possibilities & difficulties of enhancing ferrite magnets

Crucial raw resources, such as rare-earth elements, cause price volatility, supply risk, and environmental
problems. These factors have a direct impact on the PM value chain which is why significant efforts are
being made to lessen our reliance on them. Enhancing the potential to recycle gadgets and materials made
of rare earth elements, formulating competitive innovations devoid of rare earth elements, and identifying
substitute magnets for NdFeB and SmCo magnets are some of the tactics. Ferrites are an intriguing
alternative as they are the most often used magnet by volume worldwide. However, ferrites' magnetic
characteristics must be enhanced to allow for a wider substitution in more applications. The market for
PMs is expected to be driven by the substitution of ferrites in essential applications, which will raise the
need for NdFeB in the coming years. This replacement is, in fact, typically possible in applications that
require magnets with modest (BH)max (50200 kJ m™?). This category includes generators used in wind
turbines and automobiles, and the creation of rival devices based on superior or upgraded ferrites may
need widespread substitution. The significance of ferrite-based magnets is being reemphasized in light of
this need.

HFs in sintered ceramics have a (BH)max value of around 40 kJ m . For almost 40 years, the majority of
the Hc values that are utilized to estimate (BH)max have been frozen. Both sintered and bonded commercial
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magnets have coercive fields that are comparable to the Mr induction and close to the saturation induction
(0.4 T), given that the BaF and SrF's substantial magnetic anisotropy fields, 1.7 T and 1.8 T, respectively,
are significantly bigger than those of Hc and Ms. In the present scenario, the (BH)max is almost the
maximum value that might have been accomplished. Therefore, improving the saturation induction is
necessary for the first method to raise the (BH)max.

For PMs, on the other hand, it should be taken into account that Hc should be greater than NesM;s in order
to prevent demagnetization, where Nefr is the demagnetizing factor because of the magnet's form. To
maintain He > Negr Ms, a second goal is to strengthen the coercive field. A further increase in the magnetic
anisotropy, K, is necessary to achieve the goals of enhancing both Hc and Ms by upgrading a single-phase
material since the Hc is proportional to the anisotropy field and, thus, to Ki/po Ms. However, it is important
to consider that altering the magnetic structure may result in other modifications to the ceramics'
characteristics. The first is the shift in the Curie temperature, or Tc, and consequently the exchange
interactions. The magnetization may decrease more quickly than in typical ceramics in the specific
instance of the Curie temperature dropping. This may have an adverse effect on the application of magnets
in high-temperature settings.

Another factor to take into account is that the negative thermal coefficient of HFs makes the coercive field
increase with temperature. This makes ferrite magnets often perform better up to 100 °C than at room
temperature. The temperature dependence of Hc depends on the relative temperature dependences of
both K and Ms, which should vary with the doping due to the change of the 7c. Any changes to each
component might thus negatively affect the resulting useful temperature range. In light of the present need
for improved ferrite magnets, we examine here the most promising approaches and current findings to
enhance the functionality of HFs materials for PM applications. We outline three primary avenues for
further advancement. First, we look at how modifying the size and structure of HF NPs might enhance
their commercial counterparts' magnetic qualities [67].

The three main themes that are explored in the second section are the improvement of the well-known La—
Co-doped BaF system, doping modifications to increase the M, and doping modifications to increase the
Hc. We examine first exchange-linked composites with oxide or metal components in the third part. We
address the potential for utilizing internal magnetostatic interactions to enhance the characteristics of
composites and offer our thoughts on the encouraging outcomes of highly coherent magnetite-HF platelets.
Lastly, the findings and potential applications of ferrite magnets are discussed [68].

6.1.2 Factors that enhance hard ferrites' performance for use in PM applications in EVs:

(a) Reduction of size

Of them, reducing the grain size to the nanoscale is widely acknowledged as a practical way to increase a
magnetic material's He. Alnico alloys, one of the greatest PMs, are in fact nanocomposite materials. Alnico
alloys, which are still important in the PM market 90 years after they were first introduced, are made up
of elongated FeCo-rich ferromagnetic nanograins scattered throughout a weakly magnetic AI-Ni matrix.
By applying an external magnetic field during the annealing process, the material's BHmax may be further
increased. The reversal of magnetization in a bulk ferro (ferri)-magnetic material can happen via a variety
of processes, including domain wall pinning and the nucleation and propagation of reverse domains [68].
However, on squeezing the volume of the material, a critical size is reached below which the formation of
domain walls is no longer energetically favored, and a single domain (SD) spin configuration is attained.

The magnetic behavior of the SD particle can then be described by a giant magnetic moment = Ms V,
where V is the volume, arising from the combination of the individual atomic spins, which reverses its
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orientation through the coherent rotation of the single spins. For a given material, the critical diameter, dc,
for the SD spin configuration state depends on the competition between three energy terms, magnetostatic
energy, magnetic anisotropy constant, K, and exchange energy, A.

For a spherical nanocrystal, d., is expressed as [69]:

de= (18Es)/(noMs?) = (36[AK]"?) / ( moMs?)

where Ec = 2(AK)"? is a domain's surface energy and o is its vacuum permeability. For the majority of
magnetic materials, typical d. values vary from a few tens to many hundreds of nm [70]. Although larger
values up to 1 um have frequently been recorded, theoretical and experimental estimations for Ba-ferrite
indicate that dc is around 500 nm [71] [72]. For StF, critical diameters as small as 1.5 um have also been
recorded [73][74] and colleagues calculated the activation volume of a set of BaF particles ranging in size
from 65 nm to the micrometric range, or the size of the nucleus that causes magnetization to reverse. When
the particle size dropped below 800 nm, the coercive field increased from 200 kA m ™! to 320 kA m ™!, and
the activation size dropped from 40 nm to 25 nm during the course of the series. The authors concluded
that coherent rotation is the fundamental reversal process for the smaller particles, whereas domain wall
propagation is the reversal mechanism in the particles larger than 800 nm [75].

There are several non-uniform reversal modes, such as curling and buckling, when implausible coherent
reversal occurs, and the exchange energy does not stay constant during the transition from the multidomain
(MD) to the SD state (As shown in figure 18 given below.) [76] [77]. For instance, Chan et al. used
magnetic force microscopy to measure the switching field of a set of isolated BaF NPs. They discovered
that the Stoner—Wohlfarth model only applied to average sizes up to 50 nm; as the size increased beyond
this point, incoherent reversal modes caused the switching field to decrease [78]. Furthermore, a study
using electron holography to examine the magnetic domain structure of isolated BaF particles made by
heating a mixture of BaO - Fe;O3 and an additive of Bi2O3 to 1100 °C showed that SD and two-domain
magnetic states coexisted throughout the entire examined range of 0.1-2 pum [72].

As long as the SD threshold is met, the Hc rises as the grain size decreases due to the size dependency of
the reversal process, as graphically seen in the Fig 18. The NPs really grow unstable against thermal
demagnetization as their size decreases, eventually achieving the SPM state and total magnetic
irreversibility. The form and crystal quality (defects and impurities) of the grains determine the threshold
size below which superparamagnetism may be detected for a specific measurement duration. It is often
believed that SPM relaxation takes over for BaF and SrF at sizes smaller than 40—60 nm [79] [80]. The
shelf life needed for a PM (the loss of magnetism must be less than 5% over 100 years) is far longer than
these restrictions, which are frequently related to the time scale features of laboratory experiments (usually
between 102 and 104 s).
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Fig.18: Scheme of the room temperature variation of Hc with the grain size from SPM to SD &
MD states.

PSD denotes the pseudo-single domain region (PSD), while the light grey zone indicates the size range
where incoherent reversal processes might occur [81]

A thorough analysis was conducted on a family of polycrystalline BaF samples generated by a typical
solid-state process [82] neatly corroborated the predicted trend of the Hc with the particle size. By raising
the calcination temperature from 1000 °C to 1400 °C, the particle size was adjusted between 500 nm and
several microns. As the grain size increased, the coercive field was seen to decrease from 318 kKA m™! for
the smallest samples to just 100 A m™'. The authors contended that pinning of the magnetization at grain
boundaries, whose extent scales with the reciprocal of the size, determines H. at tiny sizes. On the other
hand, they proposed that the Hc originating from nucleation and domain wall pinning is modest in the
larger multi-domain grain. In addition to confirming that the crucial single domain size is about 500 nm,
our work showed how the size of the grains may readily alter the Hc of BaF.

(a) The consequence of shape:

The coercive field is determined in part by the form of the particles as well as their size. The anisotropy
field, Ha, for non-interacting single domain spheroidal particles may be expressed as follows, according
to the Stoner—Wohlfarth model: Ha = Hk + DnMs, where Dy is the demagnetizing term and Hk = 2K.1/poMs
is the magnetocrystalline anisotropy. The value of Dn may be positive or negative, depending on whether
the easy axis is parallel to or perpendicular to the main axis of the spheroid.

Along the short dimension, M-type ferrites naturally tend to take on a regular hexagonal thin platelet
structure with the c-axis, which aligns with the magneto-crystalline easy axis. The development of low-

IJFMR260381637 Volume 8, Issue 3, May-June 2026 28



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

energy {001} crystallographic faces is correlated with this form. However, depending on the synthesis
circumstances, acicular platelets are frequently produced. In this case, the magnetization along the easy
axis results in a significant demagnetizing field. Ha = Hx — DnMs provides the reduction in magnetic
anisotropy caused by the shape contribution. Although Dx is a tensor, it may be thought of as a scalar for
simplicity's sake. The diameter (D) to thickness (t) ratio determines the Dn term, which is equal to 1 when
t > D (as in the case of thin platelets) and falls with D/t to zero for equiaxial morphology (D/t = 1). When
D/t <1, Ha rises in relation to Hk and Dn changes sign. However, one benefit of platelet shape is that it
makes tiny particles (those smaller than 100 nm) easier to orient mechanically or magnetically. Grain
orientation along the c-axis is a key characteristic because it enables the reduced M; to increase from half
the M;, the value obtained for isotropic magnets made from powders made of SD, randomly oriented
particles (0.5 is the theoretical value predicted by the Stoner—Wohlfart model, which corresponds to
(BH)max of about 8 k] m™?), to values near 1. The coercive field is likewise expected to rise with direction
according to the Stoner—Wohlfart model; in fact, for oriented particles, He corresponds with Ha; however,
for non-interacting randomly oriented particles, He = 0.49 H,. Processing from powders to bulk magnets
is made easier by the platelet shape, which allows particles to be readily orientated and maximizes coercive
field. Platelets can be piled up to achieve a similar outcome. Interparticle interactions in such a scenario
influence the reduction of the internal field of platelets, which can enhance the magnetic characteristics.
(b) Managing the hard ferrite structure's doping:

PMs are frequently made from hard-magnetic ferrites with the magnetoplumbite structure. Kojima
evaluated the advancements made in this field up to the early 1980s [83]But before the most recent
overviews by Pullar [84] [85] Mahmood, and Lisjak et al [86], there weren't many reviews in the field. In
general, the doping of M-type ferrites is intended to modify the inherent magnetic structure of this
magneto-plumbite crystal, where the occupancy of five sites and their magnetic coupling via oxygen-
driven superexchange interactions control magnetic characteristics. Because the spin configuration (high
spin, low spin, or intermediate spin) influences the net magnetic moment and the local anisotropy of an
ion, such design should consider that the spin and orbital moments of the cations rely on the site and charge
distribution [87]. Various substitute possibilities can be taken into consideration within this framework.
The first is to alter the overall magnetization. An alternative method is to increase the magnetocrystalline
anisotropy locally by altering the crystal and chemical structures or by contributing the orbital moment.
Generally speaking, it has been investigated to replace every ion found in the structure [84][83][85].
Though altering even the oxygen anions has been attempted, the most popular method takes into account
the substitution of cations [83]. We employed technical-grade powders with a purity of 95+ % as our basic
ingredients. Solid-state combustion was used to create ferrites, as previously mentioned. The dopant
(La203 or CeO») was either added to the combustion products during grinding or combined with BaCO3
(SrCOs, Pb0O), Fe;03, and Fe powders using ball milling. Synthesis was done in a quartz reactor with
oxygen flowing through it in both instances [88].

(C) Substitution of non-magnetic cations for iron:

If non-magnetic atoms such as AI** and Ti?* replace Fe in the spin-down sites, increasing the net moment,
an increase in magnetization might be achieved. Nevertheless, this also results in a weakening of the
exchange contacts, which can lower the room temperature magnetization, lower the Curie temperature, or
weaken or alter the anisotropy symmetry [83].

Replacement of Fe by magnetic ions: For the first target, Fe** and Mn?" are the 3d transition metal ions
with the highest magnetic moments, whereas heavier rare earth ions have even higher magnetic moments.
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As a result, doping with other 3D metals may enhance overall magnetization if ions occupy spin-down
sites. To promote magnetocrystalline anisotropy, the replacement of ions with spin-orbit contributions
might be the primary technique. However, except in a few circumstances, the great symmetry of the
octahedral and tetrahedral sites reduces the orbital moment. As a result, occupancy of the bipyramidal 2b
site is the desired outcome [87].

Substitution of Ba2* or Sr2* ions: Non-magnetic ions such as La**, Ca?*, or Ag", as well as rare earth
ions RE** [89] and others, alter the crystal structure, hence altering exchange interactions and magnetic
anisotropies. For example, the slightly greater magnetic anisotropy of StF (K; = 35 kJ m™>) compared with
BaF (K; = 32.5 k] m™) is connected with the smaller size of Sr** (1.13 A) than Ba®" (1.35 A). This is
explained by the lower cell size, which results in a shorter Fe-O distance at the 2b sites, increasing the
crystal field, zero-field splitting of Fe**, and magnetic anisotropy.

(D) Doping to make the magnetization stronger

There have been many attempts to dope M-hexaferrites in order to enhance their magnetization: the
substitution encompasses several (magnetic and non-magnetic) component parts, one magnetic element,
or one non-magnetic element. In accordance with the initio calculations of Dixit et al.[90], Bi, Sb, Sn, and
Sc ions can increase magnetism. But as of yet, no experimental finding has shown a rise in magnetization.
Numerous studies have been conducted on the AI** situation, but to no avail. The process of the creation
of magnetic BaF doped with Ni produced by sol-gel was examined by Wang et al [91]. The only study that
indicates an improvement for a single magnetic cation. For x = 0.8, they discovered a specific
magnetization of 101 A m2 kg™ !. The authors propose that the presence of Fe?" in 4f; and 4fsites, along
with Ni?* occupancy of 4f> spin-down sites, is the genesis.

Using the generic formula (Sr) BaFe12-2xYxZxO19, where Y and Z are different cations, injecting with
several cations seems more promising. To ensure charge neutrality, Fe** is frequently substituted with
equal quantities of divalent and tetravalent cations, and the replacement is frequently carried out using
non-magnetic ions (paramagnetic or diamagnetic). Zn>" doping in combination with additional
diamagnetic ions, such as Ti, Zr, Sn, Nb, V, Sb, La, or with paramagnetic Ni cations, produced ferrites
with ¢S ranging from 75 to 110 A m* kg !, resulting in larger o,. Typically, it was found that neither the
specific magnetization nor the net magnetization showed monotonic trends with doping. In Zn>* and Ti*"
doped BaF produced by coprecipitation, Wartewig et al. [92] demonstrate that the magnetization initially
rises at low temperatures before falling beyond a doping of 0.4. Other compositions have also shown the
augmentation of the magnetism. In BaFe12-2xAlxCrxO19 generated by auto combustion sol-gel, Trudel et
al. [93] investigated the twofold substitution of AI** and Cr’** cations. In comparison to the analogous BaF
(81 A m? kg™!), the doped ferrite exhibits a similar mass density and an exact magnetization of 88 A m?
kg ! at x = 0.4. The magnetization improvement does not have a linear dependence. Doping BaF and SrF
with non-magnetic Ti*" and Ru*" cations was studied by Bsoul et al. There is a wide maximum in the
magnetization versus doping in the two oxides. For both undoped oxides, the os with replacement of x =
0.2 can reach up to 10% about values of about 60 A m? kg™!. The spin breakdown 4f; and 4f; sites and the
spin forward 2a and 2b sites, for x values up to 0.2, and the 12k site, for x > 0.2, are both replaced by Ti**
and Ru*" ions, according to Mdssbauer spectroscopic research. The sole noteworthy instance is the study
on AlCr—BaF carried out by Trudel et al. [83]. The doped ferrite exhibits a higher specific magnetization
(88 Am? kg™) and coercive field (318 kA m™) at x = 0.4 than the analogous magnetization (81 A m? kg™")
and HC (127 kA m™) of BaF. The authors explain this improvement by pointing out that the doped ferrites'
reduced particle size causes an increase in He because of their single-domain behavior.
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6.2 . Hard Ferrites in mW communications devices:

These important attributes of ferrites, which include being low-cost and experiencing minimal loss in
permittivity, make them suitable for use as mW absorbers. High resistivity and minimal eddy current losses
have made them suitable core materials for electrical and telecommunications uses [94,95]. The absorber
should have high impedance matching and Ry for effective functioning. Reflection of the incident EM
waves from the surface of the material in wireless communications is determined by the RL parameter
[96].

Zin — Zo
Zin T Zo
Zin varies according to the material in the equation above. The closer the input impedance is to Zo, the
better the impedance matching, and the lower the reflection loss. The following formula defines Zin.

,u  2[Ifd
Zin = Zo g_rtanh (] T\/ U-rgr>
T

The values of f and d are represented by the wave frequency and the thickness of the sample, respectively.
The speed of light is denoted by c, while the imaginary unit is denoted by j. Zin/Zo is defined as the
impedance matching, and guarantees that almost all the incident wave is absorbed by the substance.

The HF is anisotropic in nature, and they have a greater intrinsic magnetocrystalline anisotropy field
compared to spinel and garnet ferrite. The HF is used for mW absorbers because it has a natural resonant

RL = 20log

frequency at GHz levels, due to its in-plane anisotropy [97]. As it was already discussed that hexagonal
ferrite has magnto-plumbite structures and has a space group of P63/mmc, it exhibits unique magnetic
characteristics, making them suitable material for mW absorbers and other applications [98]. They were
discovered and characterized in the beginning years of the 1950s. Since then, their popularity has risen
sharply because of their practical use. These are among the materials in high-frequency components that
have attracted the most attention [99-101]. They have very high permeability [18], high saturation
magnetization, high H¢ [102,103], excellent chemical stability, high resistivity, and minimal loss of eddy
current. This makes them highly suitable for applications such as radar absorbing materials [104,105]. The
arrangement of basic units (S, R, and T) in their crystal structure forms is the main distinguishing factor
among the different types of hexagonal ferrites.

Liu et al. studied the influence of Eu*" on the performance of Sr-hexaferrite. The substitution of Eu** ions
will increase the M and H. of Sr-HFat at room temperature [106]. Alam et al. studied the Zn, Co, and Zr-
doped M-type Ba-hexaferrite. They observed that the bandwidth and reflection loss (RL) of
BaZno 5Coo.5ZrFe10019 HFare 8-12 GHz and -10 dB, respectively [107]. Chang et al. developed Ce-doped
BaF(BaCeo.osFe11.95019) by employing the citrate sol-gel method. The material formed has an RL value of
—37.4 dB at 12.8 GHz with 3.5 mm thickness in the 8-13 GHz frequency range [108].

7. CONCLUSION

Even though they have been around for a long time, hard ferrite remains one of the most significant
magnetic materials for its distinct features of high He, chemical stability, high electrical resistivity, low
cost, and environmental friendliness. This review is a summary of the various classes of hexaferrite, their
crystal structure, magnetic properties, synthesis route, and application in high-frequency devices and PMs.
Cation substitution, nano-structuring, and hard-soft magnetic nano-composites have been proven to
enhance the magnetic properties of ferrite material to a certain extent, while decreasing the need for
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expensive rare earth elements. The wide range of synthesis paths for the making of ferrite gives researchers
flexibility in improving and varying the structural and magnetic properties of specific technological
applications. The relevance of ferrite-based systems is growing with the ever-increasing requirement for
sustainable materials in energy, transport, communications and the electronic industry. The application of
ferrite in electrical mobility, wireless communication networks, and mWabsorbing material is all expected
to significantly contribute to smart tourism applications. For future studies, advanced nanotechnology
approaches, green synthesis method, and innovative composite designs, which could be used further to
improve the energy product, Mr, and multifunctional properties of ferrite material.
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