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Preface

Ferrites or Magnetic materials are an important class of materials as they possess
high resistivity, high saturation magnetization and initial permeability and negli-
gible eddy current losses. The high resistivity of ferrites makes them suitable for
microwave applications and with the tremendous increase in the development of
microwave and millimeter wave-based communication technologies, the production
of dielectric resonators has emerged as one of the most rapid growth areas in electro-
ceramic manufacturing. High saturation magnetization of ferrites is a prerequisite
condition for making them useful in storage sectors. In ferrites, the electrical and
magnetic properties mainly depend on the synthesizing technique, type of metal ions
and their distribution between the tetrahedral (A) and octahedral (B) sites. So due
to the ability of ferrite materials to distribute the metal ions over A- and B-sites,
material scientists became very much curious far a long time and are still working
on the synthesis and characterization of various possible ferrites substituted with
different metal ions to cope with the advanced technologies and applications. At the
other end, multiferroic materials, i.e., coexistence of ferroelectric and ferromagnetic
character have attracted much interest in their potential applications in information
storage, the emerging field of spintronics, and sensors. The magnetization can be
rotated or even reversed by the reversal of external electric field. The polarization
can also be reversed by the reversal of external magnetic field. One of the main aim
in preparing this book was to highlight the complex magnetic behavior along with
unique coupled magneto electric behavior. This book highlights the fundamentals
of ferrites and multiferroic materials with special attention to their structure, types,
and properties. The book will provide a platform for critical evaluation of many
aspects of dielectric, ferromagnetic coupled electromagnetic issues at the forefront
of material science today. It highlights a comprehensive survey about the ferrite and
multiferroic materials. There are 12 chapters organized in a systematic way. The
first chapter takes the broad view of ferrites and their structures. Second chapter
describes the effect of synthesizing techniques on the properties of ferrites. The third
and forth chapter deals with the substitution effects on the electric and magnetic
properties of the ferrites. The fifth, sixth and seventh chapters explore the role of
ferrites in bio-medical, high frequency antenna and water purification applications
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respectively. Chapter eight takes the broad viewofmultiferroicmaterials. The chapter
nine describes the effect of synthesis on the properties of BFOmultiferroic while the
chapter ten deals with the multiferroic phenomenon in different forms of materials.
The chapter eleven describes the synthesis and properties of BiFeO3-BaTiO3 multi-
ferroic while the twelfth chapter deals with the various applications of multiferroic
materials.We hope that the book will emerge as the primary text dealing with general
aspects of ferrite and multiferroics and will prove useful for all the various people
interested in ferrites and multiferroics: from graduate level to advanced specialists
in both academic and industrial settings. At the end we are thankful to Sh. Jagdish
Chand andMrs. Ritika Bhargava for constant encouragement and suggestions during
the entire process.

Mohali, India
December 2021

Dr. Gagan Kumar Bhargava
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Basics of Ferrites: Types and Structures

Pooja Dhiman, Garima Rana, Dipanshi Goyal, and Ankush Goyal

Abstract This chapter summarizes the detailed introduction, types of magnetism,
classifications of ferrites and their crystal structure. In addition, this chapter has the
main focus on the magnetic properties possessed by ferrites on the basis of the soft
and hard nature of ferrite materials. This chapter summarizes the recent work on the
magnetic and dielectric properties of ferrites. Ferrites are primarily known for their
high resistivity and highlymagnetic naturewhichmakes them suitablematerial over a
wide range of applications like magnetic storage devices, antennas, transformers and
other high-frequency devices. A great benefit of ferrites nanoparticles is the porosity,
mandatory for sensor applications too. In short, ferrites belong to thematerials which
are a potential candidate for widely spread applications.

Keywords Ferrites · Nanomaterials · Soft and hard ferrite

1 Introduction

A ferrite ‘a ceramic substance’ composed primarily of iron oxide (Fe2O4), with a
small number of metals like barium, manganese, nickel, and zinc etc. [1–3]. The
term “ferrite” comes from the Latin word “Ferrum,” this is meant for “iron.” Both
the iron oxide and themetal are ferrimagnetic. Ferrite, a ceramic substance created by
combining iron oxidewith ametal. It is thought that ferriteswere first found in ancient
Greece around 800 BC. Ferrite belongs to iron oxide-basedmagnetic oxide. Forestier
used a heat treatment procedure to manufacture ferrites in 1928 [4]. Snoek [5] devel-
opedmany ferrites as commercially importantmaterials in 1947. Ferrimagneticmate-
rials have uneven opposing magnetic moments, which allows them to keep their
spontaneous magnetization [6, 7]. Chemical composition, particle size, and particle
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interaction with the neighbouring matrix all influence the properties of ferrite NPs.
Ferrite NPs have a wide range of applications in various fields ranging from biomed-
ical to industrial applications [8, 9]. Ferrites NPs are commonly used magnetic mate-
rials and have substantial scope in the field of biomedical sciences, such as tumour
treatment, drug delivery [10, 11], magnetic resonance imaging (MRI) [12–14], bio-
magnetic separation [15], controlled drug release, cellular therapy, tissue repair, cell
separation, purifying of cells, magnetoception, severe inflammation, disability [16–
18]. In industrial applications, ferrite nanoparticles are often used as adsorbents and
catalysts [19–25], manufacturing of electronic materials [26–28], and wastewater
treatment [29–32]. These materials attracted a lot of attention as magnetic nanoparti-
cles due to their unique structural features, surface reactivity, electrical, andmagnetic
properties, all of which are impacted by the nano-structured phase [2, 33], and these
features of nanomaterials differ from bulk materials. The particle sizes of nanopar-
ticles are the range of 1–100 nm. At the nano-scale, nanoparticles have distinctive
physical, chemical, and biological properties as compared to their counter parts at
larger dimensions. This is due to a greater surface area to volume ratio, increased
chemical reactivity or stability, increasedmechanical strength, and so on. Themacro-
structured parameters are the same as the bulkmaterial’s. As the abundance of surface
particles increases, the particle size decreases. Surface atoms have a minor coordina-
tion number than inside atoms, allowing them to move freely. Quantum size effects
are observed when the NPs’ size is closer to the de-Broglie wavelength limit and
their width is less than the quasiparticle interaction [34]. Controlling and manipu-
lating the properties of nanomaterials is attainable by controlling their size during
production using various approaches. A metal’s electronic areas are characterised
by its electronic band structure. The confirmation of band structure is determined
by particle size. The delocalized bands can be seen in the molecular states. The
energy gap between consecutive lines is determined by the particle size. The distance
between the energy levels rises when the size decreases. There are various classi-
fications of magnetic materials, i.e. dia, para, ferro, antiferro, and ferromagnetic
materials [35]. In 1831, Faraday published a novel disciplinary law of magnetic
induction [36]. Following that, in the nineteenth and twentieth centuries, the Bohr
model of the atom and the Dirac hypothesis explained the circulation of currents in
atoms.Weiss introduced the next domains theory to explain ferromagnetic behaviour
[37]. Neel proposed the next radical approach. Neel suggested a theory to explain
the hysteresis loop and magnetism. In almost every field, magnetic materials are
extremely popular. Magnetic materials are used in soft magnets, permanent magnets,
recording, magnetic storage, and alluring levitation, among other things [38]. All
of the properties of nanomaterials are primarily resolute by their shape and size.
Controlling and manipulating the properties of nanomaterials has become achiev-
able by monitoring the particle size distribution by varying the synthesis methods
[39, 40].
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1.1 Advantages of Ferrite NPs

In terms of electrical resistivity, ferrites nanoparticles outperform other magnetic
materials, resulting in reduced eddy current losses over a high frequency. The appli-
cation of ferrites in quality filter circuits, transformers which works at high frequen-
cies,wide-band transformers, and adjustable inductors has increaseddue to additional
properties such as high permeability and temperature constancy. Ferrites nanoparti-
cles are regularly utilized to fabricate the electrical circuits used for low frequency
applications and devices operating at the high-frequency efficiency of other circuit
components improve. Ferrites nanoparticles are the finest interior material option
for frequencies between 10 kHz and 50 MHz because they provide the best arrange-
ment of high Q, low cost, high stability, and low volume. In terms of magnetic and
mechanical parameters, ferrites are unrivalled flexibility.

• High resistivity
• High Q/small package
• High permeability low loss achieved
• Low cost
• Large selection material
• Shape versatility
• Flexibility in the choice of core shapes
• Economical assembly
• Wide frequency range
• Temperature and time stability.

2 Magnetic Material and Types of Magnetism

The electronic structure of an atom within a compound is used to classify its
magnetic behaviour. The main significant property of a magnetic material, magnetic
susceptibility which is expressed by:

χ = M/H (1)

where M is used for the magnetization value and H corresponds to the applied
magnetic field, with units of A/m. Magnetic susceptibility is dissimilar for apiece
material and depends upon the temperature and is given by:

χ = C/(T − θ) (2)

Here, C and θ are constants that are dissimilar for each material [41]. Figure 1
shows the classification of magnetism. There are different types of magnetism.
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Fig. 1 Schematic presentation of classification of magnetism

2.1 Diamagnetism

The spin and orbitalmoments of electrons in an enclosed shell in an atomare normally
aligned in such a way that the atom as a whole has zero net moment. Diamagnetic
materials exhibit magnetic permeability values of ≤ 1, as susceptibility is expressed
asχ·v= μ·v – 1, and the values lie between−10–6 and−10–5. If thematerial contains
a net magnetization and long-ranged arrangement of magnetic moments, the impacts
of these atomic current loops are mitigated.
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2.2 Paramagnetism

The number of electrons which are not paired and reside in atomic shells, particu-
larly the ‘3d’ and ‘4f’ shells of every other atom, is responsible for all other sorts of
magnetic activity found in materials. When the applied magnetic field is eliminated,
however, fluctuations which occur thermally cause the magnetization of paramag-
netic atoms to shift arbitrarily. These materials have a comparative magnetic perme-
ability of ≥1 i.e. t indicating that their susceptibility is +ve and tiny, on the scale
of 10–3 to 10–5, and so are influenced to magnetic fields. Curie’s law describes this
phenomenon in the availability of a particularly poor magnetic field.

χ = M

H
= C

T
(3)

Here C is known as the Curie constant.

2.3 Ferromagnetism

Ferromagneticmaterials contain ‘atomicmagneticmomentswhich are oriented ones’
of comparable size, and their crystalline structure facilitates direct coupling contacts
between the moments, which can boost flux density significantly. Moreover, the
orientedmoments inmagnetic particles can impartmagnetic behaviour in the absence
of an exterior magnetic field. Hard magnets are those materials that maintain perma-
nent magnetization even when no magnetic field is applied. Ferromagnetic materials
have very highmagnetic susceptibilities and the atom has a parallel alignedmagnetic
moment, which produces strong magnetization. The value of susceptibility (χ) is
large and lies below the Curie temperature.

χ = C

T
− θ (4)

where C is known as the Curie temperature, which is the temperature at which
exchange forces are present, i.e., randomization happens because of thermal energy,
as it happens in a paramagnetic system.

2.4 Ferrimagnetism

In zero applied fields beyond a certain temperature is called Neel temperature. Ferri-
magnetism is a property of the material whose atoms or ions interact to congregate
an order, but not a parallel arrangement. The antiparallel alignment of ions leads in
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a significant net magnetization within a magnetic region in most cases. In compar-
ison to ferromagnetic materials, these have a higher saturation magnetization. The
value of susceptibility (χ) is large and exits below the Curie temperature. The value
of susceptibility (χ) is large and exits below the Curie temperature. Ferrites (for
example, Fe3O4) are ferrimagnetic minerals in which metal cations and oxygen
anions are arranged in the crystal lattice.

2.5 Antiferromagnetism

Antiferromagnetism belongs to a type of magnetism in which neighbouring ions
act as minuscule magnets and impulsively align them into opposing or antiparallel
configurations throughout the material at relatively low temperatures, resulting in a
material with essentially zero external magnetism. Very feeble magnetic suscepti-
bility (χ) of the order of paramagnetic materials is the characteristics of these mate-
rials. Above the Neel temperature (TN), thermal energy is sufficient to randomize
the atomic moments aligned in the opposite direction, causing their long-range order
to vanish. The material shows paramagnetic behaviour in this state (Table 1).

3 Classifications of Ferrite NPs According to Magnetic
Behavior

Soft and hard ferrites are classified according to their potential to be magnetized
and/or demagnetized instead of their capacity towith stand penetration or erosion [42,
43]. Coercive force (Hc) is the prime essential qualities of magnetic substances, and
it distinguishes both types of ferrites from each other. Figure 2 shows the hysteresis
loop of soft ferrite and hard ferrite (Table 2).

3.1 Soft Ferrites

Soft ferrites are easily magnetized and demagnetized because they have low resis-
tivity. A small hysteresis loop occurs in soft ferrite. These materials have soft
magnetic properties like high permeability, low coercive value and high satura-
tion magnetization value. Soft ferries have diverse applications in the electronic
industry, including the development of transformer cores, high frequency inductors,
and microwave components [6]. Soft ferrites are those that contain Ni, Zn, or Mn
and are utilized in transformers or electromagnetic cores. Because at high frequency,
the soft ferrites possess very low losses therefore can be commonly used in RF
transformers and also in inductors.



Basics of Ferrites: Types and Structures 7

Table 1 Comparison of different types of magnetism

Type Temperature
dependence

M–H loops Value of χ Example

Diamagnetic Temperature
independent

M

H

−10–6 to −10–5 As in covalent
solids such as
Au, Cu, and
Ag, the atoms’
shells are
enclosed

Paramagnetic Follows
Curie’s law χ

= M
H = C

T

M

H

+10–5 to +10–3 As in transition
metal ions,
atoms possess
arbitrarily
oriented
magnetic
moments

Ferromagnetic Below
Curie’s
temperature

M

H

Positive and
large Fe
~100,000

In some
transition
metals and rare
earths, such as
cobalt and
nickel, atoms
with identically
induced
magnetic
moments
process
substantial
persistent
magnetization
without an
external
magnetic field

Ferrimagnetic Below
Curie’s
temperature

M

H

Positive and
large Ba ~3

Atoms having
antiparallel
aligned
magnetic
moments, such
as magnetite
and ferrite,
have high
magnetism in
the absence of a
magnetic field

(continued)
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Table 1 (continued)

Type Temperature
dependence

M–H loops Value of χ Example

Anti-ferromagnetic Below Neel
temperature

M

H

+10–5 to +10–3 Magnetic
moments are
present in both
parallel and
antiparallel
oriented atoms.
The most
frequent
transition metal
oxides and salts
are MnO and
NiO

-H H

B B

-B -B

H-H

Flux 
Density

Flux
Density

Magnetizing 
Force

Magnetizing 
Force

Saturation

Saturation
Retentivity

Coercivity

Retentivity

Coercivity

a b

Fig. 2 Depicts the hysteresis loop of a soft ferrite, b hard ferrite

3.1.1 Magnetic Property of Soft Magnet: Nickel Ferrite (NiFe2O4)

Magnetic materials, depending on the spin orientation, exhibit various kinds of
magnetic ordering. The magnetization of ferrites is due to the interaction of the
spins with the exchange of neighbouring atoms. Anumol et al. [44] used the sol–
gel process to make magnesium-substituted Ni-ferrite (MgxNi1−xFe2O4;0 ≤ x ≤ 1)
nanoparticles, which were then annealed at 550 and 900 °C. Figure 3 shows the (as
prepared and annealed at T = 900 °C) MgxNi1−xFe2O4 nanoparticles samples with
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Table 2 Essential properties
of both type of magnetic
ferrites (soft and hard)

Soft ferrite Hard ferrite

Low coercivity High coercivity

High electrical resistivity Not important

High Curie temperature High Curie temperature

Low anisotropy High anisotropy

Low magnetostriction Not important

High permeability Low permeability

High saturation magnetization
(1–2 T)

High saturation magnetization
(0.3–6 T)

High Curie temperature High Curie temperature

Fig. 3 Hysteresis loop of the a–c as-prepared and d–f annealed (TA = 900 °C) Mg–NiFe2O4
nanoparticles sample [44]. Reprinted with permission from Springer Nature

x = 0.05, 0.50, and 0.85 magnetic hysteresis (M–H) loops. The hysteresis loops
did not drencheven at a maximum magnetic field strength of 30 kOe, as shown in
Fig. 3. Furthermore, the annealed samples’ loops seem to be more saturated than the
as prepared samples. The corresponding magnetization values were calculated by
extending the M–H loop from high field to zero applied fields. At 300 and 60 K with
an increase in the concentration of Ca2+, the values of magnetic saturation increase.
At room temperature, Chavan et al. [45] found that the highest MS of 64.5 emu/g for
x = 0, i.e. Nickel ferrite NPs. At room temperature, Moradmard et al. [46] registered
amaximumMS value of 28.8 emu/g for x = 0. For x = 0.05, the maximumMS values
were 42 and 46 emu/g at 300 and 60 K, respectively. In addition, the MS value of
the annealing temperature at 550 °C is smaller than that of the asp sample. The MS
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value for annealed at 900 °C samples declined gradually from the value of 37 emu/g
(x = 0) to 29 emu/g (x = 0.25) at 300 K.

The MS value increased marginally to 31 emu/g as the x value increased to 0.50,
but then decreased as the Mg2+ concentration increased. However, for the samples
which were annealed at 900 °C, a similar pattern was observed at 60 K. The bare
Mg-ferrite sample, annealed at 550 °C, had the lowest MS values of 21 emu/g and
26 emu/g at 300 and 60 K respectively. At both 300 and 60 K, HC decreased as
Mg2+ doping (%) increased. It’s important to note that at 300 K, the HC values for
the 900 °C-annealed samples were consistently higher than those for the as prepared
and 550 °C-annealed samples. Though theHC values were higher at 60 K, they were
the lowest of the 900 °C-annealed samples. The as-prepared and 550 °C-annealed
samples with x = 1 had the lowest HC of 10 Oe at 300 K, while the asp sample with
x = 0 had the maximum HC of 340 Oe at 60 K. The non-saturated magnetization
of samples increased with increasing Mg2+ content for the as-prepared samples and
the samples annealed at 550 °C with substitution values between 0.05 and 1, i.e. for
0.05 ≤ x ≤ 1, where as it did not change for the samples annealed at 900 °C [44].
The observed magnetic behaviour in these nanoparticles samples is explained by
crystallite size distribution. Another factor is decreased ionic magnetic moment, and
the most important cation distribution in the spinel type of ferrites, and decreased
anisotropy with increasing Mg2+ concentration [47].

According to Maaz et al., nickel ferrite coercivity increases with particle size
(for microscopic particles) when the particle changes its behaviour from a super-
paramagnetic type, i.e. from blocked to unblocked. This happens for very narrow
sized particles because thermal energy overcomes the anisotropy, which is volume
dependent. While the coercivity reduces with size for larger particles because of
two unique mechanisms; first one is that bulky particles can maintain domain wall
motion, and the second one is that surface role varies and bulk anisotropies are
observed as the size is reduced [48]. Atif et al. prepared Zn doped nickel ferrite
by the sol–gel method and the highest magnetic saturation values were found, i.e.
76 emu/g. The saturationmagnetization increases with an increase in the zinc content
[49]. The value of magnetic saturation and coercivity increase with an increase in
the concentration of dopant [50].

3.1.2 Electrical Property of Soft Ferrite

The ferrite system acts as a heterogeneous systemwith various conducting properties
of grains and grain boundaries. Koop believed that both the grains and the limits were
parallel to R.C. Circuit loops. When an A.C. is exposed to a dielectric material, the
series arrangement of these parallel circuits replicates the conduct of the inhomo-
geneous dielectrics as a whole, due to the comparable current flow through grains
and grain boundaries. There is a relative movement of positive and negative ions
in the electric field, which results in an electric dipole moment. Atif et al. prepared
Zn doped NiFe2O4 nanoparticles by sol–gel technique and the value of dielectric
permittivity ranged from 2.77 to 12.2 kHz [49]. Moradmard et al. magnesium doped
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nickel ferrite nanoparticles are fabricated by co-precipitation technique and study the
various parameters like dielectric loss, dielectric constant, and ac conductivity with
frequency range 1–12GHz [46]. The related dielectric pictures are shown in Fig. 4
(Fig. 5).

Fig. 4 a Variation of dielectric for the Ni1−xZnxFe2O4. b Variation of dielectric loss for the
Ni1−xZnxFe2O4 [49]. Reprinted with permission from Elsevier

Fig. 5 M–H curve of a Pure barium ferrite and b Cu-2 mol%, c Cu-4 mol%, d Cu-6 mol%, and e
Cu-8 mol% doped barium ferrite [51]. Reprinted with permission from Elsevier
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3.2 Hard Ferrite

Permanent ferrite magnets, which are composed of Fe, Ba, and/or Sr oxides, have
a high remanence upon magnetization. Hard ferrites materials are characterized by
their hexagonal structure. The high value ofHc is known as hard ferrites. Because of
this feature, hard ferrites are employed as permanent magnets oncemagnetised. Hard
ferrites possess a broad hysteresis loop and a strong coercive force [52]. They are used
to make permanent magnets for applications such as refrigerator magnets, washing
machines, TVs, communication systems, switchmode power supplies, loudspeakers,
and small electric motors [6]. When magnetically saturated, they achieve good
magnetic flux and have high magnetic permeability. As a result, these “ceramic
magnets” can store magnetic fields that are greater than iron. These are the most
commonly used magnets in radios. The magnetic field strength H is approximately
30–160 kA turns per meter (400–2,000 Oe), and the greatest magnetic field B is
about 0.35 T. M-, W-, U-, X-, Y-, and Z-type ferrites have a hexagonal structure.

3.2.1 Magnetic Property of Hard Magnet: Barium Ferrite (BaFe12O19)

Iqbal et al. [53] prepared BaFe12O19 NPs by using the sol–gel method and the
annealing temperatures of these nanomaterials were 700 and 850 °C for 3 h. The
magnetic nature of BaFe12O19 NPs is studied and plotted between magnetic moment
and the applied magnetic field. These annealed nanomaterials (B-400, B-700, and
B-850) have magnetic moments of 16.58, 23.39, and 31.32 emu/gm at 5 kOe, respec-
tively, and coercivity values of 1.5, 2.1, and 2.7 kOe, respectively. According to this
research, as the annealing temperature rises, the magnetic nature of these nanoma-
terials (B-400 to B-850) increases. B-850 was discovered to have the maximum
value of a magnetization of 31.32 emu/g and coercivity of 2.7 kOe. This may be
attributed to the growth of magnetic domains and an increase in crystallite size in
the untainted phase of ferrite nanoparticles, which were verified by XRD study [54].
Furthermore, the high uniaxial anisotropy along the c-axis of M-type hexaferrite of
B-850 [55] can be due to the increase inmagnetic properties. Themagnetic behaviour
of B-850 is established to be consistent with the M-type BaFe12O19’s hard-magnetic
functionality [53].

The citrate modified sol–gel approach was utilised by Kumar et al. [56] to create
the rare earth La3+ dopedBaM (Ba1−YLaYFe12O19, Y= 0.00–0.20), because it would
be cost-effective and the precursors could be blended homogeneously [57]. The
samples were annealed for 2 h at 50 °C and later annealed for 2 h at 1200 °C. At room
temperature, with amaximumapplied field of 20 kOe, themagnetic hysteresis (M–H)
loops of Lanthanum (La3+) doped barium hexaferrite (Ba1−YLaYFe12O19, Y = 0.00–
0.20) ceramicsweremeasured.All of the samples have a ferromagnetic signaturewith
a strong coercive field. By increasing La in the BHF lattice up to Y = 10%, the satura-
tion magnetization (Ms = 58.8 to 63.6 emu/g) increases while the coercive field (Hc)
decreases. For Y > 0.10, Ms decreases and Hc rises [56]. Vadivelan et al., fabricated
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pure barium ferrite and copper-doped barium ferrite by co-precipitation technique at
different ratios. The coercivity value increased dramatically from 851.128 to 856.651
Oe as the dopant ratios of copper increased at 300 K, according to magnetic prop-
erties studies. The increased value of coercivity are increase the magnetic storage
capacity of this material [58].

3.2.2 Electrical Property of Hard Ferrite

The major qualities of interest for numerous applications are resistivity and permit-
tivity (the dielectric constant ε and relative permittivity εr , which is a reflection of
how easy it is to create an electric flux through a material, both of which should
have a high frequency). It is feasible to calculate a complex permittivity with real
(š) and imaginary (ε′′) elements, as well as dielectric resonance and losses. Dielec-
tric polarisation occurs when metal cations and oxygen anions form dipoles. Metal
cations and oxygen anions form dipoles, resulting in dielectric polarization. Elec-
tron hopping between Fe2+ and Fe3+ is the most common conduction mechanism in
ferrites. The best sintered samples of barium, strontium and calcium M-type hexa-
ferrite and further doped with 4mol% (La2O3) were found to have εr of ~10, ~20 and
~15 respectively. The values of the CoxTix-substituted versions were nearly identical,
with εr decreasing slightly as x increased. CaCoxTixFe12−2xO19 (with 4mol%La2O3)
appeared to exhibit a direct dielectric resonance at 10 GHz for x= 0.8 and 8.75 GHz
for x = 1. This was determined using measurements of of š and ε′′ [59]. Electron
and hole conduction with two activation energies explain electrical conductivity. In
addition, the sample has a high dielectric constant as well as a low dielectric loss
value (Fig. 6). As a result, milling time, speed, and sintering temperature all play a
role in improving dielectric properties.

Fig. 6 Frequency dependency of a dielectric constant and b dielectric loss of BaFe12O19within
the temperature range of 393–693 K [60]. Reprinted with permission from Elsevier
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These findings suggest that synthesised BaFe12O9 is suitable for electronic and
microwave applications [60]. The enhancing impact of Ba0.5Sr0.5TiO3 on the multi-
faceted permeability and permittivity was seen in the 1 MHz–1 GHz region. BST is
a dielectric perovskite with an incredibly high εr of 1000 [61] that is employed in a
capacitor or frequency filter for various electronic purposes at MW frequencies.

Mn–Zn ferrite and Ni–Zn ferrite are soft ferrites, whereas hard ferrites include
BaFe12O19 and SrFe12O19. Various synthesis methods, magnetic properties, dielec-
tric properties and applications of soft and hard ferrites are shown in Table 3. A
recovered sintered, and therefore denser, ferrite has extra magnetic moments per unit
volume, and thus a higher Ms, but the heat treatment required to achieve maximum
densification also causes grain growth, resulting in a multi-domain particle with a
lower coercivity because some of the domains will oppose one another. Themagnetic
characteristics of ferrites are known to be influenced by chemical composition, crystal
structure, particle size, microstructure, and the material’s surface. These properties
are heavily influenced by themethods ofmaterial processing. The values of dielectric
permittivity and ac conductivity are highly temperature dependent, and increase with
temperature. With substitutions in M-type hexaferrite, there are a few cases where
the saturation magnetization increased while the coercivity decreased. High enough
coercivity (above 600 Oe) and saturation magnetization (as high as possible) are
needed for the recording medium. Ferrites NPs investigate a number of applications
in a range of biomedical to industrial shown in Table 3.

4 Classifications of Ferrites NPs According to Crystal
Structure

Ferrites are ceramic materials that are mostly made up of iron oxide. The prepara-
tion of oxygen anions in the region of metal cations can alter, resulting in various
crystal forms. Spinel, Pervoskite (ortho ferrites), Garnets, and Magneto-plumbites
(hexagonal) are the different types of ferrites shown in Fig. 7. Table 4 summarizes
the type of ferrite and its characteristics.

4.1 Spinel Ferrites

Spinel ferrite has a cubic structure with the chemical formula AFe2O4, where A and
Fe cations occupy tetrahedral and octahedral lattice sites [75]. Spinel ferrite can be
defined as a closed cubic structure with 56 atoms: 24 cations occupying 8 of 64
cations are available at A sites and 16 of 32 cations are available at B sites and 32
oxygen anions [76]. Ni, Zn, Co, Mg is divalent cations and irons (Fe3+) are trivalent
cations in the cubic spinel structure. Various anions, such as sulphur (thiospinels),
chlorine (halospinels), and oxygen, can create the spinel structure. Both size and
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Fig. 7 Shows the crystal structure of a Spinel ferrite, b garnets ferrite, c hexagonal ferrite and d
perovskite ferrite

Table 4 Summarized the type, formulas, and crystallographic sites of ferrites

S. no Types Chemical formula Structure Examples

1 Spinel ferrite MFe2O4 Cubic M = Mn, Zn etc

2 Garnet ferrite Mn3Fe5O12 Cubic Mn = Y, Sm etc.

3 Ortho ferrite MnFeO3 Perovskites Mn = La, Dy etc.

4 Hexagonal ferrite MFe12O19 Hexagonal M = Ba, Sr etc.
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charge neutrality considerations must be met by the cations in the structure. Spinels
are classed as follows based on the arrangement of metal cation M2+:

(i) Normal spinel structure,A[B2O4]where allMe2+ ions occupyA(tetrahedral)
sites and Fe3+ ions in B (octahedral) sites; the structural formula of such
ferrites is Me2+[Fe23+] O4

2−. This type of distribution takes place in ZnFe2O4

and CdFe2O4.
(ii) Inverse spinel structure, B[ABO4] with Me2+ ions occupying the B octahe-

dral sites and Fe3+ions distributed over both B octahedral and A tetrahedral
sites [77, 78]. The A-sites are completely occupied by Fe3+cations and the B-
sites are randomly occupied by Me2+ and Fe3+cations; the structural formula
of these ferrites is Fe3+[Me2+Fe3+] O4

2−. Magnetite Fe3O4, ferritesMgFe2O4,
NiFe2O4 and CoFe2O4include inversed spinel structure [79].

(iii) Mixed spinel structure, A1−xBx[AxB2−xO4] or (Me1−xFex)[Fe2−xMex]O4

with Me2+ and Fe3+ ions scattered over both octahedral and tetrahedral
sites e.g. MnFe2O4, where x is the degree of inversion. The cation disper-
sion in spinel is inverted to a medium degree, with a fraction of Me2+ and
Fe3+cations present at both sites.

The gap between tetrahedral and octahedral site expansion is defined by a param-
eter which is known as the parameter oxygen or the parameter anion (u). The oxygen
parameter (u) is a quantity that describes theO2− ionmovement due to cation replace-
ment at the site of tetrahedral A. As u increases, oxygen ions move such that the
distance between A and O ions (rA) increases while that between B and O ions
(rB) decreases. When ‘u’ parameter reduces, the O2− ions are displaced so that rA
decreases and rB increases. The parameter u has a neighbourhood value of 0.375 (u
= 3/8) for all ideal spinels. But this ideal pattern is slightly deformed in the real
spinel lattice and typically corresponds to u > 0.375. The theoretical lattice constant
(ath), octahedral site ion radius (rB), and tetrahedral site ion radius (rA) for spinal
systems were determined based on the cation distribution by the following ratio:

ath = 8

3
√
3

[
(rA + Ro) + √

3(rB + Ro)
]

(5)

where, Ro is the oxygen ion radius of O2− (1.38 Å); rA and rB are the ionic radii of
A (tetrahedral) and B (octahedral) sites respectively, and u is the parameter of the
anion (oxygen).

Spinel ferrites with nanoscale dimensions have potential applications in the
field of great-performance materials. Magnetic ferro-fluids, microwave absorbers,
and magnetically guided drug carriers are all examples of high-density magnetic
recording media.
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4.2 Perovskite Ferrites

The standard chemical formula for cubic perovskite or ortho ferrites is ABX3, where
A and B are cations with differing oxidation values andX is an anion. The A-cation is
located in the unit cell’s centre, whereas the B cation and X anions are located in the
unit cell’s corners and edges, respectively. Two of the most investigated materials
are orthoferrites (RFeO3) compounds such as lanthanum and samarium [80]. The
bandgap absorption of perovskite ferrites nanoparticles caused high absorption at
590 nm, which has applications in environmental cleansing and/or water splitting.

4.3 Garnet Ferrites

The garnet ferrites possess an X3Y2(SiO4)3 type structure, in which X site is gener-
ally captured by divalent cations e.g. Ca2+, Mg2+, Fe2+ and similarly, the Y sites are
occupied by trivalent cations in an octahedral and /or tetrahedral environment with
[SiO4]4− producing the tetrahedral. Examples of trivalent ions are Al3+, Fe3+, Cr3+

etc. Garnet ferrites are specified by the general formula (A3B5O12), which belongs
to rare-earth cations. Garnet ferrites feature three crystallographic lattices (a, b, and
c) in their crystal structure. Garnet ferrites have dodecahedral (12-coordinated) sites
along with the octahedral and tetrahedral sites present in spinels. It was discovered
that 24Fe3+ ions reside at tetrahedral sites, while 16Fe3+ ions prefer octahedral sites,
and 24R3+ ions occupy dodecahedral sites, whereas oxygen ions are spread over the
interstitial sites [81]. Garnets are magnetically hard as well. As a result of the antipar-
allel spin alignment among all types of sites, net ferrimagnetism is a complicated
consequence. Despite the fact that spinels have better magnetic qualities, garnets
have better dielectric qualities because they are more stress sensitive. Because of
their ferrimagnetic characteristics, the rare earth iron garnets M3Fe5O12 [M=Y, Dy,
Sm] have attracted a lot of attention.

4.4 Magneto-Plumbites

The magnetic mineral magneto plumbite PbFe12O19 was first described in 1925. It
has a hexagonal structure, so it is named as hexagonal ferrites and with the general
composition,MeFe12O19 where (Me=Ba, Pb, Sr). In interactionwith divalent oxides
(BaO, PbO, or SrO), these ferrimagnetic oxides have a main component of Fe2O3.
These ferrites have a lot of uniaxial anisotropy, moremagnetization, and better chem-
ical stability; therefore, they are perfect for recording technology. BaFe12O19 hexa-
ferrite films are interesting options for high density recording media as well as
microwave/millimeter wave devices [82, 83]. M-, W-, U-, X-, Y-, and Z-type ferrites
have a hexagonal structure. The hexa-ferrites are classified into six categories based
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Table 5 Shows the information of chemical formula and building blocks of all hexa-ferrites

Types Chemical formula Building blocks Unit
cell

Spinel plates and hexagonal
layers

M [(Ba,Sr)Fe12O19] SRS*R* 2M 2M5 = B1S4B1S4

W [(Ba,Sr)Me2Fe16O27] SSRS*S*R* 2W 2W7 = B1S6B1S6

Y [(Ba,Sr)2Me2Fe12O22] 3(ST) 3Y 2Y6 = B2S4B2S4B2S4

Z [(Ba,Sr)3Me2Fe24O41] STSRS*T*S*R* 2Z 2Z11 = B2S4B1S4B2S4B1S4

X [(Ba,Sr)2Me2Fe28O46] SSRS*S*R* 3X 3X12 =
B1S4B1S6B1S4B1S6B1S4B1S6

U [(Ba,Sr)4Me2Fe36O60] SRS*R*S*T* U U16 = B1S4B2S4B1S4

on chemical formula and crystal structure [84]. All are closely related to hexagonal
ferrite, a highly complex crystal structure that can be described in a variety of ways,
as seen in Table 5.

4.4.1 M-Type Structure

One ‘S’ as well as an ‘R’block constitutes an M-type hexagonal ferrite. The blocks
are overlappedwith hexagonal and cube pack layers and, aswell, the plane containing
the Ba atom is called the mirror plane. Where block S and R rotate 180° around the
c-axis, therefore, providing the mirror block ‘R’, R* gives the unit formula SRS*R*,
where * indicates a rotation of 180° of the corresponding building unit with respect
to the c-axis. Furthermore, it was shown that barium M-type hexa-ferrite made of
a spinel stack such as ferrite block and substituted M-type ferrite was extensively
investigated such as BaFe12O19 [85, 86]. It has been discovered to improve the
magnetic properties of BaM ferrite. It was also documented that in the case of M-
type barium hexa ferrite, the lattice parameter c = 23.17 Å and a = 5.89 Å, but
in the case of SrM ferrite, the lattice parameters c = 23.03 Å and a = 5.86 Å for
PbM ferrite, the lattice parameters are c = 23.02 Å and a = 5.88 Å the cross-section
view of the M-type ferrite structure. BaM has almost the same structure and unit cell
ordering [83]. Ba2+ is greater than Pb2+, with lattice constants of c = 23.02 Å, a =
5.88 Å for PbM [87].

4.4.2 W-Type Structure

The molecular unit ofW-type ferrite is made up of 2 S-blocks and 1 R-block, making
it comparable but not identical to the M structure. There are mainly 2S blocks on top
of and under the R block, but the R block still has a mirror plane, and the unit cell is
made up of 2 molecular W-units, resulting in SSRS/S/R. Fe2W belongs to the space
group P63/mmc and has a cell length of 32.84 Å [88].
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4.4.3 X-Type Structure

The X structure is kind of related to that of the W structure, consisting of one M and
one W molecular unit, resulting in the structure SRS/S/R, with the blocks of the W
segment rotated through 180° relative to those of the M section. The crystal structure
3(SRS/S/R), c = 84.11 Å, is a class of the R3M space group and is made up of three
identical units [88].

4.4.4 Y-Type Structure

Y-type ferrite contains molecular units with1 Tand 1 S unit, with a total 6 layers, and
the unit cell is formed from 3 of these components, with a c-axis length of 43.56 Å,
and it belongs to the R3m space group [88]. Because the T block excludes a mirror
plane, the overlap of hexagonal and cubic close-packed layers needs three T blocks,
with the relative placements of the Ba atoms recurring every 3 T blocks. As a result,
the formula for the unit cell is simply 3(ST).

4.4.5 Z-Type Structure

The Z unit is made up of Y + M, therefore it’s ST + SR, with a mirror plane in the R
block and 11 layers of oxygen layer recurrence distance. As a result, two molecular
units are required to construct a single Z ferrite unit cell, one of which is rotated 180°
in the c-axis region relative to the other, generating STSRS/T/S/R, that has a c-axis
length of 52.30 and belongs to the space group P63/mmc [88].

4.4.6 U-Type Structure

The molecular units Z + M, or M + Y + M, are contained in the U ferrite structure,
resulting in the block structure ‘SRS/R/S/T’. Firstly, the unit cell is made up of just

1 molecular unit, where c = 38.16 Ǻ [89], in which the ‘R’ as the well as ‘S’ blocks
of the Z section are rotated through 180° relative to the M section. It is now more

commonly claimed that it is made up of 3 molecular units, with a = 5.88 Ǻ and

c = 113 Ǻ [90]. From HRTEM images of U ferrite, MMY stacking sequence and
stacking faults are clearly visible, in which the crystal structure was disrupted by the
inclusion of additional Y blocks [90]. In HAADF-STEM, the repetition of ‘R’, ‘S’,
as well as the T blocks of Sr4Co2U can be clearly seen. The Sr2+ ion has less radii
than Ba2+ ions, and the lattice constants for Sr4Co2U with the R3m space group are

a = 5.86 Ǻ and c = 112.3 Ǻ.
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5 Conclusions

The rapid advancement of magnetic materials research has revolutionized a variety
of applications. This chapter covers the fundamentals of ferrite properties as well
as the various forms of ferrites. It also highlights the types of ferrites and types
of magnetism. The dielectric permittivity values and ac conductivity depend upon
temperature, and increase with the increase in temperature. With doping in M-type
hexaferrites, there are a few cases where the saturation magnetization increased
while the coercivity decreased. The elevated coercivity more than above 600 Oe and
saturationmagnetization is needed for the recordingmedium.Chemical composition,
crystal structure, particle size, microstructure, and the material’s surfaces are all
believed to impact ferrites’ magnetic properties. The methods of material processing
have a big impact on these attributes.
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Synthesis Routes for Ferrites and Their
Impact on the Properties of Ferrites

Garima Rana, Pooja Dhiman, Rajesh Kumar, Ankush Chauhan,
Anjana Sharma, and Indu Sharma

Abstract Nano ferrites havepiqued interest owing to their numerous uses in biomed-
ical, wastewater remediation, and electronic devices. This chapter is primarily
concerned with the various fabrication techniques for ferrite nanoparticles. This
chapter presents various methods used for ferrites preparation with distinctive exam-
ples, their advantages as well as limitations in detail. The fabrication techniques
used to achieve ferrites nanoparticles of various structures and morphologies, such
as hydrothermal, microemulsion, solvothermal, solution combustion, microwave,
chemical vapor deposition, sol–gel, chemical bath deposition, or wet chemical
synthesis, sonochemical, thermal decomposition, and electrochemical methods, are
briefly described. This chapter summarizes the recent work on the influence of
synthesis techniques on the properties of ferrites in nanoform. Ferrites belong to
the materials which are a potential candidate for widely spread applications.

Keywords Ferrites · Nano materials · Synthesis techniques

1 Introduction

The three major targets of magnetic nanomaterials are synthesis, knowledge of novel
advanced materials, and relationships between them. Nanomaterials are those mate-
rials whose particle size lies between the range of 10–100 nm in at least one or more
dimensions, as defined by their nanometric equivalents. A large number of atoms are
present at or near the surface of particles at this length scale, giving the materials
their specific properties. Nanomaterials have a high surface-to-volume ratio which
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provides them with extraordinary properties in comparison to their bulk counter-
parts. Ferrites are ceramic compounds that contain metal oxides, such as iron oxide,
as their primary ingredient. Ferrites are classified into three types based on their
crystal structure:

(1) Spinel type, which includes spinel ferrites,
(2) Garnet type, which includes garnet ferrites.
(3) Magneto-plumbite type, which includes hexagonal ferrites.

The spinel ferrites are commonly known as soft ferrites which are being utilized in
microwave communication systems, transformers, and inductors, etc. Another class
of ferrites i.e. hard magnetic ferrites usually hexagonal ferrites, are widely employed
in most electrical–mechanical devices being used for energy conversion. Because
of the widespread applications of ferrites in the electronics, and telecommunication
sector, plenty of soft magnetic materials including Ni ferrite, Mn, or Zn ferrite, are
requisitesmagneticmaterials for day-to-day usable devices. Spinel ferrites have some
unique properties like they are highly thermally and chemically durable, possesses
minimum eddy current losses, have high resistivity, and most important low coer-
civity [1–3], these magnetic materials can be used for high-frequency applications,
they also find a role in information storage devices, antenna applications, sensors
and in many power transfer system [4–7]. On the other hand, hexaferrite is used in a
variety of electronic devices today, including mobile and wireless communication at
GHz frequencies, EMI shielding, multiferroics, microwave absorbers, and antenna
applications [8, 9].

Ferrites nanoparticles have electrical and magnetic properties that are intuitive
to microstructure features and volatility of composition, which are impacted by the
methods used to synthesize them [10–13]. Verma and Chatterjee et al. [10] synthe-
sized Zn doped Mn–Ni nanoferrites (Mn0.2Ni0.8−xZnxFe2O4) through the citrate
precursor method and studied the structural, electrical, and magnetic properties by
varying the Zn concentration on Ni sites, with x = 0.4, 0.5, and 0.6. Results revealed
thatAC resistivity values lie between 105 and 107 � cmanddecreasewith the increase
in Zn doping and also with the increase in sintering temperature. In another work,
Zhang et al. [11] used the sol–gel process to make Ni0.5Zn0.5Fe2O4 with the size
of grains varying from 9 to 96 nm. The magnetic observations demonstrate that the
compositions with grains of less than 30 nm size show super-paramagnetic, while
for the samples with grain size above 30 nm, ferromagnetic behavior dominates.

2 Fabrication of Ferrite Nanoparticles

The development of numerous dependable techniques to manufacture nanoparticles
by manipulating their size distribution, shape, morphology, and chemical composi-
tion have recently been a fascinating subject of research area for many researchers
working in the field of nanotechnology. When these nanoparticles are combined
with the organic molecules, then due to their collective nature, it is possible to create
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Fig. 1 Pictorial representation of bottom-up and top-down approach

various dimensional (1-D, 2-D, 3-D)mesostructures. As indicated in Fig. 1, nanopar-
ticles synthesis techniques are essentially classified into two types: top-down and
bottom-up [14]. Physical processes such as milling, crushing, and other methods in
which bulk particles are broken down into smaller and smaller particles, resulting
in the formation of nanoparticles, are included in the top-down approach. Though
crystallographic damage during the production of the nanostructure has a negative
effect on the surface structure. Contrarily, the bottom-up technique includes the sol–
gel route, laser pyrolysis method, plasma spraying, aerosol-based processes, green
synthesis methods, andmuchmore. These all belong to chemical and biological tech-
niques. In these techniques, nano-systems are generated by adding atoms to atoms,
molecules to molecules, or clusters to clusters. When it comes to producing nanos-
tructured materials with homogeneous structures and distributions, the bottom-up
technique is far superior to the top-down approach [15].

2.1 Mechanical Milling Method

Mechanical milling is a powder-making technique in which narrow-sized particles
are formed from bulk materials that are subjected to rubbed against each other with
the help of an agitator medium. This technique employs high-speed air jets to create
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huge pressure and friction [14]. It’s a high-energy method that introduces structural
faults, chemical disorders, and elastic strain to the source bulk material throughout
the procedure. As a result, nanostructures are generated [15]. Mechanical milling is
best exemplified by ball milling. The particle size of raw bulk material, the gas envi-
ronment, and intentional additives may influence the entire process [16]. The tech-
nique is simple and inexpensive, and it has high efficiency and selectivity [17]. The
mechanical milling process was used to make Nb5+/Ti3+doped NiFe2O4, MnFe2O4,
and NiZnFe2O4 [18]. The particle sizes decreased as the doping percentage is raised.
The size of the ferrite grain has a significant influence on saturation magnetization
and coercive area. After a high-energy milling procedure, cobalt ferrite nanoparticles
were generated in this study by post calcination. The entire development of the CFO
phase was confirmed by the appearance of all diffracting planes of cobalt ferrite in
the HRTEM picture (Fig. 2). The samples which are obtained through high energy
milling are the ones with maximum coercivity values of 2090 Oe were obtained.
Particle size reduction, the development of a magnetic dead layer on the sample’s
surface, and cation re-distribution might be used to explain the variation in saturation
magnetization behavior as milling energy was increased. A greater Co2+ concentra-
tion on the octahedral site was found at medium milling energy, along with higher
saturation magnetization values (78 emu/g) [19]. The solid-state approach has been
used to make zinc ferrite [20], cobalt ferrite [21], and LiZn ferrite (Li0.4Zn0.2Fe2.4O4)
[22].

Fig. 2 FESEM images of a un-milled sample, b low energy milled, c medium energy milledand,
d high energy milled samples, insets show the histograms of size distribution [19]. Reprinted with
permission from Elsevier
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Ahmed et al. [23] used various ways to synthesize Mn ferrite. They reported the
effects of various preparation procedures on morphological parameters. The results
show that the citrate approach yields the smallest lattice parameter and particle size
(14.1 nm), whereas the ceramic approach yields the greatest values. The citrate and
flash approaches yielded the smallest nanosizes (14.1 and 40.7 nm, respectively).
Mechanical alloying is a perfect substitute for the solid-state approach, with the
additional benefit of reducing milling time. Apart from its practicality, this tech-
nology allows for the rapid manufacturing of nanocomposites, advanced ceramics,
amorphous alloys, metastables, and other significant powders in large quantities are
obtained. The procedure is simple and quick to get the desired outcome in a short
amount of time [24–28]. As a result, it can help you save time and energy. Because
of these advantages, we determined to use this method to make ferrite nanoparticles
[26–28].

2.2 Sol–Gel Method

The sol–gel synthesis technique is a wet chemical synthesis method in which reac-
tion starts with precursor solution and chelating agents which results in the formation
of gel (an intenerated network). Metal nitrates and metal alkoxides are commonly
utilized as precursors. Metal hydro oxide chains are formed in solution connecting
metal centers with hydroxo (M–OH–M) or oxo (M–O–M) links, resulting in metal-
hydroxo or metal-oxo chains. As a result, the sol develops into a gel-like diphasic
system that includes both solid and liquid phases with morphologies ranging from
discrete particles to extensive polymer networks. Temperature, pH, the concentra-
tion of metal ions precursor solution, and other chemical conditions influence the
relative rates of hydrolysis and condensation. Because of the change in porosity
of the gel, a change in pH has a significant impact on the surface properties of the
synthesized samples. Srivastava et al. [29] used sol–gel and hydrothermal techniques
to make nickel ferrite nanoparticles. The NiFe2O4 nanoparticles were manufactured
using a hydrothermal method at a low temperature of 160 °C, and their particle size
was smaller (9 nm) than that of the sol–gel method (~27 nm). As demonstrated in
Fig. 3, NiFe2O4 nanoparticles synthesized by the sol–gel technique have a ferro-
magnetic behavior with a saturation magnetization of 31 emu/g, but those synthe-
sized by the hydrothermal process have a superparamagnetic behavior with a satu-
ration magnetization of 46 emu/g. Using a simple one-pot sol–gel auto-combustion
method, a series of SrFe10Al2O19/Co0.8Ni0.2Fe2O4 hard/soft nanocomposite ferrites
with different weight percent of soft phase have been effectively fabricated. They had
a single smooth hysteresis loop, according to the magnetic data. A linear increase in
theMr/Ms ratio for nanocomposites formed from the one-pot sol–gel technique with
soft phase content up to 15% wt% indicates the strongest exchange coupling in this
specimen. However, as the soft phase content, as well as composites, is manufac-
tured using the physical mixing approach, this ratio is reduced and indicating that the
exchange coupling between the hard and soft phases is not completely understood.
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Fig. 3 M versus H for NiFe2O4 nanoparticles synthesizedby a sol–gel method and b hydrothermal
technique [29]. Reprinted with permission from Elsevier

The dominance of dipolar contact in the soft phase over exchange interaction between
hard-soft phases in nano-composites resulted in a continual drop of coercivity as the
soft phase incremented. The one-pot sol–gel autocombustion approach appears to be
a straight forward but effective way for producing hard/soft ferrite nanocomposites
with goodmagnetic properties [30]. In comparison to its solid-state equivalent, nano-
sized NiFe2O4 particles manufactured by the sol–gel technique could be sintered at
a lower temperature [31]. When compared to coarse-grained powder produced from
the solid-state reaction procedure, NiFe2O4 nanoparticles have a substantially better
sintering performance. On the other side, theMs value of NiFe2O4 nanoparticles was
lower than that of the coarse-grained equivalents and reduced the grain size. When
the grain size was 15 nm, the coercivity of the samples reached a maximum value,
and then reduced when the grain size was increased further.

2.3 Hydrothermal Method

In the hydrothermal synthesis method, soluble salts containing both types of cations
i.e. divalent and trivalent (Fe3+) transition metal salts are macerated and combined
in a 1:2 mol ratio. To produce a homogenous solution, an organic solvent such as
ethylene glycol is introduced drop-wise into the combination of the aqueous solution
while vigorously stirring.

The solution is then subjected to a high-pressure autoclave. The type of ferrite
nanoparticles required influences the heating time and temperature. The following
is an example of Fe3O4 nanoparticles synthesis: A solution of ferrous and ferric salt
in sodium oleate was used to make Fe3O4 nano-particles. The various mole ratios
of SO: Fe is employed in a hydrothermal method at 230 °C for 3 h [32]. With the
smallest oleate concentration, i.e., SO: Fe of 0.05, homogeneity in size distribution
and shape of NPs was obtained. The loss of magnetization (Ms value) and when
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the SO: Fe mole ratio rises from 0 to 0.5, an average particle size appears. The
hydrothermal synthesis method is a potential method for producing FNPs on a big
scale. Using an adequate solventmixture and changing factors like time, temperature,
and pressure, high-qualityNP synthesismight be produced.Koseoglu et al. fabricated
MnxCo1−xFe2O4, where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 by hydrothermal method.
With sizes ranging from 14 to 22 nm, CoFe2O4 nanoparticles contain a single spinel
structure[33]. On the other hand, Wang et al. reported that at a low temperature of
160 °C, well-crystallized BFO nanoparticles (hard ferrite) with an average size of
around 10 nm were successfully produced using a hydrothermal technique aided by
PVA. Three different processes were used to make manganese ferrite nanoparticles
(MnFe2O4): co-precipitation, sol–gel, and hydrothermal method [34]. The average
size of sol–gel is 45, 36 nm for co-precipitation, and 16 nm for hydrothermal samples
was determined using X-ray diffraction data, which was consistent with FESEM
pictures. They reported the effect of the different preparation methods on the particle
size and magnetic properties. Safi al. [35] prepared CoFe2O4 nanoparticles by co-
precipitation, sol–gel auto-combustion, and hydrothermal method (Fig. 4). For the
co-precipitation and combustion techniques, FE-SEMmicrographs demonstrated the
creation of particles with average sizes of 39 nm and 617 nm, respectively. In the FE-
SEMmicrograph of a hydrothermal sample, there are rod-like grainswith amaximum
size of 139 nm and a breadth of 35 nm. In addition to this spherical nanoparticle with
a particle size of 34 nm can be seen. Also, it is found that crystallite size has a greater
impact on magnetic properties.

Fig. 4 FE-SEMandVSMmicrograph of CoFe2O4 nanoparticles synthesis by a, d co-precipitation,
b, e hydrothermal, c, f combustion methods [35]. Reprinted with permission from Elsevier
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2.4 Co-precipitation Method

Precipitation is the settling down of ordinarily soluble chemicals under the circum-
stances used by a precipitate. It entails precipitating needed hydroxides from a solu-
tion simultaneously for the precipitate to contain the required metals in the desired
proportion. The synthesized solution is a mixture of dispersed precipitation agents
like ammonium hydroxide or ammonium oxalic and oxalic acid that is used to precip-
itate the blended hydroxide or oxalate out of the solution. The final crystalline oxide
is obtained by heating the precipitates at higher temperatures [31]. Many researchers
have used the precipitation approach to make ferrites nanoparticles but were not
limited to the following [31, 36, 37]. This method was used by Jahanbin et al. [37]
to make a high-purity nickel-zinc ferrite. They claim that by using this process, they
can create a spinel ferrite in a fraction of the time it takes to do so using the traditional
method. In their studies, Gopal Reddy et al. [38] used a co-precipitation approach to
manufacture nanoparticles Ni ferrite as a gas sensor to specifically detect chlorine in
the air. A similar product was then manufactured by the citrate method. The single-
phase Ni ferrite was generated at 600 °C for 4 h in both cases, according to their
findings. In comparison to the sample developed by the citrate approach (crystallite

size ~275 Ǻ), the ferrite developed by the co-precipitation approach had a smaller

crystallite size (~175 Ǻ). This implies that the sensitivity of the sensor made from
Ni ferrite developed by co-precipitation is higher.

This is due to the fact that a smaller crystallite size means a bigger surface area
exposed to the test gas, which enhances the possibility of gas–solid contact and hence
the sensitivity. In another study, Sharifi et al. [39] prepared cobalt ferrite nanoparti-
cles by three methods i.e. Normal micelles, Reverse micelles, and co-precipitation
method and study their magnetic properties as shown in Fig. 5. In the co-precipitation
process and nanoparticles are sintering at 1000 °C to make Cobalt ferrite; the ferrite
crystallite size was determined to be in the 11.70 nm range. On the other hand, by
using the normal micelles method crystallite size are 5.58 nm and in the case of the
reverse micelles method, crystallite size is 7.63 nm. The coprecipitation sample’s
increased crystallinity could be another factor contributing to the higher saturation
magnetization. The size of the nanoparticles has a significant impact on the sample’s
magnetic properties. To create ferrites nanoparticles using this approach, the chem-
ical proceduremust be carefully required tomake sure that the hydroxides precipitate
at the same time. Another disadvantage of this procedure is that the precipitates may
form in a state that makes filtration or decantation problematic, causing contaminants
by adsorbing some ions in the precipitate.
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Method MS

(emu/g)
Mr

(emu/g)
HC (Oe) Hmax

(kOe)
tshell (nm)

CNP 58.4 12.45 286.0 18.0 0.74

NNP 12.6 0.17 23.7 18.4 0.80

RNP 29.4 0.84 25.2 17.6 0.87

Fig. 5 Shows the M–H curve of cobalt ferrite nanoparticles by three different methods (Normal
micelles, Reverse micelles, and co-precipitation method) [39]. Reprinted with permission from
Elsevier

2.5 Chemical Vapor Deposition Method

Chemical vapor deposition, popularly known as CVD is an economic industrial
technology technique for mass-producing carbon nanotubes, known for outstanding
performance in a variety of sectors, particularly in green technologies such as energy
storage devices, green composites, and solar cells also. To manufacture a very
pure nanostructural thin film with great performance, a chemical vapor deposition
approach is applied. The precursor is located on the surface of a substrate by heating
followed by evaporation to generate vapor, and the condensation happens through
a chemical reaction under vacuum, resulting in a chemical difference between the
precursor material and the product. After introducing the surface of a substrate to the
vaporized precursor, a template is generated on the surface, which is then followed
by the formation of nanostructures on that template [40]. The reaction temperature,
reaction rate, and precursor concentration all facilitate the development of the nanos-
tructure during the deposition process [41]. Ultimately, this technology allows for
homogeneous nanostructure coating on the substrate surface, albeit there are certain
limitations due to the process’s greater temperature requirement. For the synthesis
of nanoparticles, iron, cobalt, and Fe–Co catalysts were produced using a traditional
precipitation approach usingCO2 as the carbon precursor by catalytic chemical vapor
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deposition [42]. The Fe–Co nanoparticles were synthesized in a thermogravimetric
analyzer at temperatures ranging from 450 to 1000 °C. At various temperatures,
pebble-like nanoparticles with some connected forms were discovered for Fe, Co,
and Fe–Co. It was also discovered that increasing the temperature not only increased
the size of the nanoparticles while vastly improving their sphericity and crystallinity.
The sizes of nanoparticles in Fe–Co alloy were found to be 51± 1 nm, 54± 1 nm, 72
± 1 nm, and 165 ± 1 nm at 500, 600, 700, and 800 °C, respectively, using FESEM
(Fig. 6). The results of TEM and FESEM are very comparable. Increased tempera-
ture leads to larger particle size, sphericity, and crystallinity on Fe, Co, and Fe–Co
catalysts in FESEM. On the other side, particles at low temperatures are small and
amorphous. In a CVD reaction carried out directly on spinel ferrite nanoparticles
MFe2O4 (M= Co, Cu, Ni, Mn, Fe, or Zn) supported on a 316 grade SS foil, several
morphologies of carbon nanomaterials were generated [43]. Polymorphic carbons
(PNCs) with varying forms and sizes were discovered to be the acquired components
in each ferrite. The creation of spherical carbon nanoparticles was not catalyzed by
zinc and cobalt zinc ferrites, according to the findings.

Fig. 6 FESEM images (20 & 80 kx) of the carbon-encapsulated Fe–Co nano-particles synthesized
under CO2 environment at a 450 °C, b 500 °C, c 600 °C, d 700 °C, e 750 °C, f 800 °C, g 1000 °C
[42]. Reprinted with permission from Elsevier
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2.6 Microwave-Assisted Method

The newly established microwave-assisted approach can be used to make multi-
functional nanoparticles [44]. Energy is given directly to specified materials in this
method via chemical interactions with electromagnetic radiations (EMR). Heat is
formed when electromagnetic energy is converted to thermal energy. The tempera-
ture of the technique typically varies from 100 to 200 over a short period. A Teflon
vessel is linked to an exhausting drain to remove the vapors released during the
heating process [45–47]. The narrow-sized distribution of FNPs can be manufac-
tured in a short period, with great consistency and high quality at a low cost for
industrial use. CoFe2O4, γ-Fe2O4, and Fe2O4 are some of the FNPs made with
this approach. In the microwave-assisted approach, improved multimode equip-
ment has been developed. Microwave-assisted synthesis of FNPs is commonly
utilized on a large scale, however, it results from slow growth when compared to
hydrothermal, thermal decomposition, and co-precipitation techniques [48]. The
microwave-assistedmethodwasused to create ferrite nanoparticles of various particle
sizes by adjusting the reaction temperature which is highly magnetic in nature [49].
The iron oxide nanoparticles were made at two distinct temperatures, 45 and 85 °C.
The average size of FeO nanoparticles generated at 45 and 85 °C was found to be
10 and 13.8 nm, respectively, with superparamagnetic activity at ambient temper-
ature. The decrease in supersaturation at high temperatures is responsible for the
increase in particle size and saturation magnetization values with increasing reaction
temperature. The size of the nanoparticles can be controlled by adjusting the reaction
temperature within the microwave reactor, according to Kalyani et al. [49].

2.7 Solution Combustion Method

The combustion process has the advantage of ensuring less energy and time. This
strategy is bothquick andadaptable.This process has beenusedby several researchers
to make ferrites nanoparticles. In the basic approach, metal nitrate and iron nitrate
are used as oxidizers, and glycine is used as a fuel [50]. In 50 mL of distilled water,
a sufficient amount of nitrates and glycine were dissolved and allowed to combine
magnetically with the solution. The oxidizer to fuel ratio was kept constant at 1:1,
and the mixture was heated to 80 °C with constant stirring. After 4 h of active stirring
at 80 °C, a brownish gel was generated. The gel was dried at 120 °C before being
burned into a loose gigantic powder by self-propagating combustion. The gigantic
powder was ground with an agate motor and pestle, and the fine powder was calcined
at 750 °C [51]. Dhiman et al. fabricated Mg0.5−xCuxZn0.5Fe2O4 (x = 0, 0.01 & 0.02)
by solution combustionmethod. CuDopedMg–Zn ferrites have lower recombination
and higher charge flow, according to PL and EIS studies [52]. Mazroueiet al. [53]
prepared cobalt ferrite nanoparticles by solution combustion technique using glycine
and urea as a fuel. Tad increased the procedure of the solution combustion method by



38 G. Rana et al.

raising the weight % of additional fuel, according to thermodynamic calculations,
resulting in the formation of crystallites in products and a rise in crystallite size.
As predicted, raising the weight percentage of additional fuel extended the range
of saturation magnetization in the samples. The percentage of magnetism in urea-
produced samples was lowered due to the superparamagnetic behavior of the particle
fraction. The glycine-derived samples also exhibited a hard ferrimagnetic property.
It can be observed that the solution combustion method should be utilized to make
cobalt ferrite nanoparticles with a particle size less than 100 nm and that if glycine
is employed, the minimum quantity of fuels must be two times the stoichiometric
amount [53].

2.8 Electrochemical Method

The electrochemical manufacturing approach is related to the coprecipitation
approach, except that the ion sources are created by scarification of anode elec-
trodes during oxidation. The ions react through the interface between two electrodes
and create the appropriate ferrite nanoparticles when the anode electrode is firstly
oxidized and discharged into the surfactant solution. Several of the advantages of
electrochemical synthesis over other fabrication techniques are the high purity of the
reagent and command of particle size. The purity and desired particle size can be
accomplished by adjusting the active power or regulating the distance between the
electrodes. By minimizing the difference between the electrodes, the crystallinity
of the particles might be maintained. The particle size continues to rise when the
current density and the distance between electrodes are increased at the same time
[54]. This is attributed to the reason that the closer the electrodes are, the quicker the
reduction-oxidations take place, releasing more oxidized metal ions into the solvent,
resulting in a higher rate of nanoparticles production. Electrochemical synthesis is
a straightforward, low-cost, ecologically friendly, and cost-effective approach [55].
Cabrera et al. employed pure iron as the anode and an amine as the surfactant to
preclude agglomeration in the fabrication of Fe3O4 nanoparticles with size between
20 and 30 nm and obtained a yield of over 80% [56]. Mazario et al. [57] fabricated
cobalt ferrite nanoparticles by electrochemical method. The relationship between
structure, composition, and magnetic characteristics has been studied as a function
of synthesis temperature. Temperature is an essential variable that has a direct rela-
tionship with cobalt alteration in the spinel structure. The CoFe2O4 was obtained
with a Fe: Co ratio of 2 at the greatest temperature; in fact, the proportion of inverse
of this sample is quite close to 100%. As a result, the structure so created was an
inverse spinel cobalt ferrite, with larger particles as the synthesis temperature rises
[57].
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2.9 Sonochemical Method

The sonochemical approach has been demonstrated to be an effective way to synthe-
size Fe3O4 and γ-Fe2O3FNPs [58, 59]. Bubbles are formed in the solvent medium
throughout ultrasonic irradiation and can successfully concentrate the diffuse energy
of ultrasound; when the bubble collapses, a large amount of energy is released, which
heats the contents of the bubble. This results in a temporary localized hot spot with
an equivalent temperature and pressure inside the bubbles of around 5000 K and
1000 bars, respectively, and heating and air conditioning rates of >1010 KS

−1. These
unusual circumstances allow access to a variety of chemical processes that are ordi-
narily unavailable [60]. The particle content predicted to be synthesized using the
sonochemical approach is equivalent to the content of the vapor in the bubbles, which
aids in NP purity control [44]. Various types of NPs, such as alloys, FNPs, carbides,
and catalysts, are widely synthesized using this approach. For example, air-stable
Fe3O4/Au [61], Fe3O4 [62–64], monodisperse non-aggregated Fe3O4@SiO2 [65],
γ-Fe2O3 [66], and Cu Fe2O4 [67] have all been synthesised using this technique. The
sonochemical approach was used to successfully produce NiFe2O4 NPs. Reversible
electrode reactions and significant charge transfer resistance were observed in the
NiFe2O4 electrode. For sensor experiments, theNPs canbe easily formed into a robust
electrode to monitor paracetamol oxidation and reduction. The electrode’s strong
conductivity in 0.1MHCl and low charge-transfer resistance were validated by elec-
trochemical impedance tests (Fig. 7). Thefindings indicate thatNiFe2O4 producedvia
sonochemistry is an excellent content for energy storage devices, batteries, sensors,
and organic dye degradation [68].

2.10 Thermal Decomposition

Hydrothermal [69–76], microwave [74, 77, 78], solvothermal [77, 79–82], mechan-
othermal [83, 84], and seed-hydrothermal [83] are just a few of the chemical tech-
niques that have been used to create the thermal chemical treatment formanufacturing
ferrite nanoparticles. Iron salts, such as iron nitrate nono-hydrated or iron chloride
Hexa-hydrated are utilized in each of these procedures. Salt is mixed in water or
another suitable solvent with help of magnetic stirring. The pH of the solution is
controlled between 7 and 12 based on the metal salt. The sample is poured in an
autoclave and heated for 12–24 h, then allowed to cool to room temperature naturally.
Purification or centrifugation is used to collect the solid, which is then cleaned and
driedovernight at 60 °C.Rather thandissolving, the precursor compounds are crushed
in a ball mill, using a similar mechanothermal processing mechanism. Metal oxide
(M2O3) with iron salt is used in the seed-hydrothermal process. The two compounds
are placed in an autoclave and heated according to the preceding process.
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Fig. 7 a 0.1 M HCl, b 0.1 M NaOH, c comparison of CV for NiFe2O4 electrode with and without
paracetamol in 0.1 M HCl and d 0.1 M NaOH cyclic voltammetry sensitivity for the NiFe2O4
electrode at various sensors concentrations [68]. Reprinted with permission from Elsevier

Adriana et al. [85] prepared Co-ferrite nanoparticles with the help of thermal
decomposition technique, oleate was used as a precursor. Figure 8a–c shows exem-
plary pictures of fabricated cobalt ferrite nanoparticles, demonstrating the develop-
ment of distinct nanoparticleswith limited size distribution and sizes of 12± 2 nm for
sample 2D, 14 ± 2 nm for sample 14D, and 14 ± 5 nm for sample 30D. The ageing
period of the iron-cobalt oleate precursor affects the crystallinity of the produced
nanoparticles. Magnetic properties are expected to be changed in the same way. The
results of the magnetic property are shown in Fig. 8d–f.

2.11 Microemulsion Method

Surfactant molecules stabilized, two thermodynamically isotropic and very immis-
cible type liquidsis often utilized in this technique. Polyoxyethylene ethers have
been used as a non-ionic surfactant, n-hexane as an oil phase, and n-butanol as a
co-surfactant, which have all been identified [86]. The synthesis variety of ferrite
nanoparticles by altering the kind of surfactant, co-surfactant, oil–water ratio, and
reaction conditions are one of the major benefits of the microemulsion synthesis
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Fig. 8 a–c TEM images and d–f Magnetization of cobalt ferrite nanoparticles [85]. Reprinted with
permission from Elsevier

process [87]. Another great benefit of the microemulsion process [88] is the ability
to adjust the size of the particles produced. Due to the sluggish nucleation rate at
low reaction temperatures, the NPs formed are sometimes less crystalline and more
polydispersed, which is a major disadvantage of this process [89].

Ali et al. [90] prepared Mg1−xCaxNiyFe2−yO4 by microemulsion technique and
annealed at 700 °C for 7 h. The synthesized samples had crystallite sizes ranging
from 29 to 45 nm (Fig. 9). As seen in Table 1, the saturation magnetization (Ms)
rises and subsequently falls, whereas the coercivity (Hc) increases constantly with
increasing dopant concentration.

A simple, efficient, and consistent microemulsion approach was used to deposit
magnetic monodisperse ferrite Ni1−xCoxFe2O4 nanostructures on the sidewall of
carbon nanotubes. The results showed that a considerable number of high purity
magnetic ferrite nanoparticles with sizes ranging from 15 to 25 nm were uniformly
adorned on the surface of carbon nanotubes. The Ni1−xCoxFe2O4/CNTs nanocom-
posites had a maximum saturation magnetization value of 44.21 emu/g. These
magnetic ferrite/CNT nanocomposites could be used in a variety of fields, including
biomedicine and electromagnetic devices [91].
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Fig. 9 a–b SEM and c HRTEM image of f Ni0.5Co0.5Fe2O4 nanoparticles coated CNTs [91].
Reprinted with permission from Elsevier

Table 1 Mg1−xCaxNiyFe2−y O4 nano-ferrites with distinct magnetic parameters [90]

Magnetic parameters x = 0
y = 0

x = 0.2
y = 0.4

x = 0.4
y = 0.8

x = 0.8
y = 1.2

Magnetization 9.84 24.99 20.44 19.89

Retentivity 1.32 3.65 3.83 3.79

Coercivity 94.44 98.97 136.32 153.08

R2 = (Mr/Ms) 0.13 0.14 0.18 0.19

Reprinted with permission from Elsevier



Synthesis Routes for Ferrites and Their Impact on the Properties of Ferrites 43

3 Synthetic Approaches Are Compared

The efficiency of ferrite nanoparticles is influenced by the synthesis methods, the
kind of precursor, and the solvent employed. Basically, diverse synthesis strate-
gies are frequently used with varying parameters; hence no well-recommended
synthesis method for ferrite nanoparticles has been identified. However, owing to
their observations, different researchers’ have different view points and perspec-
tives. When the sonochemical, thermal decomposition, sol–gel, and hydrothermal
synthesis approaches are compared, the hydrothermal method is proposed as the
best choice for ferrite nanoparticles synthesis. This is because of benefits such as
achieving desired shape and size, high crystallization, and homogeneous content
[92]. Therefore, the hydrothermal approach promotes particle agglomeration reduc-
tion and allows for the creation of particles with a restricted size distribution, phase
uniformity, and defined shape [44, 93]. According to Biswal et al. [94], the co-
precipitation method is found to bethe desired choice for manipulating the shape and
characteristics of ferrite nanoparticles when compared to the others techniques. In
comparison to other techniques, some researchers have praised sol–gel methods. For
example, Xu et al. [95] highlighted that the sol–gel approach has numerous advan-
tages over conventional manufacturing techniques for metal oxides, including good
uniformity, cheap price, and high purity. The bulk quantity synthesis of monodis-
persed ferrites nanoparticles at the boundary of water and toluene was reported using
a microwave-hydrothermal process under ideal circumstances, working with metal
chloride or nitrate salts and oleic acid as a dispersion agent [96]. These techniques are
also crucial for themonodisperse fabrication ofmetal ferrite nanoparticles with a size
distribution of 5–10 nm. In comparison to hydrothermal, co-precipitation, and sol–gel
procedures, Fajaroh et al. [54] claim that the electrochemical approach is preferred in
terms of simplymanipulating particle size bymodifying the applied electro-oxidation
current density or potential to the environment. However, it is problematic to iden-
tify one approach as the most optimal for ferrite nanoparticles manufacturing. The
target product plays a big role in deciding the method to use for ferrite nanoparticles
synthesis. Thermal decomposition method is suggested for shape and size-controlled
NPs, while coprecipitation is chosen owing to its simplicity. Microemulsion is also
recommended for monodispersed ferrite nanoparticles of diverse morphologies. The
good thing about the quick reaction time is increased selectivity, enhanced yield
percentage and softer reaction conditions make sonochemical and microwave irra-
diation emerging approaches. The findings indicate that nickel ferrite nanoparti-
cles produced via sonochemical is an excellent content for energy storage devices,
batteries, sensors, and organic dye degradation [68]. In comparative analysis to the
other previously mentioned conventional techniques, sonochemical and microwave
irradiation are different strategies that have been performed enormously today due to
green claims and advantages, includingless reaction times, mild process conditions,
maximum yields, enhanced selectivity [97]. In general, the researcher’s primary
concern should be the technique to be used, and the technique to be used is influ-
enced by the yield of NPs, their morphology, the operating circumstances, the size
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and form of the NPs, the time and expense of the experiment. Solvent and surfactants
choice, pH, and stirring rpm are all essential aspects. Another significant criterion
for the high-quality production of ferrite nanoparticles in the desired quantity might
be said to be the modification of the synthesis procedure. As a result, the benefits and
drawbacks of certain techniques would not just be a criterion for their usage, because
the technique’s goal could vary. In general, there is still a need for more research
into the cost-effective production of ferrite nanoparticles with regulated size and
form and that there is no universal or optimum approach for the synthesis of ferrite
nanoparticles.

4 Conclusions

Magnetic materials can be fabricated in nanoparticle form before being compacted
and sintered, allowing them to be used at higher frequencies. The size, structure,
microstructure, magnetic behavior, electrical conductivity, and other characteris-
tics of the desired product all influence by the ferrite synthesis method adopted.
One can prepare the desired product by carefully selecting a synthesis strategy and
maintaining the necessary circumstances. The qualities of ferrite are largely deter-
mined by the method and conditions used to prepare it. As a result, the purpose
of this research was to present various ways of producing nano-crystalline ferrites.
Furthermore, the microstructure aspects of the sample, such as grain size distribu-
tion, strain, and porosity of sample are highly dependent on the type of preparation
strategies employed and play a vital role in the sample’s magnetic properties, are
highlighted. The most frequently used synthesis fabrication with their advantages
and some limitations are also discussed.
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Effect of Substitution on the Electric
and Magnetic Properties of Ferrites

Harshal B. Desai and Ashish R. Tanna

Abstract This chapter summarizes the effect of monovalent, divalent, trivalent, and
tetravalent elements substitution on the electric and magnetic properties of spinel
ferrites. Due to the doping of different cations, drastic changes take place in the
properties of spinel structure. The spinel structure of the ferrite possesses insulating
properties at room temperature and magnetic due to the presence of iron in the
material. As well as the preparation method plays a crucial role to vary the physical
properties of ferrite, in the result, possibility to use these spinel ferrite materials in
a variety of applications. By changing the synthesis route of the magnetic ferrite
specimens, can be utilized as superparamagnetic materials for specific biomedical
applications. The temperature can affect the electrical properties as more than one
valence state of the ions in the interstitial sites of ferrite by hopping mechanism. The
various dopants modify the exchange interaction, spin canting, cation distribution,
Curie temperature, saturation magnetization, nuclear hyperfine field, ac resistivity,
dc resistivity, and many other properties of spinel ferrite materials.

Keywords Magnetic properties · Electrical properties · Spinel ferrites ·
Superparamagnetic

1 Introduction

Ferro-spinels are electrical insulators therefore there is very little charge transport
under the influence of the external electrical field. The electrical conductivity depends
on the product of the charge carrier density and the carrier mobility at finite fields
rather than independent values of these quantities. The electrons in solids conduct
electricity as well as heat. In fact, the thermal conductivity and electrical conductivity
are coupled since electrical conduction transports energy and thermal conduction
transports charge. The result gives rise to thermo-electricity. The magneto-transport
properties can give information on the carrier mobility and carrier density separately.
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For example, magneto-resistance helps to find out the carrier mobility and density
through Hall Effect. The electromagnetic transport properties are sensitive to the
grain microstructure. The microstructure of the ferrite is determined by a variety of
factors: rawmaterial quality, calcination temperature, high energymilling procedure,
and sintering regime. Moreover, the concentration of substitution and impurities
effectively regulates the densification process and the grain boundary properties and
thus their electric and magnetic properties. The spinel oxide with formula AB2O4

can have different metal cations at the place of A and B. If Fe3+ are represented as B
ions and any divalent cations M2+ as A ion, then the formula is M2+ Fe3+O4 and the
examples are: ZnFe2O4; NiFe2O4; CuFe2O4, etc. These are called ‘2–3’ spinels. If B
ion is any divalent ion and A any tetravalent ion the they are known as ‘2–4’ spinels,
for example, GeCo2O4, TiMgO4, etc. Likewise, there would be ‘6–1’spinels also, for
example, Na2WO4, Li2MoO4, etc. In the case of ‘2–3’spinel the degree of inversion
(fraction of divalent metal ion occupying B site) δ can be shown in the following
manner:

(
M2+

1− δM
3+
δ

)A[
M2+

δ M3+
2−δ

]B
O4 (1)

If the δ = 0 then, it is known as the “normal” spinel, and if δ = 1 then, it is known
as an “inverse” spinel. These are the two extreme cases. For example, ZnFe2O4 is
normal ferrite whereas NiFe2O4 is an inverse ferrite, but MgFe2O4 is a partially
inverse ferrite with δ ~ 0.9. The cation distribution depends upon various factors,
viz. electrostatic energy, anion polarization energy, crystal field stabilization energy
(CFSE), and magnetic ordering energy. The spinel ferrites allow a special kind of
magnetic order called ferrimagnetism [1]. There are two types of crystallographi-
cally in equivalent sublattices: A-site (tetrahedral site) and Octahedral site (B-site).
The ferrimagnetism occurs due to the antiparallel orientation of the two-sub lattice
magnetization MA and MB provided that the inter-sub lattice exchange interaction
(A–B exchange interaction) is antiferromagnetic. It was pointed out by Neel [2] that
the cations in spinel ferrites are separated by larger oxygen ions which practically
excludes a direct contact between the cation orbitals making any direct exchange
very weak instead of it, superexchange interaction appear i.e. indirect exchange via
oxygen p orbital that may be strong enough to order the magnetic moments. The
oxygen plays an important role, so, negative interaction can be obtained, viz. super
exchange, has been suggested by Kramers [3], Anderson [4], and Van Vleck [5]. It is
generally assumed that the interaction diminishes rapidly with an increase in metal
ions-oxygen ion distances. The dumbbell shape of the 2p orbital makes it a reason-
able assumption that the interaction for given ionic separation can be greatest when
the M–O–M angle is 180° and very small indeed when this angle is 90°. With these
two assumptions, it is concluded that the A-B interaction probably intermediates
between these two extremes [6]. Therefore, the cations substitution in the ferrites
plays a vital role to modulate the magnetic properties according to their need in tech-
nological applications. The spinel ferrites are good insulators of electricity at room
temperature [1] when without transition cations. This is due to a huge energy band
gap and this can be controlled by activation energies and electrical conductivity of
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doped elements. While cations are doped in the spinel ferrite materials energy levels
are modulated. Thus, the spinel oxides with 3dn elements in the A (tetrahedral) sites
can possess high resistivity. A similar type of behavior has been observed for pure
spinel ferrite systems i.e. zinc ferrite (ZnFe2O4), cadmium ferrite (CdFe2O4), and
lithium spinel ferrite (Li0.5Fe2.5O4). Hence, the rise in the electrical resistivity is due
to valence states generated by cations and disorders associatedwith the spinel oxides.
The known examples for this type of coexistence are divalent and trivalent iron or
cobalt ions in the octahedral sites. This causes the charge transfer and hopping of
electrons/holes or valency exchange in the ions of mixed spinel ferrites. The ferrites
are extremely useful electro-ceramics or electronicmaterials as they exhibit excellent
magnetization like ferromagnetic metals but at the same time, unlike ferromagnetic
metals, they possess very high electrical resistivity reducing the detrimental effect
of eddy currents. This outstanding combination of magnetic and electrical proper-
ties makes them excellent and indispensable magnetic materials for high-frequency
applications. The study of electrical conductivity provides the information about
conductionmechanismwhich is the important property of ferrites. On the other hand,
the dielectric constant of these materials is very high at low frequencies. The values
of dielectric constants are 105–104 for Mn–Zn, 104–100 for Cu–Zn, and 103–10 for
Ni–Zn ferrites within the frequency range from 100 Hz to 100 MHz. The dielectric
constant decrease with an increase in frequency [7]. The electrical and dielectric
properties of ferrites depend upon several factors i.e. the synthesis process, dopant
elements, grain size, and chemical composition. The polarization studies of ferrite
ceramics are understood and microscopically explained the theories by comparing
with the differentmaterials in the present scenario. Researchers have extended dielec-
tric theories further to understand the low-frequency dielectric properties of these
types of ceramic materials like ferrites. Also, the dielectric constant is dependent on
the average grain size of the specimens of similar compositions of polycrystalline
ferrites [8]. Ferrites have a different mechanism of conduction for semiconductors.
In a basic ferrite structure, the cations are surrounded by closely packed oxygen ions
and to the first impression can be treated as isolated, though there may be a little
overlap of the charge anion clouds. However, there is the transfer of electrons from
one ion to another ion with high probability, whenever the ions occasionally come
closer to each other under the presence of lattice vibrations. Among various spinel
ferrites, the Cu2+ ferrite has exciting physical properties, and it is distinguished from
the other ferrites due to structural phase transition under various conditions. This
result in a reduction in the crystal symmetry caused by the Jahn–Teller ion as well
as temperature dependency of Cu2+ spinels is crucial with the synthesis process of
the samples. The substitution of non-magnetic Al3+ in CuFe2O4 can lower the long-
range magnetic ordering and the other cations (Cr3+) can generate disorder in the
spinel ferrite material [9]. To understand the conduction mechanism for the present
case, Cu2+ substituted MnFe2O4 is taken into consideration.
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2 Effect of Substitution on Manganese Ferrite

The copper dopped manganese ferrite (Mn1−xCuxFe2O4 (x = 0.25, 0.5, 0.75, 1.0)
was synthesized by solid-state reaction. In this oxide precursor-like CuO, Fe2O3, and
MnCO3 powders were used. These powders were mixed and grinded well in an agate
mortar in stoichiometric proportion.

After the successfully sintering process, copper substituted manganese ferrite
was obtained. The electric, dielectric, and magnetic properties of copper substituted
manganese ferrite were investigated at room temperature and 77 K. It is evident from
Table 1 that Neel temperature increases with the increasing substitution of copper
ions. The Mössbauer spectroscopy supports the cations distribution deduced from
XRD and hence the electrical and magnetic properties are discussed by Tanna et al.
[10]. The conduction mechanism in ferrites is explained by Verway and De Boer
[11]. They proposed that electronic exchange among the same ions having different
valence states which are randomly distributed over equivalent crystallographic lattice
sites is the most apparent source of conduction in ferrites.

Most of the hopping part is impacted by the electronic exchange between Fe3+ and
Fe2+ ion pairs. Factors like sintering conditions and cation distribution are mainly
responsible for the increase or decrease of inter ionic distances in these ions’ pairs,
which further increase or decrease the conduction. For the present system, dc resis-
tivity at different temperatures is determined. Figure 1 shows the DC resistivity as a
function of temperature for all the samples which obeys thermally activated behavior
given as

ρdc = ρ0 exp

(
Eα

kT

)
(2)

where, ρ0 is the pre-exponential factor with the dimensions of �·cm·K−1, Ea is
the activation energy and k are the Boltzmann constant. It is observed that the DC
resistivity decreases with Cu2+ doping and the activation energy (Ea) increases which
is consistent with the AC resistivity results.

Table 1 DC Resistivity (ρdc), Transition Temperature (T) and Activation Energy (Ea) for the
Mn1−xCuxFe2O4ferrite system

X logρdc(� cm) (at 318 K) Transition temperature (T) K Activation energy (eV)

Ef Ep �E

0.00 7.901 593 0.561 0.584 0.023

0.25 7.617 603 0.592 0.603 0.011

0.50 7.452 623 0.621 0.670 0.049

0.75 7.833 630 0.674 0.698 0.024

1.00 7.882 648 0.676 0.713 0.037
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Fig. 1 Thermal variation of
dc resistivity of
Mn1−xCuxFe2O4 ferrite
system
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Figure 2a shows the room temperature variation of dielectric constant as a function
of frequency for Cu2+ doped manganese spinel ferrites. The dielectric constant was
observed to decrease with the increase in frequency. This behavior can be understood
with the use of Maxwell Wagner’s interfacial polarization model [12] and Koop’s
hypothesis [13]. The dielectric ceramics are considered to have heterogeneous struc-
ture that acts like a multilayer capacitor according to the presumption of these theo-
ries and models. This heterogeneous structure is composed of grain boundaries and
grains with low and high conductions, respectively. Due to this, at high frequencies,
the conductivity of grains is higher, while at lower frequencies grain boundaries
exhibit low conductivity [14]. If the voltage is applied then the drop occurs at grain
boundaries in a dielectric specimen and hence, there is a separation of mobile posi-
tively and negatively charged particles and an interfacial polarization starts building
up. The interfacial polarization may insist high value of dielectric constant at low
frequencies. As suggested by Novikova et al. [15] that in ferrites dielectric polar-
ization is a phenomenon like conduction. It is the electronic exchange between Fe3+

and Fe2+ ions resulting in the local displacement of electrons along the direction of
the external field which gives rise to polarization effects in ferrites. The observed
changes in dielectric constant i.e. first decreases with increase in frequency and then
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Fig. 2 a Variation of dielectric constant (ε′) with frequency. bVariation of loss tangent (tanδ) with
frequency for the Mn1−xCuxFe2O4 ferrite system. c Variation of ac resistivity (ρac) with frequency.
d Variation of complex dielectric constant (ε′′) with frequency for the Mn1−xCuxFe2O4 ferrite
system

remaining almost constant at very high frequencies is due to the lagging behind of
electronic exchange between Fe3+ and Fe2+ ions with the external field at such high
frequencies. It is clear from Fig. 2a that the dielectric constant increases with an
increase in Cu2+ concentration, while for x= 0.5 ferrite sample dielectric constant is
decreased. The reason for the observed variations in the dielectric constant is based
on the cation distributions and is explained by Tanna et al. [10] in detail. This type of
variation in dielectric constant due to the cationic migration is also explained earlier
by Saafan et al. [16] for other ferrites. The presence of Fe3+ ions in the B-site is
supposed to be responsible for a decrease or increase in the value of the dielectric
constant which in turn is responsible for the low or high resistivity or conductivity
in these ferrites. Figure 2b shows the variation of tangent loss tangent (tanδ) as a
function of frequency for all the samples at room temperature. It is observed that the
dielectric loss tangent is increased by Cu2+ doping while it decreases with frequency.
However, for x = 1.0 composition, it gives bell shape behavior.

ACconductivity for all five compositions is calculated using the following formula
from the dielectric data at room temperature over a frequency range (100Hz–1MHz).
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σAC = ε
′
ε0 · ω · tanδ (3)

where, σAC is AC conductivity and ε0 is the permittivity of free space, ε′ is the
dielectric constant. Using the following formula AC resistivity of the sample can be
found.

ρAC = 1

σAC
(4)

Variousmodels and theories exist in literature to explain theAC conductionmech-
anism in disordered solids like ferrites. Heikes and Johnston [17] suggested that it is
the hopping of electrons between two nearest sites in spinel lattice responsible for
AC conduction. The random transition of these charge carriers from one to another
site incorporates the disorderliness in such solids. The power-law relationship of AC
conductivity with frequency is given by the reported formula [18, 19]. It is observed
from Fig. 2c that AC resistivity decreases with Cu2+ doping. The reason for this
characteristic is the presence of a maximum fraction of Fe3+ ions for hopping at
the B site. The electron polaron hopping models can also account for this type of
variation in AC resistivity/conductivity. An attempt is made to calculate the polaron
radius (rp) using the following formula [20, 21].

rp = 1

2

[ π

6N

]1/3
(5)

whereN is the number of sites per unit volume= (96/a3). The calculated values of the
polaron radius are given in Table 2. It is observed that rp is decreased with an increase
in Cu2+ content. Also, rp is smaller than interionic distances. Hence, it confirms that
AC conductance is mainly dominated by the small polarons hopping. However, a
feeble decrease in AC conductivity at high frequencies for some compositions may
be due to mixed type polaron conduction i.e. small and large both.

Here, ε′′ (dielectric constant-imaginary part) can be calculated by using the
following relation and the variation with frequency is displayed as Fig. 2d. This
shows the same trend as ε′ and tanδ graphs.

Table 2 Dielectric constant, AC Resistivity and Polaron radius of ferrite system:Mn1−xCuxFe2O4

X Dielectric constant (ε′) Dielectric loss (tanδ) log ρac (� cm) Polaron radius (rp) Å

at 1 kHz

0.00 264 0.4719 7.161 0.7484

0.25 643 0.5362 6.719 0.7455

0.50 80 0.8945 7.399 0.7426

0.75 154 1.1168 7.033 0.7395

1.00 424 2.8618 6.173 0.7379
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Table 3 Saturation magnetization (σS), magneton number (ηB) and neel temperature (TN ) of
Mn1-xCuxFe2O4 ferrite system

X σS (emu/gm) nobsB μB nobsB μB TN (K)

RT 77 K RT 77 K Susceptibility DC
resistivity

0.00 60 81 5 2.48 3.35 580 593

0.25 51 65 4 2.13 2.71 600 603

0.50 40 50 3 1.68 2.10 610 623

0.75 28 35 2 1.19 1.49 615 630

1.00 16 20 1 0.69 0.86 625 648

ε
′′ = ε

′
tanδ (6)

Magnesium substituted manganese ferrite prepared by co-precipitation assisted
microwave method and magnetic properties were studied and found that as the Mg
content increased inMgxMn1−xFe2O4 ferrite, saturationmagnetization andcoercivity
decreased. The change in the value of saturation magnetization occurred because of
the discrepancy in the cation distribution at the tetrahedral site and octahedral site.
The magnesium content preferred the octahedral site more than the tetrahedral site.

The magnetic Mn2+ (5 μB) ions had a preference for both tetrahedral and octahe-
dral sites of the spinel lattice. The substitution of the nonmagnetic Mg2+ ions into the
octahedral sublattices instead of the highmagnetic nature ofMn2+ (5μB) ions led to a
decrease in the octahedral site’smagneticmomentwhen it comparedwith the tetrahe-
dral site’s magnetic moment [22]. Okasha et al. synthesized magnesium substituted
manganese ferrite by the simple and low-cost method. The γ-rays were incident on
magnesium substituted manganese ferrite using Co60 source. The magnetic proper-
ties of as-prepared magnesium substituted manganese ferrite and γ-rays irradiated
magnesium substitutedmanganese ferrite were investigated and found that saturation
magnetization and coercivity of γ-rays irradiated magnesium substituted manganese
ferrite was higher than the as-prepared magnesium substituted manganese ferrite.
This occurred due to the irradiation of γ-rays on the ferrite because of the regu-
lated growth of single-domain particles where the lack of domain walls produced the
magnetization process more complex [23]. Figure 3 shows the effect of the synthesis
method on the saturationmagnetization ofmagnesium substitutedmanganese ferrite.
Attia et al. [22] found that in the series of MgxMn1−xFe2O4 (x = 0.0, 0.3, 0.5, 0.7),
the saturation magnetization 29.8 emu/gm at x = 0.0 while Okasha et al. [23] found
that in the series of MgxMn1−xFe2O4 (x = 0.0, 0.15, 0.25), the saturation magneti-
zation 3.698 emu/gm at x = 0.0. It can be concluded that saturation magnetization
depends on the synthesis method. Gabal et al. [24] prepared aluminum substituted
manganese–zinc ferrites by citrate sol–gel auto-combustionmethod and themagnetic
properties were investigated. They found that with the increase in aluminum content
in manganese–zinc ferrite, saturation magnetization as well as coercivity decreased.
This happened because non-magneticAl3+ ions occupiedB-site by replacing the Fe3+
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Fig. 3 Effect of synthesis
method on saturation
magnetization of magnesium
substituted manganese ferrite
[22, 23]. Reprinted with
permission from Elsevier

ions which led to a decrease in the octahedral site’s magnetic moment when matched
with the tetrahedral site’s magnetic moment. Angadi et a. [25] prepared samarium–
gadolinium substituted manganese–zinc ferrite (Mn0.4Zn0.6Smx GdyFe2−(x+y)O4 (x
= y = 0.01–0.05, step size 0.1)) by combustion route and the magnetic properties
were investigated. They reported that the increase in samarium–gadolinium content
in manganese–zinc ferrite, resulted a decrease in saturation magnetization, and coer-
civity because of the presence of an efficiently uniaxial anisotropy in ferrite particle.
The Yafet-Kittle angle explained the degree of spin canting effect. The calculated
values of the Yafet-Kittle angle were varied between the angles 60 and 70°. The
values of Yafet-Kittle angle of the specimen with increasing Sm3+-Gd3+contents
was obtained to increase. This increase in Yafet-Kittle angle suggested that there
was an increasing tendency for triangular spin arrangement on the octahedral site
which resulted in a decrement of A–B exchange interaction [25]. Deraz et al. [26]
synthesized the specific sample Mn0.5Zn0.5Fe2O4 ferrite by an advanced combustion
route and magnetic properties were investigated. They observed the values of satu-
ration magnetization and coercivity as 85.78 emu/gm and 58 Oe respectively. They
synthesized MnFe2O4 and ZnFe2O4 by the same method and obtained the values
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of saturation magnetization as 67.18 emu/gm and 52 emu/gm respectively. They
reported that the value of saturation magnetization of Mn0.5Zn0.5Fe2O4 ferrite was
greater than the value of saturation magnetization of MnFe2O4 and ZnFe2O4 ferrites
[26].

3 Effect of Substitution on Magnesium Ferrite

Manikandan et al. [27] synthesized manganese substituted magnesium ferrites
(MnxMg1−xFe2O4, x = 0–0.5, step sized 0.1) by facile microwave-assisted combus-
tion method and investigated the magnetic properties. They reported that as Mn
content increased inMnxMg1−xFe2O4 ferites, saturationmagnetization increased and
coercivity decreased. The change in the value of saturation magnetization took place
because of the alteration in the cation distribution at the tetrahedral and octahedral
sites. The magnesium ferrite is a mixed spinel ferrite. The Mg2+ ion concentration at
the tetrahedral site was 12%, while the concentration of Mg2+ ion at the octahedral
site was 88% in the magnesium ferrite. The magnetic Mn2+ (5 μB) ions preferred
both tetrahedral and octahedral sites of the spinel ferrite. The substitution of the high
magneticMn2+ (5μB) ions into the octahedral site insteadofMg2+ ions led to an incre-
ment in themagneticmoment of the octahedral sitewhenmatchedwith the tetrahedral
site. Also, the Mn2+ ions’ occupancy in the tetrahedral site allowed the Fe3+ ions to
drift from the tetrahedral to octahedral site and voluntarily increases the net magnetic
moment [27]. Ghodake et al. [28] synthesized manganese substituted magnesium-
zinc ferrite (Zn0.4Mg0.6−xMnxFe2O4 (0 ≤ x ≤ 0.3)) by oxalate precursor chemical
method that with the increase in Mn substitution in Magnesium–Zinc ferrite, the
saturation magnetization, coercivity, and Bohr magneton increased. This happened
due to the fact that Mg2+ and Mn2+ both occupied A-site and B-site while Zn2+ ions
occupied in A-site. So, as Mn content increased in this system, magnetic moment
increased and hence saturation magnetization increased at 80 K. Electric properties
of Zn0.4Mg0.6−xMnxFe2O4 (0 ≤ x ≤ 0.3) were investigated at room temperature.
The increment in dc resistivity suggested that the formation of Fe2+ ions increased
the electron hopping between Fe2+ ⇔ Fe3+ [28].Manganese substitutedmagnesium–
zinc ferrite prepared by the glycine-nitrate auto combustion process in which nitrates
were used as oxidants and glycine was used as fuel. The magnetic properties of spec-
imens were investigated and found that as the Mn content increased in Mg–Mn–Zn
ferrite, the saturation magnetization increased. This happened due to the fact that
Mg2+ andMn2+ both occupied A-site and B-site while Zn2+ ions occupied A-site. So,
as Mn content increased in this system, magnetic moment increased and hence satu-
ration magnetization increased [29]. Chhaya et al. [30] reported the maximum value
of saturation magnetization in calcium substituted magnesium ferrite (76 emu/gm)
for Mg0.8Ca0.2Fe2O4 because the orthorhombic phase (Calcium ferrite) was present
with face-centered cubic phase. The calcium ferrite possessed antiferromagnetic
properties. In this system, a small fraction (20% in x = 0.35) of calcium ferrite was
covered by the strong ferrimagnetic face-centered cubic phase. As the content of
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calcium increased, the saturationmagnetic increased from x= 0.0 to x= 0.2 and then
saturation magnetization decreased. The electrical properties of calcium substituted
magnesium ferrite were also investigated and found that as calcium content increased
in magnesium ferrite, electrical conductivity decreased [30]. Iqbal et al. [31] synthe-
sized cobalt-chromium dopped magnesium ferrite (Mg1−xCoxCrxFe2−xO4 with x =
0.0−0.5) by polyethylene glycol assisted microemulsion method and then inves-
tigated the magnetic properties. They found that saturation magnetization of the
specimens increased as content of cobalt-chromium increased up to 0.3 followed
by a decrease in saturation magnetization for x greater than 0.3 In the magnesium
ferrite, the substitution of Co2+ and Cr3+ replaced Mg2+ and Fe3+ ions and thus
changed the magnetic properties. Substitution of Mg2+ ion by Co2+ ion enhanced
the magnetic moment of the octahedral site which led to an increment in the overall
magnetic moment. On the other hand, the substitution of Fe3+ (5 μB) by Cr3+ (3
μB) resulted a reduction of magnetization on the same site. Hence, the competition
between two ions at the octahedral site led to an increment in saturation magneti-
zation to a certain specimen level and started to reduce afterward. Electrical prop-
erties of cobalt-chromium substituted magnesium ferrite were also investigated and
found that room temperature resistivity increased as the contents of cobalt-chromium
increased in Mg1−xCoxCrxFe2−xO4 ferrites [31]. Thummer et al. [32] have synthe-
sized aluminum and chromium substituted magnesium ferrite MgAlxCrxFe(2−2x)O4

by double sinteringmethod and investigated themagnetic properties. They found that
initially, saturation magnetization increased as the content of aluminium–chromium
is increased from 0.0 to 0.2 and then decreased as the Al–Cr concentration further
increased. The magneton number variation with x was explained by invoking the
“canted” spin structure or Neel’s collinear structure. The canted spin structure was
stabled at lower temperatures and disappeared when approached to the Neel-type
collinear spin ordering at all temperatures. The canting angles were related to the
magnetic dilution by using the noncollinear spin models based on the molecular
field theory [32]. Tanna et al. [33] synthesized zinc substituted magnesium ferrite
(Mg1−xZnxFe2O4 (0 ≤ x ≤ 1.0, step size 0.1) and aluminum substituted magne-
sium–zinc ferrites (Mg0.6Zn0.4AlxFe2−xO4 (0 ≤ x ≤ 0.6, step size 0.1) by double
sintering solid-state reaction and found interesting behavior. The magnetic prop-
erties of zinc substituted magnesium ferrite were investigated and noticed that as
the content of Zn increased in Mg1−xZnxFe2O4 from x = 0.0 to 0.4, there was an
increment in saturation magnetization, and then for a higher value of x, saturation
magnetization decreased. The magnetic properties of aluminum substituted magne-
sium–zinc ferrites were investigated and found that as the content of Al increased
in Mg0.6Zn0.4AlxFe2−xO4 up to 0.1, saturation magnetization increased, and then for
higher values of x, saturation magnetization decreased. The discrepancy between
Neel’s moment and observed moment increase in Mg1−xZnxFe2O4 after x = 0.4
suggested the canted spin structure or non-collinear structure. The initial composi-
tion Mg0.6Zn0.4Fe2O4 of other system Mg0.6Zn0.4Fe2−xAlxO4 showed the onset of
canted spin structure. The electrical properties of Mg0.6Zn0.4Fe2-xAlxO4 were also
investigated and found that the valueof electrical resistivity increasedwith an increase
in Al-concentration. This occurred due to electron hopping between Fe2+ and Fe3+
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ions. This process was expected between the two adjoining octahedral sites in spinel
ferrite. Thus, the increment in the electrical resistivity with Al-substitution is due
to fact that Al3+ replaced the Fe3+ which diluted the conduction at octahedral sites
[33]. Farid et al. [34] synthesized Praseodymium substituted magnesium ferrite by
sol–gel auto combustion method. The magnetic properties of synthesized specimens
were investigated and found that saturationmagnetization depends on praseodymium
content in magnesium ferrite. This happened due to the fact that Mg2+ ions occu-
pied the A-site, but the Fe3+ ions were resided on A-site as well as B-site, while
praseodymium ions were occupied the B site because of large ionic radius than Fe3+

ions. So, there was a lesser probability of praseodymium ion resided on an A-site.
As praseodymium is a non-magnetic element, therefore, the net magnetic moment of
the B site was less than the magnetic moments of the A site. This was the main cause
for the decrement of magnetization at the octahedral site. The decrement in satura-
tion magnetization may be due to the migration of Fe3+ ions from octahedral site to
tetrahedral site. The electrical properties of praseodymium substituted magnesium
ferrite were also investigated and found that (i) at room temperature, the dc resistivity
increased as praseodymium content increased inmagnesium ferrite (ii) as the temper-
ature increased, the dc resistivity decreased. This happened due to the hopping of
electrons (negative charge carriers) from Fe2+ to Fe3+, the transfer of holes (positive
charge carriers) and Mg1+ to Mg2+ were accountable for the conduction mechanism
in ferrites [34]. Deraz [35] has prepared Mg0.5Mn0.5Fe2O4 ferrite by the sol–gel
auto-combustion method and reported the values of saturation magnetization and
coercivity as 47.78 emu/gm and 93.36 Oe respectively.

4 Effect of Substitution on Magnesium–Manganese Mixed
Ferrite

Lwin et al. [36] have synthesized magnesium–manganese mixed ferrite by solution
combustion method by varying the pH values of solutions and magnetic properties
were investigated. They observed that the value of saturation magnetization of the
specimen (pH < 1) was higher than the specimens synthesized with pH variation.
This happened owing to the porosity, crystal structure, and density of synthesized
ferrite specimens. When the specimen was sintered, ammonium hydroxide vapor-
ized and the gases were entrapped inside the specimen, therefore the porosity of the
specimen increased which led to a decrease in the saturation magnetization [36].
Kumar et al. [37] prepared gadolinium substituted magnesium–manganese ferrite
(Mg0.9Mn0.1GdxFe2−xO4, x = 0.0, 0.1, 0.2, 0.3) by self-ignited solution combus-
tion technique and electrical properties were investigated. They found that as the Gd
content increased in Mg–Mn ferrite, dc resistivity increased. Electronic conduc-
tion in ferrite specimen was occurred due to the hopping of electrons between
ions of the same transition elements present in more than one valence state which
were distributed randomly over crystallographically equivalent lattice sites [37].
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Lakshman et al. [38] prepared indium substituted magnesium–manganese ferrite
(Mg0.9Mn0.1InxFe2−xO4 (0.1 ≤ x ≤ 0.9)) and chromium substituted magnesium–
manganese ferrite (Mg0.9Mn0.1CryFe2−yO4 (0.1≤ y≤ 0.9)) by conventional ceramic
technique and the electrical properties of indium substituted magnesium–manganese
ferrite and chromium substituted magnesium–manganese ferrite were investigated.
They reported that the changes in resistivity can be described by Verwey’s hopping
mechanism. According to this mechanism, the conduction of electrons in spinel
ferrites was occurred due to the hopping of electrons between ions of the same tran-
sition element (Fe3+ ↔ Fe2+) present in more than one valence state which was
distributed randomly over crystallographically equivalent lattice sites. As the content
of manganese was very low in the synthesized specimens, the total contribution to
the hopping mechanism due to Mn3+ ↔ Mn2+ can be neglected. Though indium
(diamagnetic ion) and chromium (paramagnetic ion) ions did not play a role in the
conduction mechanism, they influenced the reduction of the number of Fe3+ ions
according to their privileged site occupancy. As the content of indium or chromium
ions increased, theFe content gradually decreased. Therefore the hoppingmechanism
between Fe3+ ↔ Fe2+ get weakenwhich resulted an increase in resistivity [38]. Tsay
et al. [39] prepared aluminum and indium substitutedMagnesium–Manganese ferrite
(Mg0.9Mn0.1Fe2O4,Mg0.9Mn0.1Al0.1Fe1.9O4, andMg0.9Mn0.1In0.1Fe1.9O4) bymixed-
oxide solid-state reaction method and magnetic properties were investigated. They
found that saturationmagnetization andCurie temperature ofMg0.9Mn0.1In0.1Fe1.9O4

had maximum values. This happened due to the variation in the magnetic moments
of the tetrahedral and octahedral sublattices, which depend on their cation distribu-
tions in the Al3+ and In3+ dopped magnesium–manganese ferrite. It was a known
fact that In3+ ions favorably occupied the tetrahedral site at low concentration, thus
increased the ratio of Fe3+(B) to Fe3+(A) such that the total magnetic moment
and saturation magnetization increased. But aluminum ions occupied the B sites,
therefore decreased the ratio of Fe3+(B) to Fe3+(A) such that the net magnetic
moment and saturation magnetization were decreased. The electrical properties
were investigated for all synthesized specimens and found that the electrical resis-
tivity of Mg0.9Mn0.1In0.1Fe1.9O4 had maximum value. Therefore, the dielectric loss
of Mg0.9Mn0.1In0.1Fe1.9O4 was minimum. So, concluded that it can be used in
microwave applications [39].Manouchehri et al. [40] prepared aluminum substituted
magnesium–manganese ferrite by co-precipitationmethod, and the magnetic proper-
ties were investigated. They reported that replacement of aluminum ions (with 0 μB)
instead of Fe3+ ions (with 5 μB magnetic moments) led to a reduced magnetization
of the octahedral site compared to the tetrahedral site. Consequently, in compliance
with Neel’s two sublattice models of ferrimagnetism, the net moment reduced. The
saturationmagnetization (Ms) was increased up to x = 0.1 inMg0.8Mn0.2AlxFe2−xO4

ferrites and then decreased with Al content. This variation was explained on the basis
of three sublattice models suggested by Yafet and Kittle. For aluminum content
0.1, magnetization increased due to a decrease in canting angle between moments
in octahedral sites because of decrement in the negative B–B interaction. This
decrement led to improve the parallelism of moments in the octahedral site. As
the Al3+content increased in B-site, Fe3+ content decreased. Aluminum does not
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play a role in the exchange interaction to the adjacent neighbor ions, the magne-
tization of the octahedral site decreased and so the net saturation magnetization
decreased [40]. Kumar et al. synthesized cobalt substituted magnesium-manganese
ferrite by solution combustion technique and the electrical properties were inves-
tigated. They observed that the resistivity of all the samples was decreased with
increased temperature. As the temperature increase, the drift mobility of the charge
carrier increased, and they participated in the conduction process. Also, as the cobalt
content increased, the variation in dc resistivity was observed due to Verwey’s
hopping mechanism [41]. Kumar et al. [42] prepared cobalt substituted Mg–Mn–
Al ferrites (Mg0.9Mn0.1Al0.3CoxFe1.7−xO4, x = 0.3, 0.5, 0.7) by the citrate precursor
technique. The electrical and magnetic properties of cobalt substituted Mg–Mn–Al
ferrites were studied and observed that the electrical resistivity was enhanced as the
increased substitution of cobalt in Mg–Mn–Al ferrite. This happened because cobalt
ions resided mostly on octahedral sites. Therefore, the cobalt ions impeded elec-
tron exchange between divalent and trivalent iron ions on octahedral sites, causing
a greater value of resistivity. Saturation magnetization was observed to increase
with the increment in cobalt content. This happened because cobalt ions gave the
large induced anisotropy due to relatively high orbital contribution to the magnetic
moment [42]. Jasrotia et al. [43] prepared silver substituted magnesium–manganese
ferrites (Mg1−yMnyAgxFe2−xO4; y= 0.1–0.5, step size 0.1 and x = 0.0–0.4, step size
0.1) by sol–gel method and magnetic properties were investigated. They found that
Mg0.6Mn0.4Ag0.3Fe1.7O4 ferrite had the highest value of saturation magnetization
and coercivity. The reason for this is that silver ions entered the A-site (tetrahedral
site) and replaced Fe3+ ions due to which magnetization of tetrahedral sub-lattice
decreased. Though, a decrease in saturation magnetization for silver content 0.4 is
due to the occupancy of the B site by some of the silver ions due to which it decreased
the magnetization at the B site to a small extent and hence an overall magnetization
decreased. The variation of saturation magnetization as a function of the applied
magnetic field indicated that a small substitution of silver ions made the strength-
ening of the exchange interaction in the Mg–Mn ferrite [43]. Somnath et al. [44]
prepared a series of neodymium substituted magnesium-manganese ferrite powder
(Mg0.9Mn0.1NdxFe2−xO4 (x = 0.1, 0.2, 0.3)) by solution combustion method, and
the magnetic properties were investigated. They observed a decrement in saturation
magnetization as an increment in substitution of neodymium ions in magnesium-
manganese ferrite. This happened due to superexchange interaction. The exchange
interaction occurred by the involvement of oxygen ‘anions’ which was known as
super-exchange interaction in the ferrite. The magnetic ions occupied (A) and (B)
sites in the ferrite, so three possible super-exchange interactions occurred:A–Asuper-
exchange interaction, B–B super-exchange interaction, and A–B super-exchange
interaction. A–B super-exchange interaction heavily predominated over A–A super-
exchange and B–B super-exchange interactions. A–B super-exchange interaction
aligns all magnetic spins at A-site in one direction and those magnetic spins at B-site
align in opposite direction thus constituted two saturated and magnetized sublattices
at 0 K. Net magnetization of the lattice was the difference between the magnetization
of the B and A sublattices. Since neodymium ions were replaced by the ferric ions



Effect of Substitution on the Electric and Magnetic Properties of Ferrites 63

at the octahedral site and due to the smaller magnetic moment of neodymium ions
as compared to ferric ions, the magnetization at the octahedral site decreased, and
hence netmagnetization decreased [44].Vermaet al. [45] prepared indiumsubstituted
magnesium-manganese-nickel ferrite (Mg0.2Mn0.5Ni0.3InxFe2−xO4, x= 0.1, 0.2, 0.3)
synthesized by the citrate precursor technique and magnetic properties were inves-
tigated. They found that as the indium content increased in magnesium-manganese-
nickel ferrite, saturationmagnetization decreased because indium is diamagnetic and
initially, its ions migrated to A-sites. Mg0.2Mn0.5Ni0.3Fe2O4 spinel ferrite on doped
with indium ions, Fe3+(A)–O–Fe3+(B) was replaced by In3+(A)–O–Fe3+(B). Due to
this replacement, the magnetic moment at the tetrahedral sites decreased and thus the
net magnetic moment increased. The substitution of indium ions in place of ferric
ions into A sites and the presence of nickel ions at B sites diluted both the A and
B sublattices simultaneously. They reported that, saturation magnetizations should
increase up to indium content 0.1 due to the smaller dilution of ferric ions at the
B-site. The substitution of indium ions created an increasing distortion in the iron
environment due to the next nearby neighbor effect, a distortion that reduced elec-
tronic symmetry. However, they observed a decrement in saturation magnetization
when indium ions concentration increased from x = 0.0 to 0.1 [45].

5 Effect of Substitution on Cobalt Ferrite

Tanna et al. [46] prepared manganese substituted cobalt ferrite MnxCo1−xFe2O4 (x
= 0–1.0 step size 0.1) by chemical co-precipitation method and magnetic properties
were investigated. They found that as Mn substitution increased, saturation magneti-
zation increased. This happened due to either existence of spin canting: Y–K type of
spiral type or deviation from spin only values of Mn2+ 5.0 μB and Fe3+ due to some
spin disorder or valence fluctuations inMn2+ and Fe3+ [46]. Panda et al. [47] prepared
bismuth substituted cobalt ferrite (CoFe2−xBixO4, x = 0.00, 0.05, 0.1, 0.15) by auto-
combustion technique. The electric and magnetic properties of Bi substituted cobalt
ferrite were investigated. They observed an enhancement of saturation magnetiza-
tion and reduction in coercivity as an increment in Bi substitution in cobalt ferrite.
Also, reported that the dc resistivity increased with the increase in Bi substitution
in cobalt ferrite. Cobalt occupied the B site in inverse spinel whereas it occupied
the A site and B site in partial inverse spinel. As bismuth substitution in the cobalt
ferrite brought regulated particle growth, therefore, cobalt ions migrated towards
the B site with increment in bismuth content which led to an increase in satura-
tion magnetization. The magnetic moment of the octahedral site increased and the
tetrahedral site decreased, so the net magnetization increased [47]. Amaliya et al.
[48] prepared titanium substituted cobalt ferrite by sol–gel method and the magnetic
properties were investigated. They found that as the titanium content increased in
cobalt ferrite, saturation magnetization increased. Generally, Ti4+ preferred octa-
hedral site occupation in ferrite, the magnetic moment of that site reduced and so
net magnetic moment M = MB–MA decreased. The substitution of Ti4+ ions in
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cobalt ferrite has increased the saturation magnetization. The electrical properties
of synthesized specimens were also investigated and found that as titanium content
increased in cobalt ferrite, conductivity decreased. The titanium has valency (+4)
and it did not play a role in super-exchange interaction. Electron or hole interac-
tion occurred only between ions of the same transition element which has multiple
valences. So, decrement in cobalt concentration and increment in Ti4+ concentra-
tion affected super-exchange interaction and as a result, conductivity decreased [48].
Pandit et al. [49] prepared aluminum substituted cobalt ferrite (CoAlxFe2−xO4 (0.0
≤ x ≤ 0.8, step size 0.2)) by standard solid-state reaction method and magnetic
properties were investigated. They found that as the aluminum content increased in
cobalt ferrite, saturation magnetization decreased. This happened due to Al3+ being
occupied in the octahedral site which meant Fe3+ was replaced by non-magnetic
Al3+ which led to a decrease in the magnetic moment of the octahedral site when
matched with the tetrahedral site. The measurements of dc conductivity of aluminum
substituted cobalt ferrite were also carried out and found that dc conductivity was
enhanced with increment in temperature and showed the semiconducting behavior of
aluminum substituted cobalt ferrite. This happened due to the exchange of electrons
among the same transition element having different valences, which were randomly
distributed over equivalent crystallographic lattice sites. Most of the conductive part
was mostly provided by the electron hopping between Fe3+ and Fe2+ ion pairs. The
increment or decrement in dc conductivity was dependent on the concentration of
charge carriers at B-sites [49]. Kadam et al. [50] prepared dysprosium substituted
nickel–cobalt ferrite (Ni0.8Co0.2Fe2−xDyxO4 (0.0 ≤ x ≤ 0.1, step size 0.0252)) by
standard ceramic technique, and the magnetic properties were investigated. They
found that as the content of dysprosium increased in nickel–cobalt ferrite, satura-
tion magnetization decreased. This happened due to Dy3+ occupied in B-site which
meant Fe3+ was replaced by magnetic Dy3+ which led to a decrease in the magnetic
moment of the octahedral site when compared with the tetrahedral site. Electrical
properties of dysprosium substituted nickel–cobalt ferrite were also investigated and
found that the resistivity decreased with increasing temperature due to the increment
in the drift mobility of charge carriers which were thermally activated according to
the hopping conductionmechanism. The electrical resistivity changedwith the cation
distribution in the Ni0.8Co0.2Fe2−xDyxO4 ferrites. The variation of dc resistivity with
temperature confirmed the semi-conducting nature of the sample [50]. Dabagh et al.
[51] have synthesized Co1−xCuxFe2−xAlxO4, (0 ≤ x ≤ 0.8) by co-precipitation
method and the magnetic properties of was investigated. They found that as copper–
aluminum content increased in cobalt ferrite, saturation magnetization decreased.
This happened due to the substitution by non-magnetic Cu2+ and Al3+ ions. As the
content of Cu2+ and Al3+ increased, the magnetic moment of the A-site and B-site
decreased, owing to which the net magnetization decreased [51]. Hashim et al. [52]
prepared cerium and dysprosium in cobalt ferrite (CoCexDyxFe2−2xO4 (0.0 ≤ x≤
0.05, step size 0.01)) by auto combustion method and the magnetic properties was
investigated. They found that with the increment of cerium and dysprosium content
in cobalt ferrite, saturation magnetization decreased. Normally, rare-earth (RE) ions
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were preferred to occupy the octahedral B site. As per the magnetic moment of tran-
sition and rare earth elements, the magnetization value can be increased by doping
them into the cobalt ferrites. But the saturationmagnetization value decreasedwith an
increase in dopant concentration because the presence of dysprosium ions resulted in
weak super-exchange interactions in specimens. Other matters which were consid-
ered are spin–orbit coupling and 3d–4f coupling. The spin–orbit coupling effect
dominated in rare-earth ions [52].

6 Effect of Substitution on Lithium Ferrite

Fu et al. [53] synthesized Li0.5Fe2.5−xMgxO4-δ (0 ≤ x ≤ 1) ferrite system by stan-
dard ceramic method and magnetic properties were investigated. They found that as
magnesium content increased in lithium ferrite, magnetization decreased. In the case
of Mg2+-substituted lithium ferrite, Li+ substitution for Fe3+ ions at the tetrahedral
site led to decrement in the tetrahedral site sublattice magnetization. The Fe3+ ions
were substituted by non-magnetic Li+ andMg2+ ions, which led to a decrement in the
octahedral site sublattice magnetization. Therefore, the magnetization of tetrahedral
and octahedral sublattices decreased. The decrement of the octahedral site magneti-
zation was stronger than one of the tetrahedral sites, which led to a decrease in the net
magnetization. The electric properties of magnesium substitute lithium ferrite were
also investigated and found that as magnesium content increased in lithium ferrite,
electrical conductivity decreased. This happened due to the substitution of magne-
sium ions for Fe3+ ions, Fe3+ decreased inmagnesium substituted lithium ferrite. Fe3+

ions were partially reduced to Fe2+ ions in lithium ferrite due to the high-temperature
sintering. The content of Fe2+ ions was decreased with increased magnesium ions
substituted for Fe3+ ions. With an increment in the Mg-substituted content, the elec-
trical conductivity was decreased. The Mg2+ substituted for Fe3+ may restrain the
content of Fe2+ in lithium ferrite [53]. Simultaneous substitution of 1+, 2+, and 3+
cations in spinel ferrites showed fascinating behavior. Baldha et al. [54] synthesized
aluminum-magnesium substituted lithium ferrite (MgxAl2xLi0.5(1−x)Fe2.5(1−x)O4 (0.0
≤ x ≤ 0.5, step size 0.1)) by double sintering ceramic technique and investigated
magnetic properties at various temperature ranges i.e. 77 and 300 K. It has been
observed that saturation magnetization decreased due to increase in magnesium and
aluminum content in lithium ferrite. This happened in the synthesized specimens
due to Li+ substitution for Fe3+ ions at the tetrahedral site, which led to a decre-
ment in the tetrahedral site sublattice magnetization. The Fe3+ ions were replaced by
non-magnetic lithium, aluminum, and magnesium ions, which led to a decrement in
the octahedral site sublattice magnetization. Hence, the magnetization of tetrahedral
and octahedral sublattices decreased. The decrement in the octahedral site magne-
tization was stronger than the tetrahedral sites, which led to a decrease in the net
magnetization [54].



66 H. B. Desai and A. R. Tanna

7 Effect of Substitution on Nickel Ferrite

Kambale et al. [55] synthesized cobalt substituted nickel ferrite with a chemical
formulaNi(1−x)CoxFe2O4 by ceramic technique andmagnetic properties of this series
were investigated. They found that the saturation magnetization and Bohr magneton
increased with cobalt content in the NiFe2O4 system. This happened due to the
replacement of Ni2+ ions by Co2+ ions on the B site. The magnetic moment per ion
for Co2+ ions (3μB)wasmore than that for Ni2+ ions (2μB). Therefore, the increment
inCo2+ substitution on the octahedral sites resulted in an increasingmagneticmoment
andmagnetization enhanced. The electrical properties of synthesized specimenswere
also investigated and found that theDC resistivity decreasedwith the increased cobalt
concentration. The decrement in DC resistivity happened to the changes in cation
distribution, formation of excess Fe2+ ions, and the difference in the ionic size of
the cations. Due to the higher ionic size of Co2+ as compared to Ni2+ and Fe3+, its
addition distorted the ferrite lattice. The distortions can affect the motion of charge
carriers caused by changes in resistivity [55]. The sol–gel auto-combustion method
was used to prepare Co3+ substituted NiFe2O4 [56] by Saffari et al. and magnetic
properties were investigated. They found that the saturation magnetization decreased
with the increase in cobalt substitution in nickel ferrite. This is because at the initial
substitution, a fraction of Co2+ ions preferred to occupy the tetrahedral sites, which
slightly reduced the magnetic moment of the magnetic ions in tetrahedral sites.
With increment in Co3+ ions (x > 0.1), they were occupied both tetrahedral sites
and octahedral sites, which led to a greater reduction in the magnetic moment of
octahedral sites than in that of tetrahedral sites. At the initial Co substitution, the
Co3+ ions of a low magnetic moment (4 μB) substituted for Fe3+ with a magnetic
moment of 5 μB in tetrahedral sites led to a slight increase in net magnetization due
to the decrease in the tetrahedral site sub-lattice magnetization. In the substitution
range of x > 0.1, the Fe3+ ions of a high magnetic moment (5 μB) were replaced
with Co3+ ions with low magnetic moment values (4 μB) in both tetrahedral and
octahedral sites and led to a slight decrease at the sub-lattice magnetization at the
tetrahedral and octahedral sites. This led to a decrease in net magnetization [56].
Figure 4 shows the effect of Co2+ and Co3+ on the saturation magnetization of cobalt
substituted nickel ferrite. Kamble et al. [55] substituted Co2+ in the nickel ferrite
while Saffari et al. [56] substituted Co3+ in nickel ferrite. As the content of Co2+

increased in nickel ferrite, saturation magnetization increased while the content of
Co3+ increased in nickel ferrite, saturation magnetization decreased.

Patil et al. [57] prepared copper substituted nickel ferrite by standard double
sintering ceramic technique. The saturation magnetization was increased with Cu
content in Ni1−xCuxFe2O4 spinel ferrite. This happened due to a part of copper ions
replaced nickel ions and occupied A site while displaced Fe3+ ions from A site to B
site, increased the content of Fe3+ ions in octahedral site, which in turn increased the
magnetization in theB site and therefore the netmagnetization of the ferrite increased.
Cu2+ led to improvement in the lattice distortion because Cu2+ behaved like a Jahn–
Teller ion, which can create a large strain in the spinel ferrite, hence, assuming to
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Fig. 4 Effect of Co2+ and
Co3+ on the saturation
magnetization of nickel
ferrite [55, 56] (Reprinted
with permission from
Elsevier)

increase the magnetic properties of this spinel ferrite system. As well as temperature-
dependent electrical resistivitywas decreased due toCu2+ content inNi1−xCuxFe2O4.
This happened due to the increase in the thermally triggered drift mobility of charge
carriers by the hopping conduction mechanism. In the hopping process, the carrier
mobility depended on temperature and was characterized by activation energy. In the
case of ferrites, electron hopping between Fe2+ and Fe3+ and hole hopping between
Ni3+ to Ni2+ and Cu2+ to Cu+ ions in octahedral sites with an activation energy
≈0.2 eV was responsible for electrical conduction in bulk Ni1−xCuxFe2O4 ferrite.
The resistivity and activation energy decreased with increasing copper content. The
decrement in resistivity ascribed as the ionic radius of copper (0.72 Å) wasmore than
the nickel (0.69 Å) in the copper substituted nickel ferrites. Here, a small amount of
Cu2+ occupied theA sites displaced Fe3+ ions from there to the B sites. This increased
in the Fe3+ ions in the B sites increased the number of Fe2+ and Fe3+ pairs in B sites,
which increased the conductivity of ferrites. Thus, the conductivity was raised by
the substitution of the copper content in this spinel system [57].

8 Conclusion

In Conclusion, the substitution of various cations affects the structural, electrical,
and magnetic properties of spinel ferrites. As the spinel ferrite is an insulator and
doping of various 1+, 2+ and 3+ cations into their interstitial sites can alter the proper-
ties. The simultaneous introduction of nonmagnetic and magnetic ions in the ferrites
can change the cation distribution, exchange interaction, nuclear hyperfine field,
Curie temperature, spin canting, electrical and dielectric properties of the magnetic
oxides. The selective magnetic dilution of either site leads to a non-collinear spin
structure. Due to some substitution, there may chance of tetragonal distortion of
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cubic spinel ferrites. This interesting behavior can be utilized in many sensor appli-
cations. Nonmagnetic doping can raise the possibility of ferrites to use in high-
frequency devices. The preparation methods equally play a vital role to modulate
the properties of ferrite and hence their applications. By reducing the grain size
nanomagnetic ferrites can be produced which are used in biomedical applications.
The superparamagnetic behavior of the nano-sized ferrites can be very useful for the
hyperthermia process. Nanoferrites can also utilize in waste-water treatment. Alto-
gether, substitution in the spinel ferrites can achieve the choice applications of the
prepared materials.
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Substitution Consequences on Electric
and Magnetic Behaviour of Nanoferrites

Meenakshi Dhiman, Balwinder Kaur, Shikha Rana, and Baljinder Kaur

Abstract Although ferrites in bulk as well as in nano dimensions have been exten-
sively studied for more than five decades, still the subject always offers novelty with
abundance of potential to be explored and utilized. To understand the behaviour of
dopants, scope of enhancement and to achieve desired properties, an attempt has been
made to collate various existing theories and understanding of basic and advanced
mechanisms. Furthermore, an intensively studied review on the results as reported
by many researchers is presented here to assist the readers in assessing the already
studied, differently doped ferrites for their magnetic and electrical properties.

Keywords Ferrites · Dielectric constant · Saturation magnetization

1 Introduction

The word “ferrite” is borrowed from “ferrum”, a latin dictionary word which
meant iron. Nanoferrite is a class ofmetal oxide with cubic crystalline arrangement
according to the formula MeO·Fe2O3, where Me is a divalent metal ion [1]. These
dopants in various concentrations when introduced by replacing metal ions, produce
engineered nanoferrites with specific characteristics. Interestingly, these properties
have been found to be closely associated and influencing the magnetic and elec-
tric behaviours upon substitution with the suitable metals. Apart from electric and
magnetic alterations, these materials exhibit interesting dielectric properties giving

M. Dhiman (B)
Department of Applied Sciences, Chitkara University, Punjab, India
e-mail: meenakshi.dhiman@chitkara.edu.in

B. Kaur
Government Degree College, R S Pura, Jammu, India

S. Rana
Himachal Pradesh University, Shimla, India

B. Kaur
Wazir Ram Singh, Government College, Dehri, Kangra, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
G. K. Bhargava et al. (eds.), Ferrites and Multiferroics, Engineering Materials,
https://doi.org/10.1007/978-981-16-7454-9_4

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7454-9_4&domain=pdf
mailto:meenakshi.dhiman@chitkara.edu.in
https://doi.org/10.1007/978-981-16-7454-9_4


72 M. Dhiman et al.

them a favour in comparison to pure transition metal compounds in various tech-
niques. Magnetite with Fe2+Fe3+O4 (FeO·Fe2O3) structure is a typical found nano-
ferrite. In 1909, Hilpert made a first lab made ferrite by a chemical way and later
after 1940 various synthesis techniques were developed to control ferrite structure.
Snoek and Philips laboratory prepared first economical ferrites and still possessed
colossal market share [2]. Afterwards, J. L. Snoek, Kato and Takei organized delib-
erate studies on industrial uses of ferrites [3]. Later, a few research articles were
also published by Snoek and Neel considering basic understanding of structural and
ferromagnetic properties [4, 5], focussing on theoretical explanations. These research
papers open up the comprehensive analysis in the applicative fields of ferrites to till
date.

2 Classification of Ferrites

2.1 Magnetic Classification: Soft and Hard Ferrites

Nanoferrites are distinguished according to their magnetic behaviour as soft and hard
nanoferrite. The first class of nanoferrite has high permeability and does not retain
countable applied magnetic field however the second class is known for sustained
magnetic properties and its flux—multiplication behaviour has increased its applica-
tions areas in sensing devices andmedical fields. According to internal arrangements
of the ions, first group of nanoferrites has cubic inverse spinel structure with a homo-
geneous arrangement of iron and divalent ions in oxygen lattice as like in the case of
Ni–Zn and Mn–Zn ferrites. The second group of nanoferrites possessed permanent
magnetismwith high coercive field values and generallyM-type nanoferrites possess
magnetoplumbite arrangement of iron and divalent ions.

2.2 Structural Classification of Ferrites

Researchers classified nanoferrites according to the arrangement of iron and divalent
ions positioning in the structure and divided them generally in four major groups: (I)
hexagonal, (II) spinel, (III) garnet and (IV) orthoferrite (Table 1).

However, the focus of this chapter is on the study of spinel ferrites related domains
only.

Spinel ferrites (Cubic ferrite with inverse spinel structure)

Nanoferrites have typical ferrite structure i.e., FeO·Fe2O3 and Spinel ferrite is the
most commonly investigated class of nanoferrite due to its easy synthesis techniques
and diversified applications. The nanoferrite spinel arrangement is similar to the
composition of mineral spinel having cubic arrangement of iron oxide and metal
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Table 1 Structural classification of ferrites

Type Structure General formula Example

Spinal Cubic MFe2O4 M = Mn, Cu, Li, Mg, Ni, Zn, Cd etc.

Garnet Cubic Ln3Fe5O12 M = HO, Y, Sm, Gd, Ho, Er etc.

Magnetoplumbite Hexagonal MFe12O19 M = Ba, Sr

Ortho-ferrites Pervoskite LnFeO3 Ln = Same as in garnet

oxide structures. In this spinel arrangement, as suggested byBragg [6] andNishikawa
[7], the unit cell has 8 molecules of ferrites. The spinel structure has fcc arrange-
ment of oxygen ions in which metal ions are situated at the interstitial sites. The
structure has two types of sites according to coordination number i.e., tetrahedral
and octahedral sites, also named as A site and B site respectively [8]. In the inverse
spinel nanoferrites, the divalent sites occupy octahedral sites and tetrahedral sites
are equally occupied by trivalent ions. Generally, Ni and Co doped ferrites have this
type of structure which leads to their net magnetization and ferromagnetic nature.
Commonly employed ferrites in various fields are mixed spinel structured, which
provides excellent electrical and magnetic characteristics to them.

3 Magnetic Interactions

It is well known that the conductivity [9] and themagnetic properties of ferrimagnetic
oxides are governed by the Fe–Fe interaction (spin coupling of the 3d electrons). By
introducing rare earth ions I into the spinel lattice, the R–Fe interactions appear (3d–
4f coupling), leading to changes in both the electrical and magnetic behavior in the
ferrites (Fig. 1).

In nanoferrites, commonly two categories of magnetic interplays transpire
between two crystallographic sites and are: (i) Direct and (ii) Indirect exchange
interactions. The first type of magnetic interactions is associated with the direct over-
lapping between the magnetic ions orbitals (named as T 2g and Eg orbitals in starting
transition elements). These interactions explain the Neel molecular field concept by
using inter distance between magnetic ions and exclude the concept of powerful
Weiss field. The second type of interactions was proposed by Kramers and Anderson
[10, 11], which include magnetic interplay between two magnetic ions through the
intermediate anions. These interactions are named as superexchange interactions and
are generally exhibited by distant located magnetic ions. In nanoferrites, direct and
superexchange interactions, both have a significant role to play in governingmagnetic
behavior. For small distance, direct interactions exist and for large distances, superex-
change interactions dominate. Figure 2 shows magnetic interactions in ferrites. The
first type of magnetic interactions involves overlapping between T 2g or Eg orbitals.
This overlapping extent depends on inter orbital distance. The second type of inter-
action between magnetic ions involves the interaction between T 2g and Eg orbitals
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Fig. 1 Unit cell structure depiction of doped Magnesium-Manganese ferrite. (Octahedral sites are
represented by yellow balls whereas and the Red coloured balls depict the tetrahedral sites)

Fig. 2 Me(I)–O–Me(II)
interaction angles in ferrites
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including the 2p orbitals of the anions also. T 2g orbitals consist of dxy, dyz and dxz
orbitals while Eg orbitals are the d2

z and the dx2−y2 . The p orbitals along x, y and z-
axis are generally found to take part in these interactions. The nature and stability of
these magnetic interactions rely on the inter bond sign and distance present between
magnetic ions and involved anions. The semi—empirical rules to calculate these
interactions were studied by Goodenough [12] and Kanamori [13]. These interac-
tions were basically developed for two angles (180° and 90°) configurations only.
There are generally three interactions namely A–B, B–B and A–A. On the basis
of distances (p, q, r) and angle θ, it was concluded that A–B interactions have the
greatest magnitude. In these interactions, the distance is small and the angle θ is
also high. In B–B interactions, the distance is small as compared to A–A interac-
tions and the angle is also very small. In A–A interactions, the angle is ≈800, so
the interaction is weakest. Therefore |JAB| > |JBB| > |JAA|, where JAB, JBB and JAA
are the exchange integrals and this situation leads to collinear arrangement in which
moments on A sites are antiparallel to the moments on B sites. In order to under-
stand the behaviour of ferrites on substitution on magnetic and electric properties,
it is important to understand the underlying theories on magnetic interactions and
electric conduction mechanisms.

4 Theories on Magnetic Interactions

4.1 Neel’s Theory

In 1948 Neel, explained Ferromagnetic nature of ferrites and provided alterations to
Weiss theory by presuming the following points:

• The overall magnetization of the crystal lattice is contributed from both the
subparts known as tetrahedral and octahedral sites of the geometrical structure of
the ferrites.

• The overall magnetization is the result of A–B and B–A identical interactions
between these sites. These identical interactions are predominant over interaction
between same sites.

• In ferrimagnets, the similar sites interactions are identical butmagnitudewise they
differ as the number of neighboring atoms at a particular site varies according to
crystal lattice.

According to Neel, the magnetization of ferrites is can be divided as

H = H0 + Hm (1)

where,H0 andHm aremagnetic field applied externally andmolecular field internally,
which is caused by interatomic interactions between atoms. As there are different
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molecular fields at both the crystal sites, the magnetic moment on both the sites is
unequal, represented as μA and μB respectively.

Let us suppose there are ‘n’ similar ions present per unit volume and ‘λ’ subpart
is situated with A site and rest portion ν (1 − λ) is situated with B sites such that, λ
+ ν = 1.

Now, A site magnetization, MA = λnμA.
If, nμA = Ma then MA = λ Ma and similarly MB = νMb.
Hence, overall magnetization is can be written as,

M = MA + MB = λMa + νMb (2)

The molecular field acting on sublattice A is

HmA = −γABMB + γAAMA (3)

Now, the molecular field coefficients, γAB and γAA have negative and positive
signed interactions if it is present between A and B ions and A and A ions.

Similarly HmB = −γABMA + γBBMB (4)

The coefficient γAA and γBB are unequal and can be expressed as fractions of γAB.

α = γAA

γAB
and β = γBB

γAB
(5)

The molecular fields are then

HmA = γAB(αλMa − νMb) (6)

HmB = γAB(βνMb − νMa) (7)

Which are valid above near Curie temperature.
Here γ’s are the appropriate molecular field coefficients. It may be shown that.
γAB = γBA but γAA �= γBB unless the two sublattice are identical.
Pauthenet confirmed the validity of Neel’s theory of sublattice magnetization in

ferrites [14].

4.2 Yafet-Kittel Theory of Ferrimagnetism

In some magnetic spinels, Neel’s spin ordering model [5] was found inadequate
with obtained results. Their magnetic characteristics are explained by the concept
of no-collinear spin ordering. Yafet and Kittel [15] suggested a non-collinear spin
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ordering concept by ignoring Neel’s explanation of parallel spin ions at the both
crystallographic axis. Hence, their explanation includes various spin arrangements.
Neel’s model explanation holds well when A–B site interactions are predominant.
However, when A–A and B–B interactions are comparable to A–B interactions, the
two sub-lattice model (Neel’s model) is no longer applicable and triangular model
becomes energetically favorable. Yafet and Kittel [15] proposed that with the doping
of non-magnetic dopant in the crystal structure, one sub-lattice leads to canted posi-
tion of spins on other sublattices. After doping, let us suppose the B sub lattice get
divided into two parts as B1 and B2, with similar magnetic moments (θYK) having
the overall magnetization in parallel way of B at 0 K. According to YK theory, the
overall magnetic moment can be explained as following

μ(x) = {
[2(1 − x) + 5(1 + x)]B cos θYK − [5(1 − x)]A

}
(8)

He showed that in a few spinel structures, there exist three sublattices with trian-
gular spin arrangement (Yafet Kittel type Ferrimagnetism) and these structures have
low energy in comparison to the general collinear two–sublattice Neel structure
(Neel type ferrimagnetism). If φ is the angular deviation from the collinear model,
the energy is given by

E = 8N0
[
6JabSaSb cosϕ − JbbS

2
b (2 cosϕ + 1)

]
(9)

where a and b are two sublattices. E is minimum for negative Jab, positive Jbb and φ

= 0, which is the Neel state. However, if Jbb is also negative and if the ratio of the
exchange energies (rex.) is

rex. = JbbSb
JabSa

>
3

4
(10)

Then the Neel state ceases to be a minimum and the magnetization vectors of the
sublattices will be bent from collinear position by angle φ such that

cosϕ = 3JabSa
4JbbSb

(11)

Yafet and Kittel proved that Neel model is applicable for rex. < ¾ if the total
number of sublattices i.e., the number of different magnetic ion sites, is restricted
to 6. A modification of YK theory was proposed by Lotgering [16] to permit A
and B sites canting and antiferromagnetism with the usual ferromagnetism order.
The YK theory has its interesting features in the possibility of magnetic ordering
transition between various possible configurations at temperatures other than that
where spontaneous magnetization appears.
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5 Electrical Conduction and Mechanism

As it is a known fact that, when the ferrites doppedwith other suitable dopants such as
rare earth ions, there is a significantmodification in the structure of thematerial owing
to the stress factor generated due to dopants which leads to enhancement, not only in
magnetic but also in electric properties of the material [17]. Apart for having a vast
application due to enhanced magnetic nature, these materials are most promising in
numerous and versatile applications based on exemplary electrical properties such as
in telecommunication, microwave, high frequency transformation, electrochemical
energy storage, biomedicines, gas sensing, humidity sensing etc. [18, 19]. Method
of preparation composition of the material sintering environment and position of
cation distribution that is tetrahedral or octahedral are very essential features and
fundamental conditions for the study of ferrites.

6 Theories on Electrical Conduction Mechanism

6.1 Verwey’s Hopping Mechanism

E. J. W. Verwey proposed that, the electronic conduction in ferrites is mainly due
to hopping of electrons between ions of the same element present in more than one
valence state, distributed randomly over crystallographic equivalent lattice sites. It is
a thermally activated process and takes place in the presence of lattice vibrations. The
hopping probability depends upon the distance between the ions and the activation
energy [20]. The distance between two metal ions at B sites is smaller than the
distance between a metal ion at B site and other metal ion at an A site because
ferrites structurally form cubic close packed oxygen lattices with the cations at the
octahedral (B) and the tetrahedral (A) sites, therefore electron hopping between B
and A sites under normal conditions, has a very small probability compared with
that for B–B hopping. Hopping between A and A sites does not exist for the simple
reason that there are only Fe3+ ions at the A sites and any Fe2+ ions formed during
processing, preferentially occupy B sites only [21]. The temperature dependence of
electrical conductivity is given by the following relation:

σ = σo exp
−E

kT
(12)

where, ‘K’ = Boltzman’s constant, ‘E’ = activation energy and ‘σo’ = a constant.
In ferrites, the activation energy denotes the lattice deformation energy. When

electrons and holes both participate in the conduction mechanism, then the total
conductivity will be as follows;

σ = q{nμn + pμp) (13)
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In this, q denotes the charge on electron, whereas n represents electron concentra-
tion and p represents hole concentration. μn and μp give its mobilities. As with the
increase in temperature, in ferrites the carrier concentration doesn’t change much,
so that, the temperature dependence of conductivity mainly arise because of the
temperature dependence of mobilities of electrons as well as holes and the same can
be expressed as follow

μn = ed2 fn exp− En
kT

KT
(14)

μp = ed2 f p exp− Ep

kT

KT
(15)

where ‘d’ = octahedral sites jump length, f n and f p are the jumping process lattice
frequencies, and En and Ep are the activation energies for electron and holes respec-
tively. Jonker [22] and Elwell et. al [23] have applied the above stated model to
analyze the Ni and Co ferrites.

6.2 Polaron Model

When an electron carrier is trapped in a site as a result of the displacement of adjacent
atom or ion then a defect is created known as polaron defect. The entire defect is
drifted by an activated hopping mechanism. The drift of small polaron is driven
by hopping of both the electron from the nearest involved sites [24, 25]. The drift
mobility for free lattice can be represented as;

μ = (1 − c)ea2R

KT
(16)

here ‘e’, a and c are the electronic charge, lattice parameter and fraction of site
having an electron ‘n’ because c= n

N is the number of electrons and ‘N’ the number
of sites/unit volume. The polaron jump rate ‘R’ between two adjacent sites can be
expressed as;

R = Pμo, exp

[−E

KT

]
(17)

where, ‘μo, E and P are the appropriate optical mode phonon frequency, activation
energy, and factor which gives the probability that the electron will transfer after
the polarized configuration has moved to the adjacent site respectively. From above
equations we get;
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μ = [p(1 − c)ea2
[ μo

KT

]
exp

[−E

KT

]
(18)

If we consider only electronic conduction, the conductivity can be expressed as;

σ = neμ (19)

σ = [NPc(1 − c)e2a2
μo

KT
exp

[−E

KT

]
(20)

σ = A

T
exp

[−E

KT

]
(21)

Low value ofmobility and thermally activated hopping is explained by thismodel.

6.3 Phonon Induced Tunneling

Srinivasan and Srivastava gave detailed description about the electrical behavior of
ferrites by using the concept of phonon induced tunneling [26]. They explained the
electrical behavior by assuming that the electrons do tunneling from one site to
another through the Fe2+ = Fe3+ + e−1 exchange process and are firmly coupled to
the crystal structure also. Using this explanation,

σ = σo
u
KT

exp u
KT + exp −u

KT

(22)

The conductivity can be expressed as given above. Nearest neighbor distance of
Fe2+−Fe3+ is given by factor σo and u represents the exchanged lattice energy by
oxygen ions when they move between the two crystallographic sites situated iron
ions.

7 Effect of Substitution on Magnetic Properties of Ferrites

From last two decades, many researchers have observed changes in magnetic
behaviour in ferrites after doping different elements. For instance, G. Kumar et al.
have observed decrease in magnetization at room temperature after doping with one
of the rare-earth (Gadolinium) ion in the Mg–Mn Ferrite. They also confirmed that
with rare earth ion doping, the magnetic saturation curve became super paramagnetic
in nature. Author concluded that decrease in magnetization at B-site could be the
possible reason for this decrease, which further concludes that the dopant ion has
replaced iron ion at B-site and decreases the A–B site magnetization in the prepared
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ferrites. The observed behaviour is in accordance to Neel’s theory of ferromag-
netism, as discussed in the earlier section of the chapter. They have also investigated
the magnetization behaviour in analogy to temperature change and observed that
Curie temperature values are decreasing with increase in dopant concentration [27].
In one of the similar studies S. Amiri et al. have synthesized rare earth doped Co
ferrite and found that for different rare earth dopants, coercivity values are increases
differently due to rise in magneto-crystalline anisotropy. Saturation magnetization
and Curie temperature values decreases with rise in ionic radii of doped rare earth
elements [28]. Transition elements are also found to show unique characteristics
because of d-electrons present in outer shells. K. El Maalam and his co workers
have synthesized transition metal doped Tin ferrite and investigated that for different
dopants they show different behaviour. For manganese doped ferrites, the magne-
tization values are higher than Nickel and Cobalt doped ones [29]. Similarly, P.
Kumar et al. prepared Lanthanum doped Co ferrite by precipitation method. They
analysed that magnetic behaviour deteriorates with increase in concentration of tran-
sition metal in mother samples. As Co ferrite has inverse type structure, the doping
of a non magnetic type of dopant results into decrease in overall magnetization
[30]. Whereas, A. Fransco Jr. and his team prepared Bismuth doped Co ferrite and
investigated low temperature magnetization behaviour. They analyzed that magnetic
anisotropy and coercivity varies with dopant concentration and temperature. Coer-
civity found to increase with increase in dopant concentration and anisotropy rises
with fall in temperature. These observed results are attributed to replacement of Co
ions from octahedral sites by Bismuth ions [31]. M. Dhiman et al. have synthesized
d-block element (Yttrium) and f-block element (Samarium) doped Mg ferrite and
found decrease in magnetization after doping and concluded that this decrease is due
to replacement ofB site Iron byDiamagnetic dopants [32]. Same group of researchers
has prepared Holmium doped Mg–Mn mixed ferrite and found decrease in magne-
tization with increase in doping [33]. Whereas, they have investigated the magnetic
characteristics of Scandium doped Mg–Mn ferrite samples too and found increase
in magnetization with doping concentration. The magnetic loop shows increase in
superparamagnetic nature with scandium doping which is attributed to spin disor-
dering in the magnetic structure of the prepared samples [34]. So, it can be concluded
that magnetic behaviour of the ferrites immensely depends on the site preference of
the doped element and its concentration (Fig. 3).

There have been abundant studies on effect of substitution on magnetic properties
of Ni Zn doped ferrites, some of the very relevant ones are listed here. Venkatraman
Manikandan et al. prepared Ru doped Nickel ferrite by co-precipitation technique
and found rise in particle size with rise in preparation temperature. With rise in
temperature, the enlargement in particle size leads to increase in saturation magneti-
zation, coercivity and retentivity of the prepared samples, thus concludes dependence
of magnetic parameters and spin ordering of ferrites on particle size and synthesis
temperature [35]. M. R. Patil and his co-workers [36] synthesized Cd doped Ni
Zn ferrite and found decrease in Curie temperature and magnetic saturation of the
mother sample. This behavior is attributed to the replacement of magnetic ion in
the crystal structure by non magnetic ions which further leads to decrease in net
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Fig. 3 M–HLoops forMg0.9Mn0.1Fe(2−x)HoxO4 particles (x = 0,0.1,0.2 and 0.30) [33]. Reprinted
with permission from Elsevier

magnetization of the structure. A. E. Virden et al. had synthesized and investigated
various samples of Ni–Zn ferrite by co precipitation and found that their electrical
behaviour is governed by electron hopping between A and B site which is dependent
on the dopant concentration and their site preference [37]. K. RamaKrishna et al. has
synthesized a series of doped NiZn ferrite samples by employing sol gel technique
and analyzed the magnetic behavior of the samples. They found that the magnetic
saturation riseswith Zinc doping upto 80% replacement of nickel ions from the ferrite
composition. This rise is attributed to the Zinc ion placement at A sites specifically,
which leads to rise in net magnetization of the samples [38]. Recently Shiwen Li et al.
prepared spherical shaped rare earth metal (Sc, Dy and Gd) substituted NiZn ferrite
samples by co precipitation technique. They found magnetic behavior of the samples
to vary with type of dopant and observed an increase in superparamagnetic nature
of the same. The Gd doped samples are found to have maximum superparamagnetic
characteristic depicted in hysteresis graph [39]. A. V. Knyazev and his co researchers
have analyzed the magnetic behavior of NiZn and Co doped NiZn ferrite samples.
They found increase in magneto crystalline anisotropy of the prepared sample with
Co doping which increase the coercive field values also. The observed magnetic
saturation results were less than the corresponding bulk values [40]. Jalel Massoudi
et al. have synthesized Aluminium doped NiZn ferrite samples and studied them for
magnetic properties by varying temperatures. They reported a fall in Curie tempera-
ture with rising sintering temperature of the synthesized materials. This change may
be attributed to dependence of Curie transition on grain size which varies from nano
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to micro scale [41]. B. S. Tewari and his group has prepared Sn doped NiZn ferrite
and analysed EPR spectra to study magnetic behavior of the samples. The observed
EPR spectra confirm the presence of Fe3+ ions in the structure and g values confirms
superexchange interactions in the samples [42]. M. P. Ghosh et al. have synthesized
Gd doped NiZn ferrite by co-precipitation method and found that the superparamag-
netic behavior at 5 K temperature and decrease in magnetic saturation with dopant
concentration. At both the temperatures 5 and 300 K, magnetic behavior deteriorates
with dopingwhich is due to decrease in particle size. The observedMössbauer spectra
shows sextet corresponding to both the sites and low isomer shift values also confirm
Fe trivalent ions in the structure [43]. Y. Hong et al. have studied effect of doping of
divalent magnesium ion in theNiZn ferrite prepared by high temperature sol gel tech-
nique. They investigated their magnetic behavior and found soft natured hysteresis
curves for the prepared samples with minimal changes in the saturation values with
change in doping. They also found increase in crystallite size and decrease in lattice
parameter with doping concentration [44]. In the similar way, H. Moradmard et al.
doped Magnesium in nickel ferrite and found decrease in magnetic saturation and
increase in coercive field values with doping. This observed behavior is attributed
to substitution of Fe trivalent ion by divalent non magnetic dopant and finite size
and nanosurface effects observed in ferrites [45]. S. Nag and his team prepared Er
doped NiZn ferrite samples by auto combustion technique and found decrease in
the size of the prepared samples after doping. The prepared samples show super-
paramagnetic relaxation in the Mössbauer spectra with clear sextets. The hysteresis
curves of the samples show softmagnetic naturewith increase in coercive field values
after doping which is explained due to increased anisotropy and spin canting in the
samples [46]. As one of the earliest studies, N Rezlescu et al. have studied rare earth
doped NiZn ferrites and investigated the magnetic results too. They observed depen-
dence of magnetic behavior on the ionic radii of the dopant. They observed decrease
in permeability due to internal stress created by rare earth dopants in the crystal
structure [47]. Y. Köseoğlu et al. have prepared Cr doped NiZn ferrite samples by
hydrothermal method and studied their magnetic behavior. The magnetic behavior of
the doped samples is studied with temperature variation and it was reported that the
magnetic saturation and blocking temperature values, both decreases after doping.
The doped samples exhibit ferromagnetic and superparamagnetic like characteris-
tics at low and high temperatures respectively [48]. Super-para-magnetism has been
reported by Hashim et al. on substitution of varying concentrations of Indium in
Ni0.5Cu0.25Zn0.25Fe2−xInxO4 at 325 K [49]. Apart fromMg–Mn and Ni–Zn, Mn–Zn,
a very important class of soft ferrites has been studied intensively by researchers
for magnetic behaviour on substitution of different types of dopants their magnetic
behaviour by combustion synthesis method. P. P. Naik et al. has prepared Nd doped
Mn–Zn ferrite by employing combustion technique. They found small shrinkage
in the crystal structure with rise in dopant concentrations. This decrease in size is
also related further to decrease in magnetic saturation results [50]. They found that
with dopant concentration lattice parameters rises and produce strain in the structure
which is due to large ionic size of the dopant. This produced strain leads to decrease
in crystallite and grain size further. The rise in dopant concentration leads to increase
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in A–B interactions followed by rise in magnetic saturation. The internal magnetic
behaviour and presence of iron in trivalent state is justified by low isomer shift values
found inMössbauer spectra [51]. RecentlyV. Jagadeesha Angadi et al. has employed
sol gel combustion technique to prepare Gd and Sm doped Mn Zn ferrite and found
magnetic behaviour decrease with increase in dopant concentration [52]. E. De Fazio
and his co-workers studied Li doped Mn–Zn ferrite and reported rise in saturation
magnetization with dopant concentration [53].

8 Effect of Substitution on Electric Properties of Ferrites

Synthesis parameters and composition of ferrites greatly influence the electric charac-
teristics of the ferrites [54]. To determine the effect of substitution on various electric
properties of ferrites, such as electric conductivity (AC and DC), resistivity, tempera-
ture coefficient of resistance, dielectric strength, dielectric constant and dielectric loss
tangent factors are studied and results are analysed. In ferrite nano-materials, there
is electrons’ hopping between ion pairs of same type of elements on equal sublattice
with different valance state. Hoping in electrons and ions presents in different valance
states cause the conductivity of material and this is circulated over the crystal lattice
sites. In ferrites, electron hoping increases between Fe ions in B-site as Fe2+ and Fe3+

ions are produced during synthesis. Electric properties of various ferrites which are
dopped with different metal ions and the effect of dopants on these properties are
discussed below.

The resistivity of the material is explained using Verwey’s hopping mechanism
[20] that gives an insight on how electronic conduction in ferrites is largely due
to electron hopping between same element ions, present in various valence states
and arranged arbitrarily on crystal lattice. By virtue of having two crystal sites, the
probability of hopping relies on the activation energy and inter-distance between
the ions involve. As reported by Naik and Hasolkar, in nanocrystalline material
MnFe2−xGdxO4 the DC resistivity of materials increases for all the samples within
the range of 300–773 K. Resistivity of the samples at room temperature was found
to be 106–107
 [55]. In this material, the grain size was reported as 8–24 nm,
and due to this, there is an increase in grain boundaries. As grain boundaries are
generally non conducting, so they contribute an increase in electric resistance. Also,
as Fe3+ ions are replaced by Gd3+, which is a source of charge carriers, and Gd3+

has large ionic radii, electron hopping also decreases and further due to that, lattice
constant increases. As in the lower range of temperature, resistivity decreases slowly
as thermal charges are released slow [56] but as temperature approaches 441 K,
an extreme reduction in resistivity is noted, which shows semiconductor behaviour
of material as per Arrhenius equation [57]. This indicates that secondary electrons
also support the conduction process by decreases the resistivity of the material [58].
The activation energy is evaluated by incorporating the dc-resistivity results with the
Arrhenius relation, i.e.
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ρ = ρo exp

(
Ea

KbT

)
(23)

Chhaya and Kulkarni also reported resistivity-temperature dependencefor Al-Cr
substituted ferrite [59]. On similar basis, M. J. Iqbal et al. also reported that at room
temperature resistivity of magnesium ferrite with different concentration of Co–Cr
increases from7.50×108 to l.47×109 [60]which is 100 times higher than previously
dopped spinal ferrites resistance for Ca2+, Zn2+, Zr–Mn, Co–Ni, and Zr–Ni [61–66].
Mg1−xCoxCrxFe2−xO4 shows lowest value for x = 0.0 gives 0.75 × 109 and for x =
0.5 value of resistivity is 3.47 × 109 [60]. For Mg1−xTbxFe2O4, with the increase in
concentration from 0.02 to 0.2 of Tb, the resistivity also increases from 2.33 × 106


 cm to 5.71× 107 
 cm [67]. Mg1−xCuxCrxFe2−xO4 (x = 0.0–0.7) gives minimum
value for resistance at x = 0.0 is 0.553 × 105 and maximum value at x = 0.7, with
observed resistivity of 0.105 × 108 
 cm [68]. Electrical conductivity also depends
upon temperature and frequency. At lower frequencies, conductivity also increases
slowly but at higher frequencies, conductivity increases rapidly. At high frequencies,
conductive nature of grain becomes highly active, whereas at lower frequencies,
resistive nature of grain boundaries is more active [69, 70]. Mg1−xCoxCrxFe2−xO4

shows lowest value for activation energy at x = 0.0, which is reported to be 0.35 and
for x = 0.5 value of activation energy is 0.58 [60], For Mg1−xCuxCrxFe2−xO4 (x =
0.0–0.7) gives minimum value for activation energy at x = 0.0 which is 0.0391and
a maximum value at x = 0.7 which is equals to 0.45 [68]. U. R. Ghodake et al.
have synthesized doped Mg Zn ferrites for electrical studies and found that with
Manganese doping, the electrical resistivity increases with temperature. The dielec-
tric studies confirm the interfacial polarization in the samples and show decrease
in dielectric constant values with rise in frequency in the beginning, then remain
constant and similar behaviour was observed for all the samples [71]. The dielec-
tric loss factor decrease with rise in dopant concentration initially and then rises
gradually. J. Z. Msomi and his co-workers have studied the electrical properties of
different samples of MgMn ferrite and found that the I–V graph have negative slope
which shows resistance rises with dopant concentration. The electrical resistivity is
found to vary inversely with temperature which also confirms the semiconducting
behaviour of the prepared ferrites [72]. S.Mahalakshmi et al. have prepared rare earth
doped Nickel ferrite samples. They found Nd and Gd doped samples have higher
conductance than others, which is attributed to the free electrons of their f-shells. The
dielectric results of the ferrites depend on the electron exchange phenomena through
iron ions. After doping with rare earth ions, dielectric constant value decrease with
both dopant concentration and frequency and the dielectric loss values rises with
frequency for all compositions [73]. H. K. Fadafan et al. have studied changes in
the electrical behavior of Mn–Zn ferrites after Co doping. They found that DC resis-
tivity attains a peak which is attributed to cation reordering and spin canting in the
ferrite structure. The resistivity value rises with dopant concentration which is also
supported by the change in lattice parameters and hopping length due to size of
dopant [74]. Shyam K. Gore et al. have studied Mg–Zn ferrite system and analyzed
that their dielectrical behavior is temperature and dopant concentration dependent.
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Fig. 4 Variation of dielectric constant (ε) with frequency in Ni0.8−xCuxZn0.2Fe2O4 ferrites [77].
Reprinted with permission from Elsevier

For all the samples, dielectric constant varies in accordance with temperature change
and loss tangent decreases with temperature for all the dopants [75]. P. P. Hankare
et al. have synthesized various Cr dopedMg ferrite by co-precipitation technique and
found that DC resistivity varies inversely with rise in temperature which is justified
by hopping mechanism between A and B sites of the ferrite structure. The values of
electrical resistivity are also found to depend on the dopant concentration [76]. M.
Houshiar et al. have used auto- combustion technique to prepare Copper doped NiZn
ferrite. They analyzed their electrical nature and found that the dielectric constant
and tangent loss factors increase at low frequency values which is due to change in
the crystal density and size [77] (Fig. 4).

C. Venkataraju et al. have studied effect of Ni doping in MnZn ferrite and found
direct dependence of resistivity on dopant and inverse behavior with rise in tempera-
ture. They also investigated dielectric behavior and found that the dielectric constant
value varies inversely with dopant concentration for most of the samples [78]. A. D.
Sheikh and his co-workers have prepared and investigated NiZn ferrite system for
electrical behavior. They performed electrical study for two different temperature
sintered samples and found that the dielectric loss decreases with frequency [78]. L
George et al. reported a linear rise in AC conductivity with frequency of applied field
indicating small polaron hopping mechanism in Mn substituted Ni-Zn mixed ferrite
doped with Gd ions [78].
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9 Conclusion

It is understood that the unusual variation in structural properties, electrical and
magnetic behaviour, in ferrites is dependent not only on the concentration and nature
of the dopant but also on the distribution of substituted metal ion. The preference of
site, whether octahedral or tetrahedral, has a bigger role in deciding the developed
magnetic properties in the ferrite apart from the magnetic nature of the substituent
itself. Similarly, the presence of dopant cations with multiple oxidation states, by
virtue of free available electrons for hopping play a significant role in tailoring the
electrical properties in the ferrite. Subsequently, cation distribution is one of the
most effective and determining factor to study the electric and magnetic behaviours
of doped ferrites.
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The Role of Nanoferrites in Bio-medical
Applications

Sarveena

Abstract Magnetic nanoferrites have shown immense potential in the biomedical
applications due to its ability to precisely control the behavior by application of
externalmagneticfield. Superiormagnetic properties of ferritesmake thempromising
nanoagents in various applications like targeted drug delivery, magnetic separation,
biosensors, MRI, antimicrobial agents andmagnetic hyperthermia (MHT). The chal-
lenge is to maintain the high magnetization which decreases when size is reduced
to nanoscale, hence the engineering of these nanoferrites is of prime importance,
where selection of appropriate synthesis method plays very important role. Hence
the parameters like morphology, biocompatibility, chemical and physical properties
affect the efficiency of nanoferrites in biomedical applications.

Keywords Nanoferrites · Superparamagnetism · Toxicity · MRI · Targeted drug
delivery · Magnetic hyperthermia

1 Introduction

Nanoferrites have numerous biomedical applications due to their size comparable to
biological molecules and excellent magnetic properties, which are prerequisites for
all biomedical applications. Due to the transparency of biological tissues to magnetic
field, various properties can be tuned when nanoferrites interacts with magnetic field.
These unique properties of magnetic nanoferrites along with the stability, sensitivity
and easy functionalization makes them the future biomedical materials in numerous
applications like targeted biosensors, drug delivery, MRI imaging, magnetic sepa-
ration, antimicrobial agents, magnetic hyperthermia, detoxification, photoablation
therapy [1, 2]. The magnetic characteristics of ferrite nanoparticles strongly affect
its performance in biomedical applications. For example, saturation magnetization is
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one of the most prominent magnetic parameters closely linked to the thermal conver-
sion efficiency ofmagnetic nanoferrites [3, 4]. Toxicity is another very crucial param-
eter for the use of the ferrite nanoparticels in the biomedical applications. Nanoparti-
cles which are superparamagnetic at room temperature are preferred for the biomed-
ical use. Among various nanomaterials iron oxide nanoparticles (Fe3O4) have been
successfully applied in vivo (targeted drug delivery,MRI, and tissue engineering) and
in vitro (magnetic transfection, magnetic separation andmagnetic sensing/detection)
due to their low toxicity and the superparamagnetism at the nanoscale [5]. Another
effective method for enhancing the magnetic properties is to dope Fe3O4 with diva-
lent cation (Ni2+, Zn2+, Mn2+, Co2+Mg2+, etc.). The various ferrites such as Co,
Ni, Zn etc. shows the potential in numerous biomedical applications owing to their
biocompatibility and large magnetic anisotropy [6–13].

The real challenge is to maintain the high magnetization which decline when size
is reduced to nanoscale. Hence, the engineering of these nanoferrites for increased
magnetic response in biomedical applications is very important where selection of
appropriate synthesis method plays very important role. The surface engineered
nanoferrites promote the chemical and biological functionalization for improved
bioselectivity, biocompatibility, and drug encapsulation ability etc. to enhance the
interaction with tissues or cells. The most commonly used methods for synthesis of
metal oxide nanoparticles are sol–gel, thermal decomposition, solvothermal, reverse
micelle, hydrothermalmethod,microwave assistedmethod, co-precipitation andflow
synthesis etc. [14, 15]. The parameters like morphology, chemical and physical prop-
erties and biocompatibility are highly influenced by the synthesis method being used.
Nanoferrites have widespread biomedical applications and each application requires
nanoferrites with some special features. It is beyond the scope of this chapter to
address all the biomedical applications, so we will mainly focus on the role of
nanoferrites in MRI, targeted drug delivery and magnetic hyperthermia.

2 MRI (Magnetic Resonance Imaging)

MRI is among the most powerful and versatile techniques used for diagnostic radi-
ology as well as for therapeutic purpose. It is the standard clinical methods which
locate the position and size of tumour and also make distinction between patholog-
ical and healthy tissues [16]. MRI uses non ionizing radiation and magnetic field for
three dimensional anatomical imaging of human body. The magnetic properties of
the body help to create the complete image of any part of body. Hydrogen is present
in abundance in fat and water and has a significant magnetic moment required for
creating image. MRI images are better in quality, resolution and diagnostic accuracy.
Major limitation of MRI is the time duration needed for issues associated with high-
power magnetic field, imaging and claustrophobia (As the patient is placed in the
MRImagnet with the position of head at the centre ofmagnetic field). Anymovement
of the patient can distort the quality of image [17].
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The body part, whose image is to be recorded, is placed in strong magnetic field.
When magnetic field is applied the proton gets excited and radio waves are released,
which are measured by a receiving coil. These radio signals provide information of
the position by changing magnetic field by gradient coils. The repeating noise char-
acteristic of an MR scanner is produced when it is turned on and off alternately
[18]. Figure 1 shows schematic of basic principles of MRI [19]. When an external
magnetic field (B0) is applied, the protons tend to align with the direction of the
externalmagnetic field either in the direction of the field (parallel to the external field)
or anti-parallel to the external field. If alternating magnetic field (B1) is applied to
static magnetic field (B0), the magnetic moment of the proton is interrupted from the
B0 direction. Figure 1b, c shows that during relaxation, protons lose energy by longi-
tudinal relaxation (T1) and transverse relaxation (T2). MRI is based on the dipole–
dipole interaction between magnetic nanoferrite and surrounding water molecules
to minimize the T1 or T2 of water protons. The contrast ability of the MR contrast
agent is estimated by relaxivities i.e. longitudinal relaxation rate (r1) and transverse
relaxation rate (r2) per millimolar of agent [3]. T1 contrast agents are used in clinical
applications as extracellular agents and T2 contrast agents are used in imaging of
blood pool. T2 contrast agent can be used to differentiate normal and cancer tissues.

Relaxivity is affected by different relaxation mechanisms known as inner sphere
and outer sphere mechanisms. The direct bonding of water molecules and para-
magnetic ions is required in the relaxation of the protons of the inner sphere,
while the relaxation of the external sphere protons is related to the dephasing of
coherent proton spins. The contribution of the internal sphere mechanism cannot
be overlooked when the size of the nanoparticle is below 5 nm, which indicates
that the improvement of T1 relaxation is affected by the relaxation of the protons of
the external sphere and the internal sphere [20, 21].

Magnetic spinel nanoferrites are used as contrast agents as they have the ability
to affect the relaxation process when accumulated on tissue. These ferrite mate-
rials help in accelerating the spin–spin relaxation (T2 relaxation) rather than the
spin lattice relaxation (T1 relaxation) [22, 23]. Iron oxides like Fe3O4 and Fe2O4

have been extensively used as contrast agents on account of their chemical stability,
biodegradability, non- toxicity [21]. Javid Muhamad Arshadet. al. [24] investigated
cobalt ferrite nanoparticles as MRI contrast agent. Co-ferrite has the potential to be
used as T2contrast agents of higher relaxivity. The relaxivity coefficient was found to
increase with size. For comparing contrast enhancement onMRI images four rabbits
of same weight were taken. Signal intensity generated by iron oxides (for liver, I =
1433 ± S.D = 111.5, spleen, I = 1009 ± S.D = 96.5) and cobalt ferrites (for liver, I
= 1513 ± S.D = 102.2, spleen I = 1694 ± S.D = 219.2) contrast agents is shown in
Fig. 2a–c. Cobalt ferrites were found to induce a high signal intensity of T2 contrast
agents in comparison to iron oxide nanoparticles. Metal doped MR contrast agents
may be used for clinical purposes to diagnose various diseases in liver and spleen.

The shape and size of nanoparticle also affect the relaxivity coefficient. In case
of the cobalt ferrite nanoparticles, there was increase in relaxivity coefficient with
increase in size and the faceted irregular nanostructures showed higher relaxivity
coefficient as compared to spherical nanostructures [25]. Zinc ferrite nanoparticles
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Fig. 1 Schematic representation of the fundamental principles of MRI. a Red balls represent the
protons spinning around their own axis and orange arrow represents magnetic field B0. The differ-
ence between the protons aligned parallel and antiparallel to magnetic field B0 (blue ball) represents
the protons responsible for the MRI signal. The sum of these protons can be described using a
magnetisation vector (M0, blue arrow). b T1 and c T2 relaxation are displayed respectively. d The
time required to achieve the 63% of the original longitudinal magnetization is calledT1 relaxation.
Tissues with short T1 values are shown by blue curve and the tissues with long T1 values are shown
by green curve) The time it takes to de-phase up to 37% of the initial value is known as T2 relaxation
[19]. Reprinted with permission from Springer Nature
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Fig. 2 MRI scans of the liver and spleen, a contrast agent Fe3O4, b contrast agents Cobalt ferrites-
20%wt, c contrast agents Cobalt ferrites-40%wt. [white arrow depicts the anatomy of stomach of
rabbit, whereas the green arrow depicts the liver of rabbit] [24]. Reprinted with permission from
Elsevier

ZnxFe1−xOFe2O3 (up to x = 0.34) enclosed in polymeric micelles were also found
to show increased T2 relaxivity and improved detection sensitivity in MRI [26].
Manganese nanoferrites have high magnetic saturation and are superparamagnetic,
whichmakes them suitable candidates asMRI contrast agents. TheManganese nano-
ferrites are capable of enhancing the transverse relaxivities as negative contrast agents
(T2-weighted) and depend on particle size. The relaxivity is directly related to the
particle size and magnetic moment of nanoparticles. In MnFe2O4, the transverse
relaxivity increases with particle size [27–29]. TheT1 and T2relaxivities of silica-
coated manganese ferrite nanoparticles in water were 1.42 and 60.65 s−1 mM−1

respectively and r2/r1 was 48.91, which confirm that these nanoparticles have
potential as highly efficient T2 contrast agents [30].

Khairul Islam et. al. [31] explored chitosan (CS) coated MnFe2O4 nanoparticles
inmagnetic resonance imaging and relaxivity variationwith concentration was linear
(Fig. 3).

Figure 3a shows images obtained at echo times (TEs) of 14 ms of the nanoparticle
of sizes 5, 6, 10, and 15 nm for chitosan coatedmanganese ferrites nanoparticles with
different concentrations values of 0.17, 0.34, 0.51, 0.68 and 1.03 Mm. The degree
of darkness increased with the increase of nanoparticle concentration. Figure 3b
represents the dependence of concentration of relaxation at the different particle
size = 5, 6, 10, 15 nm which is linear. 5.3c shows that relaxivity r2 is linearly
dependent onnanoparticle size. The size, surface,morphology andmetal composition
of nanoparticles plays important role in development of high-performanceT2 contrast
agents [32, 33].
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Fig. 3 MRI data of MnFe2O4 coated with chitosan spinel ferrites nanoparticles. a Images obtained
at TE of 14 ms, b absolute R2 (or 1/T2) mapping images for nanoparticles of sizes 5, 6, 10, and
15 nm at different concentrations. c Relaxivity (r2) of chitosan coated MnFe2O4 nanoparticles as a
function of nanoparticle size [31]. Reprinted with permission from MDPI

3 Targeted Drug Delivery

With the development of biomedical nanotechnology, traditional drug delivery
systems have evolved into smart drug delivery systems with stimuli-responsive char-
acteristics [34]. In the conventional way of any disease treatment, the drugs are
usually orally taken or injected, which result in the distribution of the drug through
the whole body to arrive the affected part. It can adversely affect the healthy part
and can even cause serious problems to the person also. The challenge associate
with conventional method can be overcome by targeted drug delivery; it reduces
the side effects and dosage and hence improves the efficacy of treatment. Targeted
drug delivery also known as smart drug delivery is a special from of drug delivery
system in which medication is selectively delivered only to the affected site and not
to the non-targeted tissues [35, 36]. Targeted drug delivery is potentially promising
in applications for the treatment of diseases like nervous system diseases, cancers,
sudden sensorineural hearing loss etc. [37].

Nanoparticles, drug and targeting molecules are three main components of
targeted drug delivery systems. The nanoparticles are the promising drug delivery
agent due to their unique properties and various nanostructures as delivery agents like
polymers, nanotubes, nanowires, liposomes, quantum dots, monoclonal antibodies
and fragments, mesostructures, dendrimers have been developed [38, 39].When drug
is loaded inside the nanostructure it results in the formation of drug-loaded structure
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by forming a chemical bond with the surface. It is desired that the drug should arrive
at the target site with minimal interaction with healthy tissues which is feasible only
with the target molecule. Target molecule plays important role to prevent prema-
ture drug release from the nanocarriers during interaction with body fluid or blood
cells. The bio-physicochemical properties of the delivery vehicle e.g. charge, size,
nature and density of the ligands on their surface, surface hydrophilicity can affect
the biodistribution and circulating half-life of the particles [40].

In general, there are twomodes of targeting: active andpassive targeting. In passive
targeting accumulation of nanoparticles takes place on organ or tissue due to their
physicochemical properties like size and surfaces. Active targeting on the other hand
uses stimuli-responsive or surface-functionalized nanodevices with homingmoieties
for nanoparticles accumulation on the desired organ/tissue or cells by either [41, 42].
Figure 4 shows the active and passive targeting. In passive targeting extravasation
of particles passively takes place through the leaky vasculature, which is attributing
of inflamed tissue and solid tumors. When the particles have extra vasated in the
target cell or tissue, the presence of ligands on the surface of particle result in active
targeting of particles to receptors that are present on target cell or tissue resulting
in improved accumulation and cell uptake through receptor mediated endocytosis.

Fig. 4 Passive and active targeting [40]. Reprinted with permission from ACS
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Fig. 5 Illustration of the drug loading and drug release features of the magnetically responsive
system [46]. Reprinted with permission from ACS

Active targeting improves the therapeutic efficacy of drugs [40]. In most of the
clinically approved nanotechnology products the passive targeting approach is used.

Magnetic nanoferrites have been widely used for targeted drug delivery. Cobalt
ferrite (CoFe2O4) nanoparticle is a promising material as a drug delivery agent [43–
45]. CoFe2O4 has the properties like large surface area for effective drug loading,
capability to produce large number of multifunctional nanocomposites and exter-
nally applied magnetic field has the potential to control it when used in magnetic
targeting. Magnetically responsive system’s drug loading and drug release char-
acteristics are depicted schematically in Fig. 5. For doxorubicin (DOX) delivery,
magnetically driven and elion pollen-like CoFe2O4 nanostructures was proposed for
controlled release of drug. Cobalt ferrite (CoFe2O4) nanoparticles have negligible
cytotoxicity and high drug loading capacity.

Manganese ferrite/graphene oxide (MnFe2O4/GO) nanocomposites were evalu-
ated for the controlled targeted drug delivery. Cytotoxicity of MnFe2O4/GO was
negligible on HeLa cells and drug loading capacity was found to increases with
increase of the initial concentration of DOX and was as high as 0.97 mg/mg. The
drug release characteristics ofMnFe2O4/GOwere consistent and pH-responsive [47].
Drug delivery efficiency of zinc ferrite (ZnFe2O4) and silver substituted zinc ferrite
(Ag1−xZnxFe2O4) nanoparticles was investigated under initial drug concentrations,
pHandmagnetic field [48].Drugdelivery effectiveness of the nanoparticle at constant
pH = 6, magnetic field of 5mT and initial concentration of 8 mg was higher than
reported by all other similar experiments. MnZn ferrite composite material could
be a potential drug delivery system and also applicable as pH-stimuli responsive
nanocarriers [49]. The calcium ferrite (CaFe2O4) nano-particles and its composites
have also been analysed for targeted drug delivery [50–52].
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4 Hyperthermia Application

Cancer is one of the most fatal diseases and a leading cause of death globally. There
are various therapeutic modalities to treat cancer such as surgery, chemotherapy,
immunotherapy, radiation and gene therapy [53]. These conventional modalities are
often associated with the life long side effects and can adversely affect the healthy
tissues which are in the vicinity of cancerous cell. Hence, it is crucial to develop
novel and effective cancer treatment with improved efficacy to overcome the draw-
backs of conventional treatments.Magnetic hyperthermia has emerged as a promising
therapeutic method to treat cancer. The term “hyperthermia” is derived from the two
Greekwords, “hyper”means rise and “therme”means heat [54]. Hyperthermia refers
to the increase of the temperature of body or selected tissues to achieve a precise
therapeutic effect. Hence in hyperthermia, body tissues are exposed to clinically
adequate temperatures to damage or kill the cancerous cells or to make these cells
more prone to the radiation effects and anticancer drugs [55]. Magnetic nanoparti-
cles have tremendous potential in providing effective treatment of cancer due to the
selective binding of functionalized magnetic nanoparticles with tumor cells and by
using alternating magnetic field.

The heating efficiency produced by magnetic nanoparticles is expressed in terms
of specific absorption rate (SAR) or specific loss power (SLP). SAR is defined as
the amount of heat emitted by a unit weight of the material per unit time during the
exposure to an AC magnetic field of defined frequency and field strength [56]:

SAR = C
∇T

∇t
(1)

whereC is sample-specific heat capacity calculated as amass ofmagnetic carriers per
equivalent of medium and is determined by the rate of temperature rise, expressed
as mean absorbed power per mass (W/g). The temperature increase per unit time
(�T /�t) or initial slope of the temperature versus time dependence. SLP/SAR
should be higher in the hyperthermia application to achieve the required enhance-
ment in temperature rise in order to reduce the dose concentration to a minimal
level. SLP/SAR is proportional to the rate of the temperature increase (�T /�t) and
depends upon various parameters like particle size, shape, viscosity ofthe dispersive
medium and magnetic field parameters [57].

Heating occurs when AC magnetic field is applied to magnetic nanoparticles due
to hysteresis, Néel andBrownmechanisms [58]. The heat generationmechanisms are
shown in Fig. 6. These heat generationmechanisms depend uponmicrostructure, size
and shape of nanoparticles. Hysteresis loss occurs in both single and multi-domain
magnetic nanoparticles and lager particles of the order 100 nm or higher [59].

Brownian and Néel relaxation are predominant mechanism than the hysteresis
mechanism and it occur in single-domain magnetic nanoparticles, as single-domain
superparamagnetic nanoparticles are mostly employed in magnetic hyperthermia.
Néel mechanism is the rotation of magnetic moment within a stationary magnetic
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Fig. 6 Different heat generation mechanism in magnetic nanoparticles [60]. Reprinted with
permission from Elsevier

nanoparticle, whereas Brownian mechanism is due to the rotation of entire magnetic
nanoparticle as well as the magnetic moment. Brownian mechanism occurs in larger
nanoparticles dispersed in low viscosity media; if the particle size is less than 15 nm
then Néel mechanism overcomes Brownian mechanism. In general, both Néel and
Brownian mechanisms can exist at the same time [61, 62]. Heat generation mech-
anism mainly depends on the particle size. In large particles (>100 nm) hysteresis
mechanism dominates, but for many clinical applications this size range of particles
is very high. It is evident from the in vivo and in vitro experiments that it is better if
nanoparticle undergoes relaxation by Néel mechanism, since in the cells change in
the viscosity medium and free rotation of the particles can be averted [63, 64].

In hyperthermia most effective heating agents are very crucial as it would facili-
tate localized heating of tumour cells by preventing any harm to healthy tissue. To
produce more energy per cycle of heating more coercivity is required which can be
obtained by metal nanoparticles. In this regard magnetic nanoferrite and its compos-
ites have received special attention as superior heating agents; hence a variety of
magnetic nanoparticles has been developed accordingly. The magnetic and morpho-
logical parameters are influenced by the synthesismethods, so it becomes very impor-
tant to choose an appropriate synthesis method which has the ability to control the
size, shape and composition of magnetic nanoparticles. To overcome the limitations
like low stability of these hyperthermia agents, the surface is coated with targeting
moieties which increases their therapeutic efficacy and also reduces the side effects
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of nanoparticles [65]. Particle size, exchange interaction and interparticle interaction
play a pivotal role in controlling the heating efficiency [66].

For efficient magnetic hyperthermia, nanoferrite should be superparamagnetic
with high magnetic moment, high SAR and biocompatible. Minhong Jeun et.
al. [67] analysed MgxMn1−xFe2O4 superpramagnetic nanoferrites (SPFs) as a
magnetic hyperthermia agent. Figure 7a shows schematic of magnetic hyperthermia
heating and MgxMn1−xFe2O4 superparamagnetic nanoferrites pass through the
tumor cell due to their increased permeability and retention ability. Figure 7b
shows the AC magnetically induced heating temperature (TACmag) characteristics
of theMg0.285Mn0.715Fe2O4@lipid SPNFs in D.I water, high TAC,mag of 52.1 °C and
SLP value of 2170 W/g was achieved at a low concentration and AC magnetic field.
These superpramagnetic nanoferrites Mg0.285Mn0.715Fe2O4@lipid as an MHF agent
in vivo not only show high SLP and TAC,mag but retains its superparamgnetic phase
and it also had a high cell viability.

The biocompatible zinc ferrites nanoparticles are also promising therapeutic agent
due to higher SAR values, long term stabilization and moderate curie temperature
[68–71]. Heating efficiencies are also affected by the dipolar interactions which
depend upon the intrinsic parameters. Study conducted on zinc substituted magnetite
nanoparticles showed that heating efficiency does not depend only on a one intrinsic
property, it depends upon various parameters. If the interactions increase the heating
efficiency can also increase [72]. The increase of the zinc content in zinc cobalt
nanoferrite has found to increase the magnetization and hence the heating efficiency
[73, 74].

Cobalt ferrite (CoFe2O4) nanoparticles have been used in many biomedical appli-
cations owing to the unique properties like large magnetocrystalline anisotropy, high
Curie temperature, large magnetostriction coefficient, non-toxicity and good chem-
ical stability; hence they have the potential as magnetic hyperthermia agent [75–
83]. In addition to this property, unique tendency of cobalt ferrite nanoparticles is
to form growing chains on the application of an alternating magnetic field. The
magnetic anisotropy facilitates this chain like structure. This chain formation, along
with intrinsic cobalt toxicity and mild hyperthermia leads to complete tumor regres-
sion and result in improved survival in an vivo murine xeno graft model, all under
clinically approved alternating magnetic field conditions [84]. Hence cobalt ferrite
nanoparticles can be used as non-conventional synergisticmultimodal cancer therapy
based magnetic hyperthermia.

Surface functionalization plays crucial role in biomedical application to prevent
the toxicity issues. Nickel ferrite nanoparticles (NiFe2O4) are potential candidate for
hyperthermia application with considerably high saturation magnetization but the
major problem is their known cytotoxic effect. The toxic ion leakage to the biological
media can be prevented by using suitable surface coating ligands, and permits the
use of nickel ferrite nanoparticles in hyperthermia application [85–87]. Çiğdem E.
Demirci Dönmez et. al. [88] carried out comparative study of heating efficiencies
of EDT-coated CoFe2O4, MnFe2O4 and NiFe2O4 nanoparticles. CoFe2O4 shows
poor heating efficiency at low field as compared to MnFe2O4, and NiFe2O4. The
maximum value of SLP was approximately 315 W/g for CoFe2O4 nanoparticles and
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Fig. 7 a In Vivo MFH using tailored MgxMn1−xFe2O4superparamagnetic nanoferrites. b TAC,mag
and SLP of Mg0.285Mn0.715Fe2O4@lipid SPNFs measured in D.I water [67]. Reprinted with
permission from ACS
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for NiFe2O4 and MnFe2O4 nanoparticles the value was approximately 295 W/g,
which represents the efficacy of these nanoferrites as hyperthermia agents.

5 Conclusion

The role of nanoferrite in MRI, targeted drug delivery and magnetic hyperthermia
application was briefly discussed in this chapter. The tunable magnetic behavior and
magnificent properties of nanoferrites makes them promising candidate for all these
biomedical applications. Stability and biocompatibility are themajor concerns which
require attention while using various nanoferrites for biomedical applications to
improve the efficacy. Despite the fact that nanoferrites have been widely investigated
in vitro, clinical trials of nanoferrites are still lacking.
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Ferrite Materials for Microwave
and High Frequency Antenna
Applications

Pankaj Sharma, Vineet Sharma, Nikhil Thakur, Pawan Kumar,
and Ashok Kumar

Abstract Ferrite nanoparticles have a significant impact in determining the dielec-
tric behaviour and are promisingmaterials formicrowave and high frequency antenna
applications. Thus chapter presents the frequency as well as temperature reliant
dielectric properties of Mn2+ doped Mg0.5Zn0.5−xMnxFe2O4 (where, x = 0.125,
0.250, 0.375, 0.500) nano-ferrites synthesized by co-precipitation. In comparison to
that at higher frequencies, the dielectric constant falls dramatically at low frequencies.
For every sample, the loss tangent was found to be minimal. The temperature reliant
dielectric analysis of prepared samples reveals that the dielectric relaxation occurs at
higher temperatures of approximately 531–667 K. The nano-ferrites being studied
have minimal loss tangent values, making them potential candidates for microwave
device applications.

Keywords Nanomaterials · Ferrites · tan δ loss · Dielectric constant

1 Introduction

Magnetic nanoparticles are of great scientific importance compared to their bulk
counterparts because of the influence of their size on numerous physical character-
istics [1, 2]. Magnetic nanoparticles have advantages in memory storage, medicinal
research as well as in microwave devices [1]. As a topic of interest, why ferrites are
important is demonstrated in Fig. 1. Among various magnetic nanoparticles, spinel
ferrites are the most promising [3–9]. Most spinel ferrites with the generic chem-
ical formula MFe2O4, where M may be Mn (manganese), Fe (iron), Co (cobalt), Ni
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Fig. 1 Why ferrites are important?

(nickel), Cu (copper) and Zn (zinc), that display superparamagnetic characteristics
at nanoscale level of size less than or equal to 20 nm [3–9]. The capacity of spinel
ferrites to allocate cations across accessible tetrahedral A-sites as well as octahedral
B-sites gives these compounds their special physical characteristics [10].

Spinel ferrites are used in the photocatalytic degradation of dyes, Manikandan
et al. discovered thatMndoped ferrites have improved photocatalytic dye degradation
[11]. Spinel ferrites are utilised in the electronic applications for various purposes
including microwave systems, memory storage systems, high frequency systems,
and several more electronic devices [12]. The dielectric characteristics of ferrite
nanoparticles are appropriate in electronic device purposes [13]. Mg–Zn ferrites
occur naturally in the environment and have an economical synthesis [14] and exhibit
strong electrical resistivity as well as minimal dielectric loss at specific frequen-
cies. Mg–Zn ferrite nanoparticles have unusual dielectric characteristics, making
them a significant material in a variety of technologically essential device applica-
tions [15, 16]. The replacement of various transition metal ions plays a key role in
determining the frequency dependent dielectric behaviour of ferrite nanoparticles
[15–17]. The diamagnetic Zn2+ and Mg2+ metal ions in Mg–Zn ferrite reduce A–B
super-exchange interaction and diminish the magnetic properties. Transition metal
ions such as Co2+, Ni2+ and Mn2+ enhance the magnetic properties of spinel ferrites
[18–20]. The magnetic properties of spinel ferrites depend on the distribution of
metal ions at crystallographic lattice sites. In Mg–Zn ferrite system, the replacement
of Zn2+ ions with transition metal ions will create anti-parallel arrangement of metal
ions and enhance the A–B super-exchange interaction. For defining the frequency
based dielectric behaviour of ferrites, size of crystallite as well as grain is a crucial
characteristic [21].

The shape and surface area of nanoparticles influences the physical attributes [22].
The synthesis method as well as reaction mechanism play a key role in the
variation of grain or crystallite size. Co-precipitation method, sol–gel method,
hydrothermalmethod, is a fewof thewet chemical processes thatmaybeused tomake
ferrite nanoparticles [23]. Because of its numerous advantages, the co-precipitation
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approach is the most suited of these methods. One of the most significant benefits
of the co-precipitation approach is the ability to adjust nucleation as well as growth
rates, which determines not only the size distribution but determines the grain size of
nanoparticles [24]. The dielectric characteristics of Mg0.5Zn0.5−xMnxFe2O4(Here, x
= 0.125, 0.250, 0.375, 0.500) ferrites produced via co-precipitation are elucidated
in detail.

2 Experimental Details

The coprecipitation technique is an economical and easy technique for the
synthesis ofMg0.5Zn0.5−xMnxFe2O4 ferrites.MgCl2·6H2O, ZnCl2,MnCl2·4H2O and
FeCl3·6H2O have been used for the synthesis. The schematic of the synthesis can be
seen in Fig. 2 [24]. The proposed reaction scheme is described below [25]:

Fig. 2 Schematic for the synthesis of Mg0.5Zn0.5−xMnxFe2O4 nanoferrites by co-precipitation
method [24]. Reprinted with permission from Elsevier
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X-ray diffraction (XRD) study has been conducted on the synthesized samples
using Shimadzu 6000 diffractometer. The XRD data have been obtained in the range
10°–80° at a scan speed of 2°/min with Cu Kα radiation (λ = 1.5406 Å). At 300 K,
a Keithley 6487 electrometer has been employed for the I–V characterization in the
range 0–100 V. Using an impedance analyzer, in the frequency range 104–106 Hz
as well as temperature range 313–723 K, the dielectric characteristics of produced
samples have been investigated.

The roundpellets have beenmade by crushing the powdered samples in a stainless-
steel dye by utilizing a hydraulic press at a pressure of 3–8 ton/inch2. I–V and dielec-
tric characterization have been conducted on pellets having diameters of 0.50 cm and
thicknesses ranging from 0.20 to 0.25 cm. To establish effective electrical connec-
tions, pellets have been coated on the top and bottom with silver paste. Two terminal
capacitance and sometimes even equivalent parallel circuit have been used to estimate
various dielectric properties.

3 Results and Discussions

Figure 3 shows the X-ray diffraction patterns for Mg0.5Zn0.5−xMnxFe2O4 ferrites.
For samples having composition x ≥ 0.250, a hematite phase has been observed.

The formation of hematite phase is due to the heating of iron-hydroxides in air
[26]. The crystallite size has been calculated from the most intense (311) peak. The
crystallite size values are given in Table 1 [25].

The relationship between I and V is shown in Fig. 4a for Mn2+ doped
Mg0.5Zn0.5−xMnxFe2O4 (x = 0.125, 0.250, 0.375, 0.500) ferrite samples has been
determined for measuring resistivity (ρ) as shown in Table 1 by using the equation
ρ = RA/d, where d represents the thickness, A represents the surface area of the
pellets’ flat surfaces, and R represents resistance. Resistivity is inversely propor-
tional to grain size. Particles with lower crystallite sizes, as shown in Table 1, have
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Fig. 3 XRD patterns of
Mg0.5Zn0.5−xMnxFe2O4
ferrites [25]. Reprinted with
permission from Elsevier

Table 1 Resistivity [27], size
of crystallite [25] and tan δ

[27] with temperature for
Mn2+ doped
Mg0.5Zn0.5−xMnxFe2O4
ferrite nanoparticles

x Resistivity
(ohm m)

The crystallite
size (nm)

tan δ (At 6 ×
106 Hz)

0.125 4.595 × 104 57.05 0.065

0.250 2.155 × 105 53.31 0.080

0.375 4.497 × 104 55.50 0.054

0.500 6.115 × 104 48.68 0.044

Reprinted with permission from Elsevier & IEEE

smaller grains that further behave as a barrier to electron passage and hence enhance
resistivity. Using the equation ε′ = Cd/ε0A, (here, C represents the capacitance and
ε0 represents permittivity of free surface) the quantities of the dielectric constant (ε′)
have been derived. The identical parallel circuit required to determine the dielectric
properties is seen in the inset of Fig. 4b. For all prepared samples, the dielectric
constant reduces with increasing frequency (Fig. 4b). Insulating grain boundaries
outnumbers conducting grain boundaries at lower frequency. The detected change
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Fig. 4 a Relationship between I and V. b Dielectric constant variation for Mn2+ doped
Mg0.5Zn0.5−xMnxFe2O4 ferrite nanoparticles. In this figure illustrates an inset of analogous parallel
circuit used to test dielectric properties [27]. Reprinted with permission from IEEE

of ε′ with frequency for prepared materials is consistent with the Wagner interfa-
cial polarization and Koop’s phenomenological hypothesis [28]. Druc et al. discov-
ered comparable dielectric behaviour in Co-doped Mg-ferrite [29]. Koop’s theory
states that ferrites have heterogeneous compositions consisting of good conducting
grains as well as insulating grain edges. Polarization occurs as a result of elec-
tron hopping between various metal ions across the lattice locations [16]. When a
low-frequency alternating field is applied, electrons concentrate at insulating grain
boundaries, resulting in interfacial polarization, which is entirely responsible for the
greater values of dielectric constant at lower frequency. The difference in dielectric
constant with Mn2+ is mainly due to electrons hopping across Mn2+ as well as Fe3+

ions only at B region. In this situation, the crystallite size (as shown in Table 1) effects
electron hopping, also shorter crystallites give higher resistivity and minimise the
electron hopping. Sun et al. recently found that the grain structure of nanoparticles
has a significant impact in determining the dielectric behaviour of spinel ferrites
[21]. The dielectric constant (ε′) changes inversely with resistivity, and this has been
found for the currently prepared samples [30].

The calculation of tan δ loss (Table 1) is a significant component in the use of ferrite
nanoparticles in numerous technological purposes. tan δ loss denotes the energy loss
in the device when an alternating current field is applied. tan δ losses reduce with
increasing frequency until 6 × 105 Hz, then rise slightly for all investigated samples
as shown in Fig. 5a.

The ac conductivity has been calculated using the formula; σac = ε′ε0ω tan δ,
where ω represents the angular frequency. The frequency reliant ac conductivity (as
shown in Fig. 5b) of all prepared materials exhibits the same trend as that of the
tan δ losses. The replacement of Mn2+ moves Fe3+ ions from octahedral locations to
tetrahedral locations [25], which reduces electron hopping across Fe3+ and Fe2+ just
at location B and results in a reduction in the ac conductivity. Farea et al. similarly



Ferrite Materials for Microwave and High Frequency … 113

Fig. 5 a tan δ loss, b ac conductivity versus frequency for Mn2+ doped Mg0.5Zn0.5−xMnxFe2O4
nano-ferrites. At 106 Hz, the inset in this figure illustrates the change in ac conductivity with Mn2+

concentration [27]. Reprinted with permission from IEEE

observed similar ac conductivity- dependence behaviour on the composition [31].
The measured ac conductivity behaviour might be explained by the lowest value of
resistivity at x = 0.250.

Figure 6a depicts the change of ε
′
between temperature 313–723 K at 106 Hz. For

all prepared samples, ε
′
rises with temperature, indicating the existence of dielectric

relaxation peaks between 531 and 667 K. The heat effect increases the charge carrier
hopping, which raises the dielectric constant. Ionic, electronic, dipolar, as well as
interfacial polarization are the primary contributors to polarization in ferrites. The
ionic and electronic polarization are independent of temperature, whereas dipolar
and interfacial polarization depends on the temperature, which are responsible for
increasing the ε

′
with the increase in temperature [32]. The occurrence of relaxation

Fig. 6 a Dielectric constant variation, b tan δ loss with temperature for Mn2+ doped
Mg0.5Zn0.5−xMnxFe2O4 ferrite nanoparticles at 106 Hz [27]. Reprinted with permission from IEEE
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Fig. 7 A diagram illustrating the potential applications of nanomaterials [27]. Reprinted with
permission from IEEE

peaks is due to the existence of various metal ions within spinel ferrites, which
provide varying inertia to the applied field.

The existence of relaxation peaks indicates that the various metal ions available
in spinel ferrites contribute to determining the dielectric behaviour. The change of
tan δ losses over temperature at 106 Hz is being examined for prepared samples (as
shown in Fig. 6b). tan δ losses rise, with rising temperature and relaxation peaks have
indeed been found for all prepared samples. Hashim et al. similarly found comparable
temperature-dependent tan δ loss behaviour [32]. The observed values of different
dielectric parameters for prepared samples indicate that they can be explored for
microwave device applications (as shown in Fig. 7).

4 Conclusion

Coprecipitated Mg0.5Zn0.5−xMnxFe2O4 nano-ferrites show the formation of cubic
spinel structure. For samples having composition x ≥ 0.250, a hematite phase has
been observed. The crystallite size varies between 59.40 and 48.68 nm. Resistivity
measurements are performed on the produced samples. It ranges between 2.15 ×
105� m and 4.497 × 104 � m. For all prepared samples, the dielectric constant
falls with increasing frequency. Minimal tan δ loss of 0.04 is found for x = 0.5
at 6 × 105 Hz. Because of the minimal tan losses in the synthesized samples that
they are a viable contender for microwave device purposes. For the temperature
dependent dielectric research, dielectric relaxation peaks for all synthesized samples
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are detected. The observed values of different dielectric parameters for prepared
samples indicate that they can be explored for microwave device applications.
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Ferrites for Water Purification
and Wastewater Treatment

Pankaj Chamoli, Ravi K. Shukla, Achintya N. Bezbaruah, Kamal K. Kar,
and K. K. Raina

Abstract This chapter defines the features of ferrites for the application of wastew-
ater treatment and water purification. The structural, magnetic properties and
synthesis routes of ferrites are described and special attention is paid to the spinel
ferrites. The adsorption of organic and inorganic contaminants is presented, and the
adsorbent/adsorbate systems are discussed based on available published reports. The
applications of ferrites in photocatalytic activity are also examined for its pollu-
tant degradation behavior in wastewater. Furthermore, the possible separation and
recovery methods for ferrites used as an absorbent and photocatalyst in wastewater
treatment are addressed.
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1 Introduction

An essential element for life on the earth is water. While water covers a large
percentage of the Earth’s surface, less than one percent of this water is suitable
for human and industrial uses. Industrial developments have marked improved the
lives of human but also polluted our environment, specifically the aquatic ecosystem
system. An enormous amount of wastewater is generated daily by various indus-
tries including leather, pharmaceuticals, and packaging, which include organic dyes,
heavy metals, and other harmful chemicals, and such wastes are dumped to our
aquatic ecosystem without any meaningful treatment [1]. This is a serious threat to
life as they lead to various deceases in human [2]. Thus, the effective removal of
such contaminants is needed. Most contaminants such as harmful metal ions and
emerging organic contaminants can be removed using modern treatment techniques.
Several technologies have been used which include chemical precipitation, coagu-
lation, extraction, membrane filtration, ion exchange, chemical oxidation, and elec-
trochemical technique [3]. Among the emerging methods, nanotechnology-based
treatments are becoming popular. Such technologies use nanomaterials and they are
very effective due to their high specific surface areas and high adsorption capaci-
ties. The most extensively studied nanomaterials for water and wastewater treatment
include metal oxide nanoparticles (NPs), carbon nanomaterials [e.g., carbon black,
carbon nanotube (CNT), graphene oxide (GO)], and a number of nanocomposites
(NCs). This chapter will focus on the use of magnetic NPs (especially ferrites, their
properties and synthesis methods) for the treatment of different pollutants present in
wastewater.

2 Materials for Water Purification

Various NPs have been studied for water purification including zero-valent metal
NPs, metal oxides NPs, CNTs, GO, reduced GO (rGO) and their NCs. Among these
nanomaterials, magnetic NPs and their NCs not only offer various beneficial proper-
ties but they are also easy to removed/recovered fromwater. The separation/recovery
of the magnetic NPs involves an application of a simple magnetic field on the system.
Herein, special focus has been given to the ferrites, their classification, and synthesis
for the application in water purification and wastewater treatment [4].

2.1 Ferrites

Ferrite was discovered by ancient human as naturally present magnetic stone “lode-
stone”. In 1600, it was first documented and reported by Dr. William Gilbert [5, 6].
Later on, in 1930, ferrites were synthesized for first time [7]. Iron oxide and bivalent
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elements (e.g. Ni,Mg,Mn,Cu, Zn, Fe) are themain constituents of ferrites [5]. Due to
this combination, ferrites exhibit excellent properties including high electrical resis-
tivity, high permeability, wide frequency range, low eddy current loss, shape versa-
tility and time–temperature properties [8]. These excellent properties of ferritesmake
them usages in a multitude of applications which include uses in magnetic shielding,
magnetic recordings, magnetic sensors, information storage, medical devices, elec-
tronic devices,mobile communication, gyromagnetic device, transformers, catalysis,
and pigments. Especially, ferrites own awide range of applications as semiconductors
for energy storage, drug delivery and in various biomedical applications in addition
to their use as optics, photo-catalyst, ferrofluids, and gas sensors [9–14].

2.2 Ferrites Properties

As ferrites display existence of spontaneous magnetization and they can be classi-
fied into two different groups according to their properties such as soft ferrites and
hard ferrites. Low coercivity of magnetism is the main characteristics of soft ferrites,
whereas, hard ferrites have a high coercivity of magnetism (shown in Fig. 1). Other
properties (Table 1) also make ferrites very desired Ferrimagnetism is a perma-
nent type of magnetism exhibited by ferrites and proposed by Neel to define the
magnetic order phenomenon in ferrites [15].Magneticmoments align in both parallel
(called “ferromagnetism”) and antiparallel (called “anti-ferromagnetism”) directions
in ferrimagnetic materials. Due to partial cancellation of magnetic field, ferrites
show overall magnetic fields which are less strong than that of ferromagnetic mate-
rials [16]. Similar to ferromagnetic materials, the ferrimagnetic materials exhibit
spontaneous magnetic moments in the absence of a magnetic field. The magnetic
properties of magnetic materials can be learned by studying their hysteresis loop
(Fig. 1). The paramagnetic behavior of ferrimagnetic materials is similar to that
of ferromagnetic materials above the Curie temperature. Ferrites show substantial

Fig. 1 B–H curve, a soft ferrites and b hard ferrite
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Table 1 Comparison of the properties of magnetic materials

Properties Soft ferrites Hard ferrites

Value Range Value Range

Saturation magnetization High 1–2 T High 0.3–6 T

Coercivity Low ∼100 Oe High ∼250 Oe

Permeability High 900–15,000 µ Low –

Anisotropy Low ∼102 erg/cm3 High ∼106 erg/cm3

Curie temperature High 200–250 °C High 450 °C

Electrical resistivity High ∼108 � cm High ∼106 � cm

Reprinted with permission from Elsevier

excellent properties such aslow eddy current, high electrical resistivity, high satu-
ration magnetization, high permeability, low dielectric losses, spontaneous magne-
tization, moderate permittivity, and conductivity (Table 1) [17]. Ferrites show high
saturation magnetization in comparison to diamagnetic or paramagnetic materials.
Ferrimagnetic materials exhibit saturation magnetization lower than ferromagnetic
materials.

2.3 Ferrites Classification

Ferrites show a variety of crystal structures and classified into four categories, viz.,
spinel, garnet, ortho, and hexagonal ferrites (Table 2) [17]. Out of these, spinel ferrite
(Fig. 2) is broadly viewed as non-toxic and shows excellent chemical andmechanical
stability, and displays interesting magnetic properties.

The general composition of spinel ferrite is AB2O4 where, A could be Fe, Ni,
Mg, Zn, Mn, and B could be Cr, Fe, or Al, and O is oxygen. Magnetite (Fe3O4) is
a classic example of this family where A site is occupied with spinel space group
(Fd3m, no 227). In AB2O4, a face-centered cubic (FCC) packing of oxygen ions
takes place and tetrahedral and octahedral voids are occupied by divalent and triva-
lent cations, respectively. A schematic representation of the spinel structure is shown
in Fig. 2. This type of arrangement is commonly found in zinc ferrite (ZnFe2O4)

Table 2 Crystal structure of ferries [17]

Types Molar ratio Representation

Spinel Fe2O3–MO MO: Transition metal oxide

Garnet 5Fe2O3–3M2O3 M2O3: Rare earth metal oxide

Ortho AFe2O3 A: Rare earth metal oxide (e.g., Dy, Er, Y)

Hexagonal 6Fe2O3–MO MO: Divalent metal oxide (e.g.,BaO, CaO, SrO)

Reprinted with permission from Elsevier
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Fig. 2 a Unit cell of Spinel ferrite, b octahedral interstice (B-site: 32 per unit cell, 16 occupied),
and c tetrahedral interstice (A-site: 64 per unit cell, 8 occupied) [17]. Reprinted with permission
from Elsevier

and manganese ferrite (MnFe2O4). Aluminum-spinel, chromium-spinel and iron-
spinel are three different series of spinel group. For example, aluminum spinel
can be found as spinel (MgAl2O4), gahnite (ZnAl2O4), hercynite (FeAl2O4), and
galaxite (MnAl2O4); chromium spinel includes chromite (FeCr2O4), and magne-
siochromite (MgCr2O4). These spinel’s are harder and found as masses in igneous,
granite pegmatites, metamorphic, stony meteorites, and high-temperature sulfide
veins [18].

2.4 Ferrites Synthesis Methods

Ferrites can be synthesized by various methods. The synthesis method plays a
vital role in the properties of ferrites. The common synthesis methods for ferrites
include inert gas condensation, electrochemical method, micro-emulsion, thermal
decomposition, and electro-spinning. The most widely used methods are sol–gel,
hydrothermal, co-precipitation, and solid-state method. The sol–gel method is a
chemical route for the synthesis of isotropic and anisotropic phase material [19].
This process involves multi-steps of chemical and physical processes related to poly-
merization, hydrolysis, condensation, gelation, drying, and densification. However,
hydrothermal method is a simple, cost-effective and common method for the prepa-
ration of ferrites. This is a solution reaction-based approach in which solutions of
metal salts and the basematerial are autoclaved under pressure and temperaturewhich
offers an improved reaction rate to harvest multi-metal oxide compounds [20, 21]. In
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the solid-state synthesis method, the material mixture is kept at a high temperature
(50–200 °C) in a furnace and baked to obtain the resultant compounds [22, 23].

3 Water Treatment

3.1 Adsorption

Metallic ion (e.g., Pb, As, Co) contaminants have harmful effects on the human body
and lead tomajor public health concern.Magnetic NPs are specifically appropriate as
cost-effective adsorbents for the removal of heavymetal ions owing to their excellent
properties such as large specific surface area, ease of separation from water, non-
toxicity, and recyclability. A magnetic filter (eco-fabricated) with mesh architectures
constituted (Fig. 3) of soft magnetic material (Ni, Zn–Fe2O4) and poly (acrylic acid)
(PAA)-coated quasi-superparamagnetic Fe3O4 nanoparticles (NPs) has been utilized
for heavy metal removal including Pb, Ni, Co, and Cu [24].

Carbon-based ferrites composition has shown excellent properties forMBdye and
As (V) from aqueous solution [25]. Various radio-nuclides have been successfully
removed from the solution via their adsorption onto nickel ferrite/rGO compos-
ites [26]. NPs of CaFe2O4 displayed speedy absorption of organic dyes [27]. Table
3 shows published reports on metal pollutant and organic contaminant adsorption
performance of various ferrites.

Fig. 3 Schematic of heavy metal ions removal and low-field separation technique [24]. Reprinted
with permission from ACS
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Table 3 Various ferrites against different metal and organic pollutants

Ferrite adsorbent Specific area (m2/g) Pollutant Adsorption capacity
(mg/g)

References

Fe3O4 109 U(IV) 52.6 Li et al. [29]

CoFe2O4 – Cs(I) 75 Hassan and Aly
[30]

NiFe2O4/rGO 167 Th (IV) 100 Lingamdinne et al.
[31]

MnFe2O4/GO 67 As(V) 240 Lan Huong et al.
[32]

CuFe2O4/DC 17 PB(II) 921 Khan et al. [33]

CoFe2O4 31.2 RR195 91.7 Nassar and Khatab
[34]

CaFe2O4 41.8 CR 40.9 An et al. [35]

MnFe2O4/GO 67 MB 177.3 Khan et al. [33]

The aforementioned removal mechanisms are versatile for metal ions and organic
pollutants removal from aqueous solution. Moreover, photodegradation is another
process that degrades various organic contaminants in the presence of ferrites NPs
and considered an eco-friendly cost-effective process [28].

3.2 Photocatalysis

Photocatalysis is a clean and environmentally friendly technique for the removal of
organic contaminant present in wastewater. Semiconducting metal oxide and ferrites
have been employed as photocatalysts for contaminant removal (Fig. 4) [36]. Fenton
and photo-Fenton processes are generally used for organic contaminant removal, and
they need the addition of H2O2 and a ferrous ion (Fe2+) for the treatment process
to progress. In this process, ferric ion (Fe3+) is formed with the breakdown of the
peroxide into OH radicals (·OH), and they react with organic matter to decompose
them.When ultra-violate (UV) irradiation is used, UV photons accelerate the decom-
position of the peroxide (photo-Fenton process). Here, magnetic NP catalysts contain
iron and the iron utilized in the treatment process. Table 4 shows available literature
on organic contaminant degradation in the presence of various ferrites.
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Fig. 4 Schematic of degradation ofMBorganic dyes [36]. Reprintedwith permission fromElsevier

Table 4 Photodecomposition of organic pollutants using various ferrites

Ferrite adsorbent Specific area
(m2/g)

Organic pollutant Reaction rate
(min−1)

References

MgFe2O4 141 RhB 0.0197 Diao et al. [37]

ZnFe2O4 151 MB 0.267 Sharma et al. [38]

NiFe2O4/CNTs 54 Amaranth 0.017 Rigo et al. [39]

MgFe2O4 14 MB 0.117 Ivanets et al. [40]

CoFe2O4 48.6 DCP 0.0197 Nair and Kurian
[41]

RhB:RhodamineB (C28H31ClN2O3);MB:Methylene blue (C16H18ClN3S); Amaranth: An anionic
dye (C20H11N2Na3O10S3); DCP: 2,6-Dichlorophenolindophenol (C12H7Cl2NO2)

4 Separation and Recycling

The magnetic character of ferrites plays an important role in their utilization for
water and wastewater treatment. After decontamination, the separation or recovery
of non-magnetic materials solid adsorbents involves sedimentation or filtration. This
process of recovery is time consuming andmay involve the addition of chemicals, and
thus involves major expenses and yet does not guarantee a hundred percent removal
of the catalyst/adsorbent from the processed liquid. The use of magnetic particles
(NPs and NCs) can circumvent these issues by offering an ease of separation from
the liquid (Fig. 5). They can separate with the application of a magnetic field that can
achieve very effective separation of the solid particles [42]. An adsorbed organics and
metal contaminants can be desorbed from the adsorbents, and separated ferrite can
be potentially reused for multiple treatment cycles (adsorption–desorption cycles).
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Fig. 5 Schematic illustration of the use of NPs/NCs for water/wastewater treatment and their
recovery [42]. Reprinted with permission from Elsevier

Hao et al. [43] have utilized modified Fe3O4 NPs and reported adsorption stability
over fifteen cycles for the removal of Cu (II) [43]. Xiong et al. [44] have synthesized
cadmium sulfide-ferrite (CdS–MFe2O4, M=Zn, Co) NCs and reported adsorption
stability over three cycles for the degradation of aqueous Rhodamine B (RhB) and
4-chlorophenol (4-CP) under visible-light irradiation (Fig. 6) [44–49].

5 Conclusion

Ferrite-based adsorbents have low toxicity, high chemical stability and economical
to use as they can be easily separated from the purified liquid. Ferrites have shown
great promise and are potential candidates for application for water and wastewater.
Excellentmagnetic propertiesmake the use ferrites inwater systems attractive as they
can easily recovered at the end of the treatment train using a conventional magnetic
field. While they can easily use in water treatment systems, their use in wastew-
ater systems would need additional work given the complexity of wastewater (e.g.,
presence interfering ions and organic matters). As a result, ferrites adsorbents are a
top choice due to their versatile properties, reasonability, and magnetic separation
capability for water and wastewater purification.
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Fig. 6 Schematic of possible degradation mechanism by Cadmium sulfide-ferrite (CdS–MFe2O4,
M=Zn, Co) NCs [44]. Reprinted with permission from ACS
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Basics of Multiferroic Materials
and Their Types

Samta Manori and Ramesh Chandra

Abstract The co-existence and interplay between multiple ferroic orders in a single
material have been already known for many decades. These materials have been
explored only theoretically on a large scale because the coupling between these orders
is found to be very weak and rare in single-phase materials. However, advancements
in fabrication techniques have made it possible to synthesize these materials in low
dimensional structures like thin films or wires and also in the form of compound
structures e.g. laminates and heterostructures. In these types of structures, coupling
between multiple ferroic orders becomes stronger due to new degrees of freedom. In
addition, the miniaturization of devices in electronic and computer-based industries
has reached a limit beyond which size reduction is difficult to achieve. One possible
solution to meet the requirements of increased memory storage and computer power
without size reduction is to use these multifunctional or multiferroic materials which
would definitely improve device performance and capabilities. This chapter will
familiarize the reader with the basics of multiferroic materials and their types based
on different structures.

Keyword Multiferroics · Single-phase multiferroics · Composite multiferroics

1 A Brief Historical Journey

The journey of multiferroic materials started right from 1820 when HansChristian
Oersted observed the deflection in a magnetic compass needle when the current in a
battery placed nearby to it was switched on and off. This coexisting relation between
electricity and magnetism kept scientists and engineers fascinated for centuries [1].
After following Oersted’s observation, André Marie Ampère and Michael Faraday
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gave their contributions to work out the classical theory of electromagnetism which
was finally culminated in the 1860s with James Maxwell’s unified theory. These
discoveries proved to be a milestone for the benefit of society on a large scale.
A promising novelty in materials can be created by combining different physical
properties in a single material to achieve multi-functionality. A successful attempt
in this direction was made in the 1960s predominantly by two groups in the then
Soviet Union: Smolenskii in St.Petersburg (then Leningrad) and by Venevtsev in
Moscow, by combining both ferromagnetic and ferroelectric properties in a single
system [2]. This idea of combining different physical properties in a single mate-
rial has emerged vastly over the last few years, as many of the issues of material
science and solid state chemistry which were once inundated have been fixed, and
hence, some relevant physical phenomena can be studied. The development of a
new class of materials called “Multiferroics” added a feather into the wings of these
multifunctional systems. This chapter discuss the multiferroics in a little depth!

2 What are Multiferroics?

Any material that possesses the property of spontaneously switching its internal
alignment by its conjugate applied field is termed ferroic. In a magnetic material,
this ferroic order could be any one of ferromagnetic, antiferromagnetic, or ferrimag-
netic, and the alignment of electronic spins can be switched by applying an external
magnetic field; in a ferroelectric material, the alignment of electron’s dipole moment
can be switched by an applied electric field and in the case of ferroelastic materials,
external stress can switch the strain alignment. Another promising ferroic order of
toroidal moments is possible in ferrotoroidics, which can be switched by crossed
electric and magnetic fields [1]. These ferroic materials have already gained their
importance both because of the rich physics involved and for their technological
applications. For example, the application of ferroelectrics and ferromagnetic mate-
rials in memory storage media is very well known, as the opposite orientations of
both polarization andmagnetization can represent binary “1” and “0” data bits. Thus,
a multiferroic material can be designed to give mixed memory and logic operations.

As the name suggests, the term multiferroic stands for the class of materials in
which any two or more of the ferroic orders can co-exist in a single phase (Fig. 1). In
multiferroics, a ferroic order, in addition to its conjugate field, can also be switched by
the conjugate field of any other coexisting ferroic order. The most appealing aspect
of multiferroics is the magnetoelectric coupling, which so far has been explored
in a much broader way. In a magnetoelectric material, the electric and magnetic
ferroic ordering co-exist and the electric polarization can be changed by an applied
magnetic field while the magnetization in the material can be changed by an applied
electric field. Hence, a magnetoelectric material can effectively create a four-state
logic device with (P+, M+), (P−, M+), (P+, M−), and (P−, M−) [3]. However,
the coexistence of both these orders in the same material is fascinating from the
physics point of view as, magnetization and polarization being represented by an
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Fig. 1 Interactions in a
multiferroic material

axial and polar vector respectively, have quite different symmetry properties. There-
fore, it doesn’t sound immediately possible to switch one by the other’s conjugate
field. The next section discusses the reason behind the scarcity of multiferroic or
magnetoelectric materials.

2.1 Multiferroics: Why Are they so Few?

As discussed in the previous section, multiferroic materials are those which possess
multiple ferroic orders in the same phase. This section discusses the scarcity ofmulti-
ferroic and more specifically magnetoelectric materials. The first obvious reason
behind the rare existence of these materials is that to sustain polarization a ferro-
electric material should be a perfect insulator while most of the magnetic materials
are conductors. And even if some magnetic materials are formally insulating, any
leakage current arising due to the presence of impurities is highly unfavorable to give
ferroelectricity. The second reason is more like a mysterious challenge. In ferroelec-
tric materials, the non-magnetic cations are centered at their surrounding anions
and give rise to polarization as they shift from their center. This noncentrosym-
metricity between cations and anions gives birth to what is known as electric dipole
moment. Exactly opposite happens in the case ofmagneticmaterials, wheremagnetic
cations maintain centrosymmetricity by sitting at the center of surrounding anions,
and hence, no electric dipolemoments are formed. This vast difference in the behavior
of magnetic and non-magnetic cations can now be considered as an outcome of the
competition between energy-lowering covalent bond formation (which is larger for
cationswith empty d shells) and energy-raising electronic Coulomb repulsion (which
is larger for cations with occupied d shells) [4]. In view of the fact that magnetism
and ferroelectricity tend to exclude each other, certain systems are already developed
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with co-existingmagnetic and ferroelectric properties andmanymore are likely to be
discovered in near future. The next section discusses the history of magnetoelectric
materials that are made with different structures and compositions. Thereafter, we
will see the limiting factors for these materials to exist and how they can be made in
spite of several restricted conditions.

2.2 History of Magnetoelectric Multiferroic Materials

(a) Boracites

Nickel iodine boracite, Ni3B7O13I is the first-ever discovered magnetoelectric
material. This discovery was then followed by many other multiferroic boracite
compounds. The boracite compounds are complex in structure and there are a large
number of atoms in each formula unit and each unit cell contains more than one
formula unit [5]. The inter-ionic interactions are so strong in these materials that it
becomes almost impossible to isolate the factors which are responsible for multifer-
roic behavior and the strength of coupling between different order parameters. Nickel
iodide boracite is basically “Rochelle salt” of magnetoelectric materials, helpful for
validating proof of concept, but does not have any wide application and contribution
in understanding the field deeply.

(b) Mixed Perovskite Materials

In the 1950s, the search for other magnetoelectric materials started when the
magnetic cations with dn electronic configuration replaced the B-site cations in
ferroelectric perovskite materials with d0 electronic configuration [6]. The first-ever
synthesized magnetoelectric perovskite material using this approach was (1 − x)
Pb(Fe2/3W1/3)O3–x Pb(Mg1/2W1/2)O3 which was synthesized in 1960s [7]. Where,
theMg andW ions are responsible for ferroelectricity as they are diamagnetic and the
Fe3+ ion with d5configuration is responsible for the magnetic ordering. Other exam-
ples for perovskite-basedmagnetoelectric materials are: B-site ordered Pb2(CoW)O6

which possesses both ferroelectric and ferromagnetic ordering, B-site disordered
Pb2(FeTa)O6 which shows ferroelectric and antiferromagnetic orderings,with aweak
ferromagnetic order below 10 K [8]. The dilution of magnetic ions in these double
perovskite structures lowers their Néel or Curie temperatures.

(c) Other Perovskite Materials

Many other perovskite materials are there which showmagnetoelectric behavior, but
most of them possess antiferromagnetic ordering, for example, Yttrium manganite
and other small rare earth manganites and few other compounds with Bismuth as the
large cation.



Basics of Multiferroic Materials and Their Types 133

2.3 Magnetoelectric Multiferroic Materials: How they Can
Be Made?

Aswearewell aware now that, amagnetoelectricmaterial is simultaneouslymagnetic
and ferroelectric. Therefore, all the allowed physical, chemical, and structural char-
acteristics of a magnetoelectric material are confined to those that are found in both
magnetic and ferroelectric materials. This section discusses different properties that
limit the choice of potential candidates for making a magnetoelectric material.

(a) Symmetry

As discussed earlier in Sect. 2.1, for a material to be ferroelectric, noncentrosym-
metricity is the primary requirement, i.e. there should be a distortion in the structure
of the material from the high symmetry phase followed by removal of the center
of symmetry and hence allowing the electric polarization. It is to be noted here
that, there are 31 point groups that show spontaneous electric polarization, and 31
point groups that give spontaneous magnetic polarization [9]. Among these, 13 point
groups (1, 2, 2′, m, m ′, 3, 3 m ′, 4, 4 m′m′, m′m2′, m′m′2′, 6, and 6 m′m′) are common
to both groups, which allow both magnetism and ferroelectricity to exist together
in the same phase. Even though this set is quite small in comparison to the total
number of crystal structures available i.e. 122, but still it can be considered as a
significant number. Also, many materials that are not ferromagnetic or ferroelectric
follow one of these allowed symmetries. Hence, it can be said here that symmetry
properties do not restrict the co-existence of magnetic and ferroelectric properties in
a magnetoelectric material.

(b) Electrical Properties

A ferroelectric material by definition has to be an insulator so that the applied electric
field can create electric polarization and not induce an electric current. Ferromagnets,
on the other hand, do not require any specific electrical property but are metals. Thus,
one can attribute the lack of these two properties to co-exist in a single material
simply to the scarcity of magnetic insulators. However, if one broadens the search
of magnetic materials to ferrimagnets and weak ferromagnets such as those having
canted antiferromagnetic ordering, then the quest for magnetoelectric materials can
be ended, as most of the ferrimagnets and antiferromagnets are insulators. Thus, the
blame for the scarcity of magnetically ordered ferroelectrics cannot be put on the
shoulders of rarely available magnetically ordered insulators [4].

(c) Chemical-d0ness

Mostly, the perovskite ferroelectric materials have a B-site cation with d0 electron
configuration, which is responsible for the formal charge distribution. Hence, none of
the magnetic ordering like ferromagnetism, ferrimagnetism, or antiferromagnetism
is possible in such materials as empty d shells cannot create localized magnetic
moments. However, if the d shell on the small B-site cation is partially occupied, then
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the removal of the center of symmetry becomes quite difficult. Many effects could
be responsible for this, which includes the size of the B-site cation, some dominant
structural distortion, electronic or magnetic properties, or any combination of all
these properties. Let us now discuss the effect of all these factors.

1 Size of Cation

To see the role of size of cation, comparison of the ionic radii of d0 cations present
in perovskite ferroelectrics with those of dn cations present in non-ferroelectric
perovskite materials, is required. This comparison will help find whether the tran-
sition metal ions with filled/partially filled d shells are large enough to prevent its
movement through space created at the center of oxygen octahedron. The Shannon
ionic radii [10] of some ferroelectric perovskite materials having small cations with
d0 shells are Ti4+, 74.5 pm; Nb5+, 78 pm; and Zr4+, 86 pm. Also, the ionic radii of
some small size cations with dn shells found in non-ferroelectric perovskite materials
are Mn3+(d4), 78.5 pm; Ti3+(d1), 81 pm; and V4+(d1), 72 pm. A quick comparison
of the above two categories gives the impression that B-site cations with occupied
d shells do not have any systematic increase in radii as compared to B-site cations
with empty d shells. Thus, it can be concluded here that, the size of B-site cation is
not a judging factor for the existence of these materials.

2 Structural Distortions

The ferroelectric materials are accompanied by a low-temperature phase transition
that is devoid of any center of symmetry. In conventional perovskite ferroelectric
materials, this is commonly achieved by displacement of B-site cation from the
center of oxygen octahedron. On the other hand, cations having occupied d shells will
show some dominant structural effects as they have more chances to undergo strong
Jahn–Teller distortion. And this is to mention here that a material having Jahn–Teller
distorted structure could have a lower driving force for the off-center displacement
of cation as compared to the undistorted structure. Lanthanummanganite (LaMnO3)
andYttrium titanate (YTiO3) arewell-known examples of this effect, whereMn3+ ion
in LaMnO3 has d4 and Ti3+ ion in YTiO3 has d1 configuration. Both of them show d-
type Jahn–Teller distortion, where the oxygen octahedron has elongated axes which
are parallel to each other along the direction of the crystallographic c axis [11]. Also,
in addition to Jahn–Teller ordering, orbital ordering is observed in these systems.
LaMnO3 is an insulating material with A-type antiferromagnetic behavior, where,
the planes containing ferromagnetically aligned Mn3+ ions are antiparallel to each
other.On the other hand,YTiO3 is a strongly correlated ferromagneticMott–Hubbard
insulator. Neither LaMnO3 nor YTiO3 is ferroelectric. However, the significance of
the formal charge on B-site cation has to be noted here, as in BaTiO3, the 3d electrons
have a configuration that is closer to d1 than to d0 resulting from the charge density
contributed by oxygen ligands [12]. A cation with d1 configuration should undergo a
Jahn–Teller distortion. But, no such distortion is seen in BaTiO3, which is applicable
for cations with empty d shells.
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Since we have now arrived at a point, where we have gained some knowledge
about the scarcity of multiferroic materials and how a multiferroic material can be
made or what are the specific requirements to design a multiferroic material, Let us
now look into the types of multiferroic materials based on their structure and strength
of coupling between various order parameters.

3 Types of Multiferroic Materials

Magnetism in all themagneticmaterials arises from the localized electrons in partially
filled d or f shells corresponding to transition metal or rare earth ions giving a net
magnetic moment. Magnetic ordering arises as the exchange interaction takes place
between these localized magnetic moments. On the other hand, in the case of ferro-
electric materials, there are different sources of the microscopic origin of ferroelec-
tricity. Hence, depending upon the source of ferroelectricity, there can be various
types of multiferroics. Broadly, they are divided into two categories: Single Phase
Multiferroics and Composite Multiferroics. Single Phase multiferroics are further
divided into Type I and Type II multiferroics. Type I multiferroic materials are the
ones in which ferroelectricity and magnetism originate from different sources, and
both the orders do not depend upon each other and hence are coupled weakly. Ferro-
electricity in these materials occurs at high temperatures as compared to magnetism,
themagnitude of spontaneous polarizationP is quite large (~10–100mC/cm2). Exam-
ples of type-Imultiferroics are BiFeO3 (TFE ∼ 1100K, TN = 643K, P∼ 90mC/cm2)
and YMnO3 (TFE ∼ 914 K, TN = 76 K, P ∼ 6 mC/cm2). Type-II multiferroics are
comparatively recently discovered materials, here, magnetism is the source of ferro-
electricity, thus indicating a strong coupling between the two orders [13, 14]. In addi-
tion to these two categories, various groups are working on the possibility to create
composite multiferroics which comprise some well-studied magnetic and ferroelec-
tric materials designed as multilayers and self-assembled nanostructures [15]. Let us
discuss these types of multiferroics in more detail.

3.1 Single Phase Multiferroics

Single phase multiferroics are those which possess ferroelectric and ferromagnetic
orders in a single phase. Following are the details about the types of single phase
multiferroics.

(a) Type-I Multiferroic Materials

Type-I multiferroic materials are rather older and are large in number. The good
thing about them is that the critical temperatures for both ferroelectric and magnetic
transitions are well above room temperature. But, unfortunately, the magnetic and



136 S. Manori and R. Chandra

ferroelectric orders are weakly coupled in thesematerials. Therefore, the challenging
task for this category of multiferroics is to improve this coupling while keeping all
other positive features as they are. Type-I multiferroics can be further divided into
subcategories depending upon the source of ferroelectricity. Figure 2 summarizes
type-I multiferroics.

(a-1) Multiferroic Perovskite Materials

Perovskite structured materials like BaTiO3 or Pb(ZrTi)O3 (PZT) are well-known
ferroelectricmaterials. Among perovskitematerials, there existmanymagneticmate-
rials and also many ferroelectric materials [3, 16]. However, as discussed earlier
in Sect. 2, there is a mutual exclusion of both magnetism and ferroelectricity in
perovskite materials. For a material to showmagnetic properties, the transition metal
ion should have partially filled d shells, while ferroelectric perovskite materials
contain transition metal ions like Ti4+, Ta5+, W6+ which have empty d shells. Ferro-
electricity in these materials arises due to off-center displacement of transition metal
ions that forms strong covalent bonds with one or three oxygen atoms, via the empty
d shells. On the other hand, the presence of dn configuration in magnetic transition
metals suppresses the process of off-center displacement and hence prevents the

Fig. 2 Type-I multiferroics. a Perovskites, b ferroelectricity due to lone pairs, c ferroelectricity
due to charge ordering, d ferroelectricity due to geometric structure
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origin of ferroelectricity. This problem related to d0 versus dn issue in these mate-
rials was studied theoretically on a larger scale, but no satisfactory solution could
be attained [3, 4, 16]. However, one promising solution could be to design a mixed
perovskite with both d0 and dn ions (Fig. 2a). But, the drawback of doing so is that
the coupling between both magnetic and ferroelectric counterparts in these mixed
perovskite materials is very weak.

(a-2) Ferroelectricity due to lone pairs

Lone pairs are formed by those ions which do not contributetothe formation of chem-
ical bonds. Figure 2b shows the origin of ferroelectricity that arises because of lone
pairs. In perovskite materials like BiFeO3, BiMnO3, and PbVO3, Bi3+ and Pb2+give
major contributions towards the origin of ferroelectricity, as the two outer 6s elec-
trons in these ions form lone pairs or dangling bonds. Thus, they have large electric
polarization-which is the required condition for ferroelectricity. The microscopic
origin of ferroelectricity in these materials arises due to the ordering of lone pairs
in one direction. This type of ordering is observed in many ferroelectric materials
which are based on Bi and Pb such as BiFeO3. This ordering also helps in improving
the ferroelectric properties of Pb(ZrxTi1-x)O3 compounds [3].

(a-3) Ferroelectricity due to charge ordering

Ferroelectricity in certain materials can also be achieved by charge ordering and is
observed generally in transition metal compounds with transition metal ions having
different valence. As shown in Fig. 2c, if both sites and bonds are imbalanced after
charge ordering in these compounds, then it can give rise to ferroelectricity [17].
An equivalent phenomenon can take place in materials like Pr0.5Ca0.5MnO3 and also
in Nickel compounds (RNiO3) with charge ordering [18]. Most commonly, there
exist materials where the ions have different charges as the elements are different;
furthermore, dimerization is also observed in these compounds. The compounds
that belong to this category are TbMn2O5 [14] and newly discovered multiferroic
Ca3CoMnO6 [19]. Another situation that is likely possible is the inequivalent bond
formation because of the structure of the materials, along with site-centered charge
ordering. The examples for this category are organic ferroelectric (TMTTF)2X [20]
and multiferroic LuFe2O4 [21].

(a-4) Ferroelectricity due to Geometric Structure

In certain compounds, ferroelectricity arises due to certain changes in the geometry
of the structure (Fig. 2d). The famous example for this category is YttriumManganite
(YMnO3), where ferroelectricity has nothing to do with magnetic ion Mn3+ [22]. In
this case, the tilting of the MnO5 block occurs to provide a close packing of the
structure which results in the movement of oxygen ions towards smaller Y ions ad
hence gives ferroelectricity.
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(b) Type-II Multiferroic Materials

The Discovery of a novel class of multiferroic materials where ferroelectricity arises
due to the presence of a particular magnetic state has created the biggest interest
in developing multiferroics. Examples of such categories are TbMnO3, in which
magnetic ordering occurs at a temperature of 41 K, and at a still lower temperature
of ~28 K, there is a change in magnetic structure. It is observed that at a lower
temperature the electric polarization becomes non-zero. A similar thing happens in
the compound TbMn2O5. The first study on TbMnO3 revealed that electric polar-
ization has a strong dependence on an external applied magnetic field, where, the
electric polarization rotates by 90° as a critical magnetic field is applied along a fixed
direction [13]. In the case of TbMn2O5, there is an even stronger dependence of
polarization on the magnetic field [14]. It is observed that the polarization changes
its polarity with the applied magnetic field. As the magnetic field is altered between
±1.5 T, the electric polarization begins to oscillate. After these two compounds, a
large number of type-II multiferroics, with even stronger coupling between magnetic
and ferroelectric orders, have been synthesized and studied. Further, type-II multifer-
roic materials can be divided into two categories: firstly, when ferroelectricity arises
due to magnetic spiral, and secondly when ferroelectricity is observed in collinear
magnetic structures. Let us now discuss them separately.

(b-1) Spiral type-II multiferroics

These are themost commonly found type-IImultiferroicmaterials. In thesematerials,
ferroelectricity arises along with cycloid type spiraling magnetic phase. Examples
are TbMnO3, MnWO4,and Ni3V2O6. In the case of TbMnO3, the magnetic state is
represented by a spin-density wave that varies sinusoidally below 41 K. Here, all the
magnetic spins are pointed in the same direction, but there is a periodic variation in
the size of the local moment. However, below 28 K, the Mn spins order in such a
way that their tip sweeps out a cycloid. A microscopic [23] and phenomenological
[24] approach revealed that in the case of a cycloidal spiral magnetic structure, the
polarization P can be represented by the equation:

P ∼ ri j × [
Si × Sj

] ∼ [Q × e] (1)

where, r i j connects two neighboring spins Si and S j , Q is the wave vector which
describes the spiral, and e ∼ [

Si × S j
]
is the axis of spin rotation. The spin–orbit

interaction is mainly responsible for the origin of this polarization.
In any insulating material, magnetic frustration arises due to the presence of spiral

magnetic ordering.Hence, type-IImultiferroicity ismost commonly observed in frus-
trated magnetic systems. The findings of these materials have potential applications
in different fields.

Thus, from the above discussion, it is clear that the magnetic field plays an impor-
tant role. The effect of applied magnetic field H on a cycloid can be seen similar to
well famous spin-flop transition in an antiferromagnetic material. When an external
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magnetic field is applied, the sublattice magnetic moments are preferably oriented in
a plane that is perpendicular to the applied field so that these magnetic moments are
able to cant in the direction of an applied field with a lesser loss of exchange energy
between adjoining spins. Subsequently, when the applied field forces the magnetic
cycloid plane to switch by 90°, the electric polarization P also flips, as given by
Eq. (1), P lies in the plane of spins but is perpendicular to the wave vector Q. It is to
be noted here, that the derivation of Eq. (1) is valid for a particular crystal structure
like simple cubic or tetragonal. Therefore, in such cases, Polarization P of a proper
screw, where the plane of spin rotation is perpendicular to the wave vector Q, will be
zero. Nonetheless, recent studies show that the above-mentioned effect may not be
observed for other crystal structures, where a non-zero polarization may appear even
for a proper screw spiral [25]. This is observed experimentally in various systems
like RbFe(MoO4)3 [26], CuFeO2, and ACrO2(A=Cu, Ag, Li, Na) [27].

(b-2) Type-II multiferroics with collinear magnetic structures

In collinear magnetic structures, all the magnetic moments are oriented in a specific
direction along an axis without any requirement of spin–orbit coupling. These mate-
rials can show electric polarization as a result of exchange striction as the coupling
between the magnetic spins varies with the position of the atoms. The most common
example of this category is Ca3CoMnO6 [19], which is made up of Co2+ and Mn4+

ions forming a one-dimensional chain with alternate positions. At elevated tempera-
tures, these ions in the chainmaintain a fixed distance and hence it possesses inversion
symmetry with zero polarization. This inversion symmetry is broken by themagnetic
ordering with spins forming a magnetic structure of the type ↑↑↓↓. Now, ferroelec-
tricity results as distortion in ferro (↑↑) and anti-ferro (↓↓) bonds is different due
to exchange striction. This observation is also confirmed by theoretical studies [28].
In Ca3CoMnO6, exchange striction is caused by the different valence of transition
metal ions (Co2+ and Mn4+). It is also observed that a similar effect can be obtained
for materials with identical magnetic ions, by considering the fact that in transition
metal oxides, exchange striction generally arises through intermediate oxygens and
depends on two factors: distance between themetal ions and themetal–oxygen–metal
bond angle. In perovskite materials like RMnO3, where R is a small rare earth ion,
the magnetic state of theMn ion in the basal plane is of the type ↑↑↓↓. In such cases,
the exchange striction can make the oxygen ions move in a direction perpendicular
to the Mn–Mn bonds which produce an electric polarization along the direction of
the shift [29–32].

Another phenomenon by which ferroelectricity can arise in frustrated magnetic
systems with a collinear magnet is electronic ferroelectricity, where the polariza-
tion of a triangular spin structure is proportional to the spin correlation function,
S1(S2 + S3) − 2S2S3 (the subscripts denote the positions on the vertices of the
triangle) [33]. Also, the polarization is zero if the spin correlation function is zero.



140 S. Manori and R. Chandra

3.2 Composite Multiferroics

Composite multiferroics are a better alternative due to the scarcity of single phase
multiferroics. In this case, multiferroicity is due to a combination of two separate
materials which are ferroelectric and ferromagnetic/antiferromagnetic, respectively.
As there are many ferromagnetic/antiferromagnetic and ferroelectric materials at
room temperature, it’s easy to make a composite of them that behaves as multiferroic
at room temperature. The properties of composite multiferroics can be described on
the basis of phase connectivity. To explain this concept, a notation like d1–d2 is used,
where the subscripts represent the dimensionality of the respective component. On
the basis of dimensionality, these composites are described as 0–3 which denotes
granular compounds i.e. ferromagnetic particles embedded in a ferroelectric matrix,
1–3 structures with columns of ferromagnetic material in a ferroelectric matrix,
and 2–2 planar structures with alternate layers of ferromagnetic and ferroelectric
materials [34].

4 Conclusion

In this chapter, we discussed the origin of multiferroics and their historical journey.
Basically, multiferroics materials are those which show multiple ferroic orders and
coupling between them. Magnetoelectric multiferroic materials are the most studied
materials that fall in the category of multiferroics. For a material to show magne-
toelectric effect, it is discussed that the requirements are concerned with symmetry
properties, electrical properties, and chemical d0-ness. Multiferroics can be divided
into single-phase and compositematerials, basedon the structure. Single-phasemulti-
ferroics being thosewhich can show the couplingbetweenvarious ferroic orders in the
samephasewithout being combinedwith anyothermaterial. Compositemultiferroics
are those which overcome the scarcity of single phasemultiferroics, as they comprise
a combination of different ferroelectric and ferromagnetic materials to show a strong
multiferroic behavior. Single Phase multiferroics can be further divided into Type-I
and Type-II multiferroics, depending upon the strength of coupling between various
ferroic orders. Composite multiferroics comprise 0–3 type granular compounds, 1–3
structures, and 2-2 planar structures. The studies on improving the multiferroic prop-
erties and strengthening the magnetoelectric coupling are proving these materials as
potential candidates for applications in multiple logic state devices, spin-valves as
well as energy harvesting devices.
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Multiferroic Material Bismuth Ferrite
(BFO): Effect of Synthesis

Ritesh Verma, Ankush Chauhan, Neha, and Rajesh Kumar

Abstract This chapter has a focus on multiferroics in particular bismuth ferrite and
its production techniques (BiFeO3, BFO). BFO is recognized to be the major ABO3

perovskite-type single-stage compound that has multiferroic at room temperature
and is therefore seen as the most encouraging up-and-comer for applications in next-
generation storage, information and spintronics. Since, ferroelectric and antiferro-
magnetic characteristics are included concurrently; BFO has started to draw attention
to it. BFO exhibits an electrical and antiferromagnetic ordering of the cycloid spin
structure (Tc = 850 °C). In ABO3 multiferroic, bismuth has B sites with Fe3+ ions
and 6 neighboring anions of oxygen, forming FeO6 octahedra linked by a sharing
of their corners. Unfilled space between FeO6 and the A-site is mainly occupied by
the Bi3+ ions. There are numerous methods to synthesize BFO nanoparticles like
sol–gel auto-combustion, solid-state, co-precipitation etc. In this chapter, we discuss
the various methods of synthesis in detail.

Keywords Multiferroics · Perovskite · Ferroelectric · Antiferromagnetic ·
Solid-State · Sol–gel Auto-combustion

1 Introduction

Nanotechnology is an interdisciplinary field of research dealingwith very small parti-
cles of one billionth of a metre in size. In arithmetic, 10–9, known as a nanometer
(nm), may be defined in mathematics [1]. The nanoscale is the size that plays a major
role as a material’s element of atoms and molecules. The scientific and technolog-
ical area in which the complex macromolecules are inside the nanometric range is
nanotechnology. First, in his first classical speech “A challenge for the introduction of
a new field of physics, A great deal of ground” the father of nanotechnology “Richard
Feynman” presented the notion of nanotechnology to the world [2]. In 1974 the first
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coincided with the word Nanotechnology was Norio Taniguchi of Tokyo Univer-
sity. In the realm of conceptual design and in the case of intelligent materials that
may protest worldwide concerns, nanotechnology and nanoscience now-a-days are
essential. Nanotechnology has been increasing day after day in the class of smart
materials and has taken them to the next level forcefully. Smart materials can be clas-
sified as high-quality, specifically sized nanoparticles. The next-generation materials
are regarded as intelligent and are capable of changing their characteristics, such as
thermal, mechanical, electromagnetic and optical inputs, automatically [3]. These
materials may be regarded as intelligent materials that adapt to the changes in the
environment and explore their functions in the environment accordingly [4].

Between smart materials, ferroic and multiferroic materials attract more atten-
tion. New and inventive materials that bring changes in building and manufacturing
represent the growth of nanotechnology and intelligent materials. We need to grasp
the link between synthesis, structure and their characteristics to find novel materials
of desirable features. One of the greatest methods to accomplish multifunctionality is
by expanding novel materials in an individual phase by lining up their different phys-
ical features. Due to its basic and technical applications, the topic of multiferroics
captivated more researchers with itself.

2 Ferroics

The Latin term “Ferrum,” which signifies iron, is used to refer to the word ferroic.
The term ferroic encompasses such properties as ferromagnetic, ferroelastic and
ferroelectric. It can be ferromagnetic and ferromagnetic. One of the most essential
characteristics is that ferroic materials tend to a well-defined hysteresis circuit. The
material is magnetically, electrically or physically switched for a specified hysteresis
loop. A spontaneous M magnetization can be converted to a hysteresis loop with an
application of a magnetic field. Likewise, the electric polarization P can be converted
to hysteresis again by the application of an electric field and the last one, mechan-
ical stress application, can be converted to ferroelastic deformation. Ferroics are the
kinds of products in which it changes its physical characteristics by applying external
variables such as temperature, stress, pressure, electric and magnetic fields. Figure 1
shows the ferroic materials hysteresis loop. The reason for this shift is because the
transition to phase beyond critical temperature. Overhead, no physical characteris-
tics change and the material was discovered in a non-ferroic state over this critical
temperature.

A domain is an important factor in the case of ferroic materials. A domain is
an area inside the material in which the parameters aligned themselves naturally
in the uniform direction. In the absence of applied fields, no order parameters take
place. When we apply magnetic (M), stress (σ) or electric (E) fields then the domain
starts to orientate in a uniform direction. At higher applied fields, the saturation of
polarization (Ps), magnetization (Ms), strain (εs) is observed. After removing the
applied field, it will come back to zero and hence possess a noticeable range of order
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Fig. 1 Hysteresis loop of ferroic materials

parameter at a specific field called retentivity (Pr , Mr , and εr) while if we reverse
the field the net order parameter become zero known as coercive field (Hc, Ec, σ c).

2.1 Ferromagnetism

Ferromagnetism was originally found in Chinese in the traditional period about 100
B.C. In the context of ferromagnetic material, the atomic magnetic moment, as seen
in Fig. 2, is parallel to each other because of the intense interplay between the
neighboring magnetic moment. For example, gadolinium, alloys, alnico, nickel and
iron, etc. Ferromagnetic compounds are.

The valence electrons of the neighboring atoms show interactionwith each other in
such a way that the magnetic moment of these neighboring atoms aligned in the same
direction [5] under a specific area called a magnetic domain. Inside these magnetic
domains, the number of atoms is very large (1017–1021 m3) but the occupied volume
of these domains is very less (10–12–10–15 m3). The theory of ferromagnetism was
first theorized by Pierre Weiss in 1906.

According toWeiss theory, there are main two important postulates (i) their spon-
taneous magnetization (ii) their domain distribution. The variation of temperature
varied the magnetic susceptibility (χ) of the ferromagnetic substances is given by
Curie–Weiss law,

χ = C/T−T c (1)
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Fig. 2 Ferromagnetic ordering

where C = Curie point, Tc = Curie temperature. Above the Curie temperature,
the phase transition of materials from ferromagnetic to paramagnetic takes place
and with temperature rise their susceptibility decreases. Ferromagnetism arises due
to the unpaired d electrons associated with transition metals. According to domain
theory, all the magnetic moments are aligned in the same direction, resulting in net
magnetic dipole moment in the case of ferromagnetic substances. The alignments are
in different directions in different domains. No existence of magnetism took place
in the absence of a magnetic field. When the ferromagnetic material is placed in
an external magnetic field then the domain having magnetic moment parallel to the
applied field enlarge at the expenditure of neighboring domains, called Bloch walls
and arrangements of boundaries as displaced in Fig. 3.

2.2 Antiferromagnetism

Neel and Bitter firstly invented antiferromagnetism. In 1938, it was experimentally
first observed in MnO by Squire, Bizette and Tsai. In certain materials at very little
temperature, the neighboring ions act like teeny magnets, align themselves in the
opposite direction as shown in Fig. 4 and result in no magnetism because they cancel
out each other magnetization effect. MnO, Cr, CuO, NiO are some examples of
antiferromagnetic materials.

Above a certain temperature, antiferromagnetic material becomes paramagnetic
materials known as Neel temperature. Above Neel temperature, the susceptibility is
given by the equation,

χ = 2C/T + TN (2)
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Fig. 3 Ferromagnetic substances in an external magnetic field. Reprinted with permission from
MDPI

Fig. 4 Antiferromagnetic
order

whereTN stands forNeel temperature. The susceptibility is closely independent in the
direction of the field concerning spin axis, at and above Neel temperature. Whereas,
the antiferromagnetic susceptibility is greatly dependent upon the orientation of the
magnetic field below the Neel temperature.



148 R. Verma et al.

3 Ferroelectrics

J. Valasek also gave the notion of ferroelectricity in 1920 when he examined the
dielectric characteristics of Rochelle salt [6]. Ferroelectric materials are a form of
polar material consisting of a spontaneous electrical polarization, which may be
reversed by the application of an outside electric field. The centre of the positive
charge does notmatch the centre of the negative charge [7–9] in case of a ferroelectric
condition. At some time, ferroelectricity, known as the temperature transition, is gone
and overhead, the material becomes paraelectric.

3.1 Polarization

In a polarized material, polarization may be defined as the dipole moment per unit
volume and in mathematically form

P = p/V (3)

where volume and dipole moment of the dielectric material is denoted as V and p.
The polarity of a molecule can be measured by dipole moment. We can define the
dipole moment as the vector sum from the center of negative charge to the center of
positive charge written in the equation as,

p =
∑

qnrn (4)

where rn is the position vector of qn.

3.2 Spontaneous Polarization

Spontaneous polarization may be defined as that type of polarization that a material
possesses in the lack of an external electric field. When the interaction between the
adjacent permanent dipoles occurs then they align themselves in the samedirection. In
ferroelectrics, the spontaneous polarization may be reorientation able and reversible.
The phase transitions in the case of these materials occur at a temperature Tc. Above
this temperature; the electric dipoles are randomly oriented and go to a paraelectric
state. Below temperature Tc (T < Tc) the substance goes to spontaneous polarization
where the interaction between the dipoles took place. The interaction between dipoles
tends to an internal field that regulates the dipoles. The regulation of dipoles gives
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Fig. 5 Temperature
dependence of polarization

rise to spontaneous polarization (Ps). The dropping of temperature tends to the steady
increase in polarization until it disappears at Curie temperature (Tc) [10], as shown
in Fig. 5.

3.3 Ferroelectric Domains

In a ferroelectric material, all the electric dipoles are arranged in a uniform direction
lies in a small region called domain while in the case of polar polarization these
domains are aligned in a different direction. The difference in the number of the
downward and upward-directed domains results in net polarization. The crystal is
spontaneously strained with aT ≤ aC ≤ cT in the ferroelectric phase where aT and aC
are the a-axis of the tetragonal and cubic unit cell. The polarization along with the
direction will arise and develop on the mechanical and electrical boundary situations
introduced on the sample. The areas between the two separated domains are known
as domain walls displayed in Fig. 6a, b. We can represent domains walls by the angle
between the directions of polarization on another side of the wall. Ordinarily, to
minimize the walls energy domains are formed results in a change in the direction.
The boundary wall which isolates the domain acquire perpendicular polarization
is called the “900 walls” and having opposite polarization called the “1800 wall”
(Fig. 6b). 90° domain walls are much broad than that of the domain wall of 180°.

Grain size, sample geometry, crystal symmetry, defect structure and synthesis
method are certain factors that affect the structure and size of these domains [11, 12].
The interior domains (the neighboring domain between the materials) are different
from the properties of the domain making themmore conductive, capable to be elec-
trically charged or displaymechanical strain. Hence the properties of the surrounding
material may affect by the stationary domain walls if their density is very large. By
applying electric field and pressure on the ferroelectric the domain wall make move.
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Fig. 6 Illustrations of the tetragonal perovskite structure of a 180° and b the domain and domain
wall areas. For a 180° wall, the schematic polarization shift over the domain wall is illustrated (a).
(b) is exaggerated by tetragonal distortion. Reprinted with permission from IOP

This will tend to a large contribution to the electrical, mechanical, and electrome-
chanical properties of the ferroelectrics, called domain wall contribution [13, 14].
The movement of the domain walls is afflicted by certain parameters such as grain
boundaries, point defects and dislocations [15].

3.4 Ferroelectric Hysteresis Loop

In the case of ferroelectric material, the hysteresis loop shows the relation between
polarization P and applied field E. When the substance gets polarized in a certain
direction and after that comes back to the opposite direction is known as the hysteresis
loop shown in Fig. 7. On applying an electric field to a ferroelectric material, the
randomly oriented domains get polarized to a certain direction i.e., positive axis.
At an appropriate large electric field, all the electric domains are polarized along
the applied electric field and hence obtain a maximum value called saturation point
(Pmax) [16]. Then thematerial is described as single domainmaterial. On decreasing
the applied field, the rate of polarization decreases but for zero electric fields, the
value of polarization does not return to zero, at this point the material is sponta-
neously polarized thus achieving a remnant polarization (Pr). In the absence of field,
this polarization would remain. When we apply the electric field in the opposite
direction up to a coercivity value (Ec) the remnant value gets disappear. Further, on
reversing the applied field, the material again acquires the saturation polarization but
in the reverse direction. The area inside the loop shows the amount of energy that is
necessary to switch the direction of polarization 180°.
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Fig. 7 P-E hysteresis curve of ferroelectric materials. Reprinted with permission from Taylor and
Francis

4 Ferroelastics

Ferroelastic materials are kinds of materials where mechanical switching takes
happen by the application of stress between two orientation states of a material.
We may do a broader study on Ferro, ferromagnetic and multiferroic switching
behaviour by knowing ferroelastic properties [17]. A visible form change in the
material arises during mechanical switching. We may thus claim that there is a phase
shift while applying stress. The transition of the Ferroelastics stage generates an
elastic hysteresis that depends on temperature [18].

5 Multiferroic Materials

Multiferroic material is a type of operating material including concurrently two or
more “ferroic” orders such as ferroelectricity (anti), ferromagnetism (anti), ferro-
elasticity and ferrotoroidism.Thepresenceof up to two switchable states (for example
strain, magnetization and polarization) has garnered great interest in itself because
they are relevant to the many applications of multifunctional devices. Furthermore,
owing to the combination of the different factors in the sequence, physical effects
like the magnetic polarization field or vice versa can be injected. For device appli-
cations, one of the most adorable factors for multiferroic material is to attain two or
more ‘ferroic’ orders at room temperature [19]. In the case of solid-state physics and
different types of technological fields, these materials have great importance. Poten-
tial applications in spintronic devices, data storage devices and multiple state memo-
ries make more curious these in the study field [20]. There are certain parameters
that on coupling describes the multiferroic behaviour is illustrated in Fig. 8.
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Fig. 8 Schematic illustration of the coupling between magnetic-elastic-electric in multiferroics
[21]. Reprinted with permission from MDPI

• Magnetoelectric coupling: The coupling takes place between the ferromagnetism
and ferroelectricity which enables the magnetic field to change polarization and
vice-versa.

• Piezoelectricity: It associates with the change in polarization as a function of
applied strain.

• Piezomagnetism: It associates with the change in magnetization as the function
of applied strain.

• Electrostriction: It associates with the change in the strain as a quadratic function
of an applied electric field.

• Magnetostriction: It associates with the change in the strain as a quadratic
function of an applied magnetic field.

The magnetoelectric coupling material is one of the most sought features among
all these multiferroic materials. The magnetoelectrical coupling will produce a novel
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design and be used for practical applications of electronic materials. Chemically,
single-phase magnetoelectric are homogenous and magnetoelectric couplings are
provided by isotropic compounds, which need magnetic moments and long-range
electric dipoles simultaneously. Miserably, there are relatively few materials that
show multimedia [22], and the presence of multiferroic materials is, of course, quite
small. For ferroelectric behaviour, the transition ions with empty d shells are respon-
sible. The positive loading ions contain combined to form molecules with oxygen
ions (negative load). The transition ionmovement towards oxygen ions hence encour-
ages electric polarization takes place at electrical dipole moment. Then it is stabi-
lized between O2p and vacant d-orbitals by strong covalent interactions. Vice versa,
magnetism is responsible for transitionmetals using partly filled d-orbitals. The filled
orbitals with electron spin are not carried out in magnetic order. Interaction between
the uncompensated spins of various ions generates a lengthy magnetic order and
causes the electrons to hop. These variables are responsible for ferromagnetism and
ferroelectricity, which makes them trendy [23].

5.1 Type-1 Multiferroics

The first group of multiferroic materials comprises those types of materials in which
ferroelectricity and magnetism take place independently. For these materials, polar-
ization has a high value and at high temperature, ferroelectricity appears. Examples
are YMnO3, BiFeO3 etc.

5.2 Type-2 Multiferroics

The second group of multiferroic materials comprises those types of materials in
which ferroelectricity and magnetism depend on each other (polarization caused
by magnetism and vice-versa). These materials show a low value of polarization.
Examples are: TbMnO3, MnWO4 [24, 25].

6 Mechanism of Multiferroicity

6.1 Multiferroicity Due to Lone Pair

In BFO ferroelectricity is mainly caused by Bi3+ ions. These ions contain two elec-
trons, called solitary pairs, which are not used for bond formation. The materials are
highly polarized and the formation of ferroelectricitymay be described by organizing
these pairs in a unidirection, as illustrated by Khomskii [26].
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6.2 Multiferroicity Due to Charge Ordering

Ferroelectricity due to charge ordering is another mechanism that tends to ferro-
electricity. It occurs in materials by accommodating ions with mixed valence. After
charge ordering both bonds and sites become unequal as illustrated by Khomskii
[26].

7 Applications of Multiferroics

Multiferroics have a large range of potential applications that are given below as:

• Magnetic recording read heads: These are based on magnetoelectric effect so
used in multiferroic materials.

• Spintronics: MRAM is the most trending spintronic device that has MTJ
(Magnetic Tunneling Junction). MTJ tends to 4 or 8 stage logic used in multifer-
roic materials. It consists of large memory density, non-volatility and less use of
power rather than ordinarily used memory devices.

• Photovoltaic solar cell: Multiferroic materials show coupling effect so used in
photovoltaic solar cells.

• Thermal energy harvesting: Multiferroic materials like Ni45Co5Mn40Sn10
contain inter-metallicmultiferroic alloy that changes heat into electromotivework.
So, these materials also have been used for energy harvesting.

8 BiFeO3 (BFO) as a Multiferroic

BFO is known to be the main single-stage ABO3-type perovskite compound which
has multiferroic properties at room temperature and is therefore viewed as the most
encouraging up-and-comer among different multiferroic materials for applications
in next-generation memories, information storage and spintronics. BFO has started
to pull much attention towards itself due to the presence of ferroelectric and anti-
ferromagnetic properties simultaneously [27]. As per our previous study, we found
that with a cycloid spin structure BFO has ferroelectric ordering (Tc = 850 °C)
and antiferromagnetic ordering (TN = 370–380 °C) [28]. BiFeO3 is one of the lead
free multiferroic materials with narrow band gap so counted in an environmentally
friendly material. Thin and bulk film form of BiFeO3 can be prepared. In bismuth
ferrite, reason behind the ferroelectric behaviour is the presence of 6s electron pair
of Bi and for the magnetic behaviour partially filled d-orbitals of Fe is responsible
[29].
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8.1 Structure of BFO

Among the multiferroic materials, BiFeO3 has a rhombohedral distorted perovskite
structure with space group R3c at room temperature [30]. The compound formula
of perovskite is regularly expressed as ABO3. From the structure of BFO shown
in Fig. 9, we came to know that Fe3+ ions occupy the centered position, Bi3+ ions
occupy the corner position and O2-conquers all the face centered position. In ABO3

perovskite Bismuth multiferroic has B-sites occupied by Fe3+ ions surrounded by
six adjacent oxygen anions and form FeO6 octahedra that are connected by sharing
their corners. A-site consumes the unfilled space between FeO6 i.e., consumed by
Bi3+ particles. BFO in a hexagonal unit cell contains six equation units having cross-

section parameters a= 5.587 Ǻ, b= 5.587 Ǻ and c= 13.867 Ǻ with α = β = 90° and
γ = 120° [31]. The antiferromagnetic property of BFO contains G-type arrangement
in which Fe3+ ions having spins up are enclosed by six adjacent neighbours of Fe
ions by spin down. Due to this, there is distortion found in the oxygen octahedron
related to Fe–O–Fe angle, resulting a weak canting moment. A significant basic
parameter is the rotation angle of the oxygen octahedral. This angle would be 0° for
a cubic perovskite with consummately coordinated ionic sizes. How the ions into a
perovskite unit cell fit well the ratio for this is (rBi + rO)/l = l, where ‘l’ is the length
of the octahedral edge and the ionic radius of the individual particle is denoted by
‘r’.

This is relatively related to the Goldschmidt tolerance factor which is defined as,
t = rA+rO√

2(rB+rO )
can be introduced to show the extent of coordination between rA, rB

and rO where rA, rB and rO represent the ionic radius of A-site, B-site and oxygen

Fig. 9 Schematic representation of BFO structure in the hexagonal unit cell [32]. (Reprinted with
kind permission from Springer Nature)
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ions respectively. Idyllically, the tolerance factor should be equal to or less than one.
Using the ionic radii of Shannon, the value of tolerance factor for BiFeO3 we obtain t
= 0.88, with Biþ3 in eightfold coordination (the value for 12-fold coordination is not
reported) and Feþ3 in six-fold coordination and high spin. For the oxygen octahedra
must buckle in order tofit into a cell this ratio is smaller thanone [19]. The temperature
is one of the most important factors which affects the crystal structure and lattice
spacing of bismuth ferrite. Between the temperature of 5 and 300 K, the unit cell
atomic coordinates of BFO are nearly unaffected. The Fe and O ions have z atomic
coordinates, increase significantly above 300 K which determine the polarization
of the BiFeO3 unit cell. Commonly, an increase in temperature leads to an increase
in the bond length of Fe–Bi and bond angle Fe–O–Fe, O–Fe–O, and subsequently
leads to a reduction in magnetization and polarization. The ferroelectric structure
R3c and the idyllic perovskite structure are related to each other in two dissimilar
crystal distortions by freezing. The symmetry to the polar space group R3m reduced
along [0 0 1] by the polar displacements Bi3+ and Fe3+. Antiferro distortive turn of
the oxygen octahedra about [0 0 1] hub yields the nonpolar space bunch R3c. The
combination of these two distortions results into R3c [33].

8.2 Drawbacks of BFO

For non-volatile memories and high-performance electronics use BiFeO3 is one of
the suitable candidates. Despite superior benefits, BiFeO3 has major limitations also
which obstruct the applications of BFO. These are given below as:

• Occurrence of Impurity Phase: Bi has volatile nature due to which the synthesis
of a pure phase of BFO is a tough task. Impurity phases like Bi2Fe4O9, Bi25FeO39

take place due to the formation of Bi2O3–Fe2O3 system.
• High Leakage Current: Existence of oxygen vacancies and valence variation of

Fe2+ and Fe3+ tends to the high current leakage in BFO and thus high conductivity
slow down its electric properties.

• High Dielectric Loss: Bouncing of Fe3+ and Fe2+ ions and occupancy of impurity
phase also the reason behind high dielectric loss.

• Small Remnant Polarization: High leakage of current also results in small value
of remnant polarization.

• Weak Magnetic Properties: BFO shows antiferromagnetic nature in which
magnetic ordering shows a partially modulated spiral spin structure within the
range of 62 nm long-wavelength results in cancelling of macroscopic magnetiza-
tion. This spin canting effect is the main reason behind the weak magnetization
of BFO.

All these factors are collectively responsible for the week magnetoelectric effect
in BiFeO3 and restrict the use of BiFeO3 for the construction of multifunctional
devices. These issues can be efficiently overwhelmed by:
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• To reduce the limitations of BFO, doping on A-site or B-site or both sites can be
done e.g.,doping of transition metal ions (Cr, Co, Mn etc.) on B-site and doping
of rare earth ions (Gd, Pr, Ho, Nd etc.).

• By improving the synthetic techniques, a pure single phase BFO can be obtained
without any secondary phase.

• For improving the magnetic properties size of nanoparticles can be reduced below
the periodicity of spin helical structure within wavelength of 62 nm.

• The problem of non-stoichiometry can be solved by fabricating high quality single
crystal.

9 Synthesis Methods of BFO

For the synthesis of multiferroic BiFeO3, several methods were used such as solid-
state route, sol–gel, co-precipitation, hydrothermal and combustion method. All the
properties of BFO like structural, magnetic and electric depends upon the factors like
size of crystal, pressure, temperature, dopant and chemical composition etc. These
factors can be controlled by applying a suitable synthesis method under optimized
conditions. For the synthesis and to have a pronounced effect on magnetic, structural
and electrical properties of BFO it is necessary to choose an appropriate method.
Among all thesemethods sol–gel, co-precipitation and solid-statemethod are suitable
methods for the required conditions. All these synthesis methods are discussed below
as.

9.1 Sol–Gel Method

This process is a chemical-based solution used for the synthesis of metal oxides. In
this method evaporation of sol takes place and the chelating agent plays an important
role. Citric acid, oxalic acid, tartaric acid andmalic acid are the most commonly used
chelating agents. Nitrates are dissolved on a stoichiometric ratio in deionized water
and after that addition of a chelating agent take place on a hot plate. Heat the solution
with constant stirring at low temperature till the formation of gel and allowed it to
evaporate. After some time, the precursor form. Grind it and sintered it at the required
temperature to get the final result. The main advantages of this method are easy to
handle, required low temperature, cost-effectiveness etc.

9.2 Co-precipitation Method

In this technique, metallic salts are dissolved in the aqueous solution. Small-sized
nanoparticles result in this process at a low annealing temperature. Single pure phase
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BiFeO3 were synthesized by Muneeswaran et al. by using this method. Bismuth
and iron nitrate in the stoichiometric ratio were dissolved in deionized water [30]. A
mixture of deionizedwater (10M) and ammonia (2.5M)was then added dropwise to
the solution. After sometimes the formation of precipitates take place and is washed
many times with distilled water to remove the impurities. Then, the obtained product
was dried in a hot air oven and crushed in a mortar pestle to obtain the homogeneous
powder. Sinter the obtained powder at the required temperature.

9.3 Solid-State Method

The solid-state method is one of the most commonly used methods for the synthesis
of BFO. In the case of the solid-state method, the precursors such as bismuth nitrate,
iron nitrate have been weighed in the required amount. An agate mortar and pestle
are used for the proper mixing of these reactants. Acetone or alcohol is added to the
homogeneous mixture. This mixture forms a paste. After 10–15 min of continuous
mixing, this liquid gets evaporated. To obtain the fine powder the same process we
have to repeat 10–15 times. Then the powder is calcinated at different temperatures.

10 Applications of BFO

• BiFeO3 is a room temperature multiferroic material that has potential applications
in the field of spintronics, magnetism, and photovoltaics due to its ferroelectric
photovoltaic effect.

• BiFeO3 is also a type of multiferroic material which can also be used in the case
of communication devices.

• Due to its low bandgap property BiFeO3 can also be used in the case of an optical
fiber.

11 Review Related to the Synthesis of BFO

In the mid 50s, by using conventional solid-state method BFOwas firstly prepared in
Russia [34]. Many authors at that time reported that by using solid state method BFO
could only be synthesized at 700–800 °C annealing temperature. In 1967, Achenbach
observed a difficult task to obtain a pure single phase BFO [10]. Many researchers
did not get success to achieve a pure phase of BFO without any impurity. Certain
modification in time, temperature, synthesis techniques was made. Morozov [32]
described that BiFeO3 is not achievable by solid state method as its disintegration
temperature is lesser than the activation one. In 2004, Wang [35] synthesized a pure
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single phase BFO, by using rapid liquid phase sintering process without any impu-
rity. In this method, annealing temperature (~880 °C) is larger than the melting point
of Bi2O3 (~825 °C). In rapid liquid phase method further modification was done
by Pradhan [36]. He suggested that for the synthesis of pure BFO crystal annealing
temperature should be 880 °C. Many authors described that structural, microscopic,
thermal, magnetization, and dielectric properties of BFO. Accordingly, incomplete
reaction takes place at annealing temperature 850 °C whereas formation of multi-
phase took place at higher temperature (890 °C) due to the vaporization of Bi2O3.
Side by side the impact of the particle size was studied by Yuan. By using different
synthesis techniques six types of BFO ceramics pattern was prepared and their elec-
trical resistivity, porosity and phases was compared. Particle size lies in nm rangewas
observed by authors which was annealed at 855 °C for 5 min at 100 °C /s, tends to the
production of the pore less single phase BFO having electrical resistivity 5× 1012 �

cm [37]. A heavy crystalline BFO nanoparticle was synthesized by Chen using co-
precipitationmethod for 3 h under different sintering temperature 750–850 °C. It was
observed that secondary phase arises when the sample sintered at 750 °C. Further,
the sample acquire low leakage current and highest density when sintered at 800 °C
with grain size 2μmwhereas high leakage current was acquired by the sample when
sintered at 850 °C with a grain size 7 μm. The activation energy determined for
the sample sintered at 800 °C are 0.126 and 1.26 eV at room temperature of 290
and 350–430 °C [38]. By using ethylene diaminetetraacetic acid composite sol–gel
process a new way was reported by Wei et al. to prepare BFO nanoparticles [39].
As compared to solid state method, pure phase of BFO was observed with no impu-
rity phases at 600 °C. SEM images displayed nanoparticles with cubic morphology
having average size of 110–160 nm and show better homogeneity. Due to the size
confinement effects of BFO nanoparticles, at room temperature a weak ferromag-
netic order has been observed. They farther showed that for the preparation of BFO
nanoparticles with the use of EDTA as a chelating agent at a low temperature leads
to the formation of heterometallic polynuclear complexes [39]. By using sol–gel
process BFO nanoparticles was obtained under the calcination temperature 450–
700 °C. Under different calcination temperature, size of the crystalline particles lied
in the range of 26–120 nm. SEM images showed that with the increase in the thermal
treatment the average size of the particles increases. The BFO sample sintered at
500 °C at room temperature showed weak ferromagnetism with the value of rema-
nent magnetization of 0.004 emu/g and coercivity of 145 Oe. The coupling between
themagnetic and electric order was indicated by dielectric anomaly at around 330 °C.
With the differential thermal analysis (DTA) ferroelectric transition temperature as
observed at around 827 °C [40]. The BFO nanoparticles with the average size of
60–80 nm was reported by Wang by using sol–gel method using tartaric acid as a
chelating agent. XRD, SEM, TG–DTA and TEM techniques has been performed for
the detailed thermal and microstructural analysis. At 5000C calcination temperature
a pure single crystal was observed due to the production of heterometallic polynu-
clear complexes in the tartaric acid. Ferroelectric nature of BFO nanoparticles was
indicated at Curie temperature of around 851 °C. The weak ferromagnetic behavior
of as-prepared BFO was indicated using VSM [41]. Hu reported that by using wet
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chemical route method narrow sized distribution of nanoparticles has been done by
using citric and tartaric acid as chelating agent under the thermal treatment. The
structural analysis like the phase and size of the BFO nanoparticles were charac-
terized by using TG/DSC, XRD and TEM techniques. The magnetic properties of
the sample were studied by VSM. They showed that using tartaric acid as chelating
agent nanoparticles are crystallized at 450 °C whereas using citric acid nanopar-
ticles crystallizes at 350 °C. With the increase in temperature the grain size was
found to be increased [42].The dielectric behavior of BFO was investigated by Ke
using rapid heating and quenching technique sintered in the presence of argon and
oxygen. Pure rhombohedral structure of both the samples was confirmed by XRD.
The microstructure of oxygen and argon were found to be dense and uniform with
average grain size lie in the range from 500 to 1500 nm sintered at 7000C temper-
ature. The large dispersion and high dielectric loss were observed in case of argon
as compared to oxygen sintered samples. This is because more Fe2+ and oxygen
vacancies in argon sintered samples. From this author terminated that in the evapo-
ration of the Bi there is important role of Fe2+ [43]. Polycrystalline BFO synthesis
by solid state method was studied by Pillai. The structural and phase purity of the
BFO samples was confirmed by XRD, Raman spectroscopy SEM and XPS. The
Rietveld Refinement confirmed the rhombohedral (R3c) structure. The pure BFO
with single phase containing no impurities and 4A1 and 6E modes with frequency
range of 100–700 cm−1 was confirmed by Raman spectroscopy. In the extension
of this, the oxidation states tell through XPS the phase purity of the sample. For
the magnetic behavior of the sample, SQUID was used which shows typical G-type
antiferromagnetic behavior [44]. Fu examined BiFeO3 single crystal nanoparticles
at sintering low temperature method. BET surface area and BFO structures were
established using techniques BET adsorption and XRD techniques individually. It
has been evaluated that BET particles size are calculated as 67 nm and by XRD it is
calculated about 39 nm. Ferromagnetism which was weak detected using remnant
magnetization Mr = 0.033 emu/g, and coercive field, Hc = 395 Oe [42]. Godara
observed BiFeO3 nanoparticles size around 50 nm by using auto-combustion route
method and studied its electrical, thermal, structural and optical properties [45].
Highly crystalline and spherical shaped BFO nanoparticles were observed by TEM.
Thermal examination improved the calcinated temperature as 500 °C and displayed
Curie temperature at around 834 °C. The dielectric studies indicated the magne-
toelectric coupling at Neel temperature. With low leakage current highly resistive
BFO resistivity was observed i.e. ρ = 3 × 109 � cm. P-E loop determined unsat-
urated loops with large coercive field and remnant polarization i.e. 25 kV/cm, 0.4
μC/cm2, respectively. The energy difference between direct band gap found to be
2.2 eV utilized for photocatalysis applications. The retentivity and coercivity of the
BFO nanoparticles was found to be 0.067 emu/g and 185 Oe on applying a magnetic
field of 22 kOe [46]. Vijayasundaram described the Pechini-type sol–gel method
with modification by using Malonic acid as a chelating agent. Malonic acid is a
type of dicarboxylic acid which show co-ordination with two cations i.e., Bi and Fe,
thus, tends to the preponderance of the two cations resulting heteronuclear complex
formation. This way reducing the synthesis time and results into rapid formation of
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gel. In this method two samples were prepared by using ethylene glycol (EG) in
malonic acid and without it. For the phase formation of BFO nanoparticles EG plays
an important role which was confirmed by Rietveld refinement. Magnetic properties
of the prepared samples studied through VSM at low temperature shows a relation
between the magnetic property and their size. By their analysis it was found that
the sample exhibit ferromagnetic behavior calcinated at 500 °C which the charac-
teristic of the uncompensated spin moment and decreased size of the sample [47].
Sowmya discussed the synthesis of pure BFO by using citrate sol–gel method. With
the help of XRD and SEM size and phase purity of particle were confirmed. A
decrease in the value of remanent magnetization from 0.025 to 0.003 emu/g was
found with the increase in the sintering temperature which is associated with size—
confinement effect. Dielectric properties in the frequency range 8.2–12.4 GHz were
studied when the sample sintered at 700 °C. Better microwave absorption properties
with smallest reflection exhibited by hexagonally shaped BFO nanoparticles [48].
Manzoor reported the optical and dielectric properties of BFO nanoparticles by using
evaporation method. Structures regarding properties were determined by XRD and
TEM. In order to examine the impact of oxygen vacancies on the phase and behavior
of system samples were annealed at different temperature under two different envi-
ronments (air and oxygen). For air annealed samples crystalline size was found to be
in between 11 and 21 nmwhereas 20–29 nm for oxygen annealed samples. Themean
diameter of the sample was also confirmed by TEM in the range of 18–30 nm. With
the increase in frequency the dielectric constant and loss decreases in the frequency
range 1 kHz–1 MHz [49]. Dias examined synthesize of BiFeO3 nanoparticles by
using method high energy ball-milling followed by quenching and sintering at room
temperature. By experiments of XRD it has been concluded that there is formation of
BiFeO3 nanoparticles which has no impurity and second phase. The sample which
has resistance more than 1012 �m was examined at room temperature. Conduc-
tion process indication was started at around 350 K which can be characteristic
of hopping of charge carrier by grain boundaries and grain-grain. Magnetoelectric
coupling strong evidences have been shown by measuring dc and dielectric samples
respectively. It has been observed that stringing protocol; is highly effective and a
powerful way for BFO samples which are highly resistive [50]. Wu reported on the
synthesis of high purity BFO nanoparticles with the help of sol–gel method. The
distorted rhombohedral perovskite structure of BiFeO3 with space group R3c was
demonstrated by XRD, Raman and IR spectra. With the help of TEM images, it
was revealed that the size of BFO nanoparticles lies in the range of 30–200 nm. The
bandgap between the BFO nanoparticles was 2.21 eV displayed through UV–Visible
absorption spectra. At low temperature magnetic hysteresis loops display the weak
ferromagnetic behavior of BFO nanoparticles. Furthermore, with decreasing temper-
ature a sudden increase in magnetization has been experienced at ~10 K in both ZFC
and FCmeasurements [38]. Authors described nickel doped bismuth ferrite powders
annealed at 700 °C synthesized by high-energy ball milling method. The presence
of rhombohedral structure was revealed with the help of X-ray diffraction patterns
with small amounts of secondary phase such as Bi2Fe4O9. As the amount of Ni2+

increases the stabilization of Bi25FeO40 reached up to 95.23% of sillenite for x =
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0.5. The presence of small amount of Ni2+ (x < 0.1) caused the frustration of the G-
antiferromagnetic order. With increasing Ni content (up to x = 0.1) a little increment
was exhibited by DC conductivity. For nickel concentrations from 0.2 to 0.5, the
conductivity increases. When the concentration of nickel is increased, the behavior
modifications like permittivity, electrical conductivity takes place which are related
to crystal structure modification [51]. Moghadam on his paper focused on different
sintering methods for the synthesis of bulk Bi2Fe4O9 ceramic prepared by chemical
co-precipitationmethod. On themorphological andmagnetic properties of BFO bulk
samples, the effect of various types of sintering such as two-step sintering (TSS),
conventional sintering (CS) and microwave sintering (MS) with various heating
cycles was studied in detail. An orthorhombic crystal structure of BFO sample has
been detected with the help of XRD which belongs to the pbam space group. TEM
images showed the crystal size approximately 72 nm. By using field emission scan-
ning electronmicroscope (FESEM) themorphology of bulk sampleswas studied. For
the best heating cycles of CS, TSS and MS the average grain sizes were about 260,
295 and 210 nm. With the help of vibrating sample magnetometry (VSM) the M-H
curve of the sintered samples confirmed antiferromagnetic behavior in all samples.
An increase in grain boundaries and decrease in the particles size resulted in more
compensated spins [52]. Authors in this paper reported that the crystal structure and
magnetic properties of the BiFeO3 regarding compounds co-doped with Ca and tran-
sition metals ions was calculated with vibrating sample magnetometer (VSM) and
XRD. In this paper it has been observed that the chemical substitution tends to vary
its structural parameters, therefore changes its magnetic state from parent cycloidal
antiferromagnet. The transition metals i.e. their chemical composition results into
a lattice compression lessen rhombohedral distortions and stabilize into a paraelec-
tric state from a non-polar orthorhombic structure. Maximal remnant magnetization
of about 0.07 emu/g was found when the compound doped with Ca and Mn ions
[53]. Satyanarayana reported BFO nanoparticles i.e. Bi(1−x)TbxFeO3 (x = 0, 0.03,
0.04, 0.06, 0.09, 0.12) synthesized by sol–gel method. The formation of pervoskite
structure of the prepared samples was analyzed with the help of XRD and the size
of crystal lies in the range of 15 nm. With the help of Fourier Transform Infrared
Spectroscopymeasurements strong absorption peak observed at 545 cm−1. The BFO
cycloid spin structure found to be suppressed in case of particles that are fewer than
62 nm across enhancing the ferromagnetic nature. With the change in Tb doping the
magnetic behavior of Bi(1−x) TbxFeO3 particles found to be change anomalously. The
maximum magnetic moment for Tb doping at x = 0.03 is revealed by VSM studies.
The magnetization decreases with increase in x beyond 0.03, while magnetization
increases again for a further increase beyond x = 0.04 [54, 55].
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12 Conclusion

This chapter mainly focuses on bismuth ferrite and its manufacturing processes
Multiferroics (BiFeO3, BFO). BFO is known to be the main single-stage ABO3

perovskite compound with multiferroic content at room temperature, which is thus
the most encouraging upcoming compound for storage, information and spintronic
applications of the future generation. Because ferroelectric and anti-ferromagnetic
properties are simultaneously incorporated, BFO has been attracting attention. BFO
has a cycloid spin structure (Tc = 850 °C) electrical and anti-ferromagnetic arrange-
ment. Also, the synthesis methods to obtain BFO nanoparticles have been studied in
detail. BFO is one of the most suitable multiferroic materials for application in the
electronic industry. However, themajor drawback of BFO comes during its synthesis.
Bismuth is a highly volatile compound and at high temperature, it is responsible for
impure phase formation. Thus, it can be concluded that modifying the synthesis
methods or synthesizing BFO at low temperatures can be used to obtain the pure
single-phase BFO nanoparticles.
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MultiferroicPhenomenon in Bulk,
Nanostructures and Thin Films

Samta Manori and Ramesh Chandra

Abstract The development of composite systems of multiferroic or magnetoelec-
tric materials made frommagnetic and ferroelectric subsystems has attracted interest
as well as increased a large number of research activities. Multiferroics have found
a special place in various technological applications based on novel multifunctional
devices, like multi-state memories, spintronics, sensors, and transducers. Single
phase multiferroics are rare and the coupling between various ferroic orders is either
weak or occurs at low temperatures in these materials. The composite multiferroic
materials, however, combine both ferroelectric and ferromagnetic phases and show
a giant magnetoelectric effect even at high temperatures that are well above room
temperature. In this view, various bulk composites have been studied and developed
both experimentally and theoretically. Also, the high demand for on-chip integration
in electronic and memory devices has accelerated the development of nanostruc-
tured ferroelectric and magnetic oxide materials in the form of thin films. With a
high-quality thin film, it becomes easy to tailor the properties by epitaxial strain and
interfacial coupling. This chapter will take the reader through the journey of evolu-
tion of multiferroic materials starting from the bulk form to nanostructures and thin
films.
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1 Multiferroism in Bulk Materials

The development of bulk multiferroic structures started in the form of bulk compos-
ites of magnetoelectric materials started in 1972 and was first proposed by van
Suchtelen [1]. Experimental findings further accelerated the theoretical work on
magnetoelectric composite structures and hence most of the work on these systems
was theoretical before 2000 [2]. These theoretical modelings provided a quantitative
knowledge of the magnetoelectric effect in bulk ceramic compounds. At the onset of
the year 2000, a sudden rise in the research related to multiferroic magnetoelectric
composite structures was observed. And the biggest turning point in the development
of these composites in bulk form came in 2001 with the findings of materials with
a giant magnetostrictive rare-earth alloy like Terfenol-DTb1−xDyxFe2. The giant
magnetoelectric effect observed in bulk materials of Terfenol-D was studied both
theoretically [3] and experimentally [4, 5]. Let us now discuss some of the different
types of bulk forms of multiferroic or magnetoelectric materials.

1.1 Composite of Ceramic Materials

Bulk magnetoelectric materials of ceramic composites can be made by various
possible combinations of ferroelectric and magnetic oxides (especially ferrites),
more commonly by co-sintering at high temperatures. It is to be noted here, that
bulk magnetoelectric ceramic composites were expected to show a larger magne-
toelectric effect, but on the contrary composites of ceramic materials co-sintered at
high-temperature show magnetoelectric effect that is around ten times lower than
expected. This results largely from the problems during their preparation, like reac-
tion problems, and mismatch between thermal expansions of two ceramic phases
during high-temperature treatment. In the case of ceramic composites with 0–3 type
particulate structure, it is better to use a piezoelectric ceramic matrix in which ferrite
particles are dispersedwith high concentration (Fig. 1a). This is desired for the reason
that mostly ferrites are conducting or semiconducting, this property can degrade the
insulation of the composites with a leakage problem. A core–shell structure is an
effective solution to this problem, with ferrite core and piezoelectric shell [6, 7], this
approach canprevent the ferrite core particles fromdirect contactwith the shell during
sintering. However, because of the difficulties faced in preparing a core–shell struc-
tured system, such microstructured ceramics have not yet been attained. Recently
developed techniques like chemical solution processing and sintering methods e.g.
spark plasma sintering [8] andmicrowave [9] sintering havemade it possible to fabri-
cate improved quality of these particulate ceramics. However, there is still somemore
work is to be done to get adequate dispersion of ferrite particles with high concen-
tration in the matrix of piezoelectric ceramic, coherent interfaces, and adequate bulk
density while escaping any reaction or diffusion at the interface between the two
ceramic phases.
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Fig. 1 a 0–3 type bulk
magnetoelectric composite
with magnetic (Ferrite)
particles immersed in a
piezoelectric matrix, b 2–2
type alternate layers of
ferroelectric (BaTiO3) and
ferromagnetic (Ni) materials

The 2–2 type laminate composite ceramics have highmagnetoelectric coefficients
as compared to particulate composite ceramics. This is attributed to the structure of
these composites which comprises alternate layers of ferrite and piezoelectric oxide
materials, which eliminates any leakage problem. However, the ferrite layers in these
laminate composite ceramics do not perform as a good conductive electrode which
results in the loss ofmagnetoelectric output signal induced by the alternate piezoelec-
tric layers. This signal loss can be greatly reduced by introducing internal electrodes
made up of materials like Ag, Ni, and Ag–Pd, between the alternate layers of piezo-
electric and magnetic materials. These interface electrodes can improve the response
by directly collecting the output charges that are produced from the piezoelectric
layers. The phenomenon is well explained in a trilayered NCZF/PZT/NCZF (NCZF:
Ni0.6Cu0.2Zn0.2Fe2O4, PZT: Pb(ZrTi)O3) with the internal electrodes made up of
Ag–Pd at the interface [11]. The multilayer ceramic capacitors (MLCCs) are made
up of precisely fabricated magnetoelectric sensors [12] which consist of thin layers
of BaTiO3 (BTO) and ferromagnetic Ni internal electrodes (Fig. 1b). The magneto-
electric coupling is enhanced due to the laminar structure which further simplifies
the strain field, and themagnetically induced output charge is increased by their large
capacitance. The greatest advantage of these MLCC magnetoelectric sensors which
are produced on a massive scale is that they can be operated at room temperature
with highly reproducible cross-field cycles and temperature cycles [12]. The sensi-
tivity of these magnetoelectric materials can be improved in a significant manner by
connecting these capacitor plates in series. In this way, these MLCCs can be used as
magnetic field sensors in various fields due to their low cost. As discussed in the case
of 0–3 type particulate composites, the biggest challenge in the case of bulk magne-
toelectric laminate composites is their processing by controlled cofiring of ferrite
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and piezoelectric layers at high temperatures so as to obtain an interfacial contact
without any inter-diffusion or reactions. Thus, to get rid of these problems, low
temperature processing of these ceramics is desirable. Recently, various techniques
used for the deposition of thin films have been employed to overcome the challenges
imposed by high temperature sintering [13]. When ferroelectric films are deposited
on dense ferrite ceramics by methods like pulsed laser deposition (PLD) or spin
coating technique, then the ceramics can be easily annealed at much lower temper-
atures (~600–700 °C) than co-sintering temperatures. Also, with these methods, an
improved interfacial bonding between the ferroelectric and ferrite layers is obtained
which gives a large direct magnetoelectric effect. However, the obtained values of
the magnetoelectric coefficient are still much lower than that calculated using the
theoretical continuummodel [14]. On the other hand, as mentioned earlier, the ferrite
ceramics are not good enough to be used as conductive electrode because of their not
so low resistance, and hence a bottom electrode in between the layers of ferrite and
ferroelectric materials would be beneficial to improve the magnetoelectric response
of these systems made up of layers-on-ceramics composites via low temperature
processing.

1.2 Composite Materials from Magnetic Alloys

Bulk magnetoelectric composites which are based on magnetostrictive alloys like
Terfenol-D and Metglas are reported to show a strong magnetoelectric effect. The
modified Terfenol-D based ME composites, like a piezoelectric transformer with a
Rosen-type structure, can magnify the input signal by more than 100 times [15].
Some better configurations of these bulk composites can also be made by consid-
ering their mechanical properties. However, magnetoelectric composites based on
Terfenol-D are not so promising for low field applications because of their low
permeability and high saturation field. As an alternate option, soft magnetic alloys,
like Ni (Mn–Ga), Permendur and Metglas, can also be utilized. Among these alloys,
Metglas is the widely used alloy. It is an amorphous alloy ribbon prepared by a
rapid solidification process [16]. The process of rapid annealing is advantageous
from the perspective that it creates remarkable properties in the ribbon alloy so that
it can undergo magnetization and de-magnetization swiftly and effectually, giving
low coercivity and saturation fields, and high magnetic permeability. A large magne-
toelectric response of about 10 Vcm−1 Oe−1 at low frequency and several hundred
Vcm−1 Oe−1 at resonance have been observed, when the applied magnetic field is
low, in a laminate of Metglass ribbon and a PZT-fiber actuator layer [5]. The opti-
mization of some structural parameters of metglas based composites can be done to
improve the magnetoelectric response and the sensitivity towards the applied field.
Metglas is also advantageous as it shows magnetic flux concentration effect ascribed
to its high permeability which in turn affects magnetostriction. In addition, the planar
aspect ratio of the metglas ribbon is large enough that it can remarkably enhance the
flux density near the central region [17]. The high permeability of metglas allows
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it to be used as a third phase in the Terfenol-D/piezoelectric laminates, which in
turn significantly increases the effective permeability of the resulting three-phase
system, thus giving a strong magnetoelectric response at lower applied fields. The
piezoelectric layer and the magnetic alloys in these magnetic alloy-based magneto-
electric composites are joined togetherwith polymer binders. These binders affect the
magnetoelectric response in a significant manner [18]. The aging effect and adhesive
fatigue of these composites aremainly determined by the interfacial binders. Another
alternative to prevent these issues is to deposit the magnetic alloys directly onto the
piezoelectric layer by using magnetron sputtering or electro-deposition [19–21].

1.3 Composite Materials from Polymers

Polymer based magnetoelectric composites are easy to fabricate as compared to
ceramic andmagnetic alloy based composites. They can be produced in various forms
like thin sheets andmolded shapes using conventional low-temperature processes and
give improved mechanical properties. It has been reported that a single PZT ceramic
rod embedded in Terfenol-D/epoxy (TDE) matrix can give a much larger magne-
toelectric response as compared to other polymer based magnetoelectric compos-
ites, due to effective coupling interaction between PZT rod and TDE medium [22,
23]. The studies on this magnetoelectric composite confirm that smaller (micro)-
sized rods with large magnetoelectric response can be processed using a single PZT
fiber which can prove to be a promising future micro-magnetoelectric device. The
aging test performed on these composites shows that the response remains the same
even for two years duration, thus indicating that no degradation occurred under the
normal environment. Fatigue measurements also show good stability of the magne-
toelectric response. Moreover, magnetoelectric composites which are derived from
polymer based compounds with magnetic particles like CoFe2O4(CFO), NiFe2O4

(NFO), Fe3O4, Ni, and Terfenol-D, that are embedded in a matrix of polymers such
as PVDF and Polyurethane, are technologically important for their easy processing.
Some experimental investigations reveal that in these polymer-based composites, the
magnetostriction produced by magnetic nano-fillers does not have any direct effect
on the magnetoelectric response. However, the source of magnetoelectric coupling
in these nanocomposites is still not clear.

1.4 Converse Magnetoelectric Effect in Bulk Composites

The Sects. 1.1, 1.2 and 1.3 mainly discussed the direct magnetoelectric effect, where
the electric polarization is induced by an applied magnetic field. A converse magne-
toelectric effect, in which magnetization is controlled by applied electric field is
also another fascinating and technically important phenomenon in bulk compos-
ites [24–26]. Also, the magnetic hysteresis loops of some composite materials reveal
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the dependence of magnetic anisotropy on applied electric field. Magneto-optical
Kerr effect (MOKE) measurements in PZT/metglas laminate show that the local
magnetization vector can be easily switched by an applied electric field [27]. The
ferromagnetic resonance frequency can be easily tuned by applying a bias voltage
through the converse magnetoelectric effect by controlling the magnetic response at
high frequencies in these magnetoelectric structures. The electrostatically tunable
microwave multiferroic devices are more energy-efficient, less noisy, compact in
size, and lightweight as compared to their conventional tunable microwave magnetic
devices.

2 Multiferroism in Nanostructures and Thin Films

With the advancement in techniques for thin film deposition and with improved
theoretical calculations, the studies on nanostructured thin films of multiferroic
materials have taken a new height. These deposition techniques provided a new
path to grow different structures with the characteristics of parent functional mate-
rials which are tailored by strain engineering. The last few years have seen a surge
in the number of studies on composite magnetoelectric thin films. Various phys-
ical deposition methods like sputtering, PLD, molecular beam epitaxy, and chemical
methods like spin coating, metal–organic chemical vapor deposition (MOCVD) have
been used to grow a large number of multiferroic thin films with ferroelectric mate-
rials like BTO, PbTiO3 (PTO), PZT, and BFO and magnetic materials like CFO,
NFO, Fe3O4, La1−xSrxMnO3 (LSMO), and also certain metals with different types
of composite structures (0–3 type, 2–2 type and 1–3 type). Multiferroic thin films
are far superior to their bulk counterpart owing to their unique properties. The main
advantage of multiferroic thin films is the ease of combining different phases at the
atomic level, and the possibility to grow epitaxial and superlattice composite films by
precisely controlling the lattice match between different layers. This way, the under-
standing of magnetoelectric coupling becomes more simplified at an atomic level.
Multiferroic thin films have proved to be promising candidates for applications in
integrated magnetoelectric devices, high-density memory systems, microelectrome-
chanical systems, and spintronics. This can be achieved by synthesizing high-quality
thin films of multiferroic materials using the techniques mentioned above.

Among these techniques, spin coating is a simple and low-cost chemical method
to produce polycrystalline or textured films with some preferred orientations and
is also flexible enough to develop thick films with large areas [28–31]. But, these
conventional techniques are unable to provide high structural perfection, epitaxy,
and growth of atomic level layers. The physical vapor deposition techniques, on the
other hand, provide the flexibility to produce epitaxial thin films on an atomic scale
with coherent interfaces. In the growth of thin films using physical vapor deposition
techniques (PLD, sputtering, etc.), there is a large number of factors that need to be
controlled for a better quality thin film. The most important factor is the choice of the
substrate as it controls the orientation and strain in the epitaxial films. Orientation of
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the substrate with respect to the thin film decides the inherent properties of multifer-
roic materials and also affects the crystallization and morphology of nanostructures
with multiple components. These deposition techniques allow the atoms to acquire
low-energy configurations so that the single crystal substrate can be extended to an
epitaxial layer.

Another deciding factor for thin film growth, specifically for 2–2 type heterostruc-
tures, is strain-induced because of differences in the lattice constants and thermal
expansion coefficients between the film and substrate. In heteroepitaxial structures,
film and substrate are of different materials which usually have the same type of
structure with a difference in their lattice parameters. To grow an ideal heteroepi-
taxial structure, one can select a suitable substrate with a little mismatch between
lattice parameters of the substrate and desired materials to be grown. This way, a
fully coherent and epitaxial film can be deposited with only a little structural distor-
tion across the interface of substrate and film. However, if the mismatch between the
lattice parameters of film and substrate is slightly higher, then it results in a strained or
relaxed epitaxial layer, depending upon the lattice parameters [32]. These conditions
can create some defects such as dislocations at the interface which in turn degrades
the ferroelectric or other properties of the film.

For a good quality thin film, another important factor is the pre-treatment of
substrates before deposition. For successful growth of epitaxial thin filmwith control-
lable atomic layers, the substrate must undergo specific chemical treatment at the
surface. In addition to these factors, other deposition parameters like energy density
and frequency of laser beam in PLD, target-substrate distance, rate of arrival of
adatoms, the temperature of substrate, pressure, etc. in techniques like PLD and
sputtering and surface diffusion also need to be monitored for the deposition of
thin films with desired compositions, morphology, and other properties. However, as
compared to their bulk counterpart, there is still a narrow understanding of physics
involved in multiferroic thin films. There are still many questions that remain unan-
swered, like, what is the exact effect of a stiff substrate on the multiferroic properties
of a thin film? How to improve the magnetoelectric response in a multiferroic thin
film? Is the magnetoelectric coupling strain-mediated in multiferroic thin films like a
bulk counterpart? Let us try to find the answers to these questions in the next section!

2.1 Magnetic Field Controlled Electric Polarization

(a) Direct Magnetoelectric Coupling

In bulk multiferroic composites, the magnetoelectric coupling is strain mediated
where strain induced in the magnetic or ferroelectric component by an applied
magnetic or electric field, respectively, is transferredmechanically to the ferroelectric
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or magnetic component, which further induces a direct polarization or magnetiza-
tion. However, the source or mechanism behind the observed magnetoelectric effect
in multiferroic thin films is still not determined in an absolute manner.

To understand the origin of the direct magnetoelectric effect in multiferroic thin
films, it is worth considering some properties of the film like residual stress or strain
which results from the mismatch between lattice parameters or thermal expansion
coefficient between film and substrate. Theoretical calculations on the magnetoelec-
tric coupling and magnetic field induced polarization in the nanostructured multi-
ferroic thin films done using Green’s function technique [33] revealed the following
observations: If leakage problem is prevented, then 1–3 type heterostructures can
show larger magnetoelectric response as compared to their bulk counterpart, and
by assuming complete in-plane constraint effect, the 2–2 type alternate layered
heterostructures give a weaker response. Other theoretical calculations suggested
that the magnetic field-induced polarization depends on the thickness of the film,
morphology, and substrate stiffness. Some studies on the effect of constraint stress
on the magnetoelectric response suggest that in magnetoelectric thin films, the
strain-mediated magnetoelectric coupling is suppressed due to mechanical clamping
imposed by the substrate [33, 34]. And if some how this mechanical clamping is
relaxed in these layered structures, then the strain-mediated coupling is still not
vanished.

(b) Methods to Enhance Direct Magnetoelectric Response

It is always desired to have a high output signal from the magnetoelectric effect for
various practical applications. In the previous section, we have already discussed
that the direct magnetoelectric coupling in the case of multiferroic thin films does
not depend only on its structural parameters (thickness of the layers, ratio of thick-
ness between ferroelectric and magnetic layers, orientation of the grown films, etc.),
but is highly modified by the interfaces and constraint imposed by the substrate.
Thus, to get high output, it is well desired to control the growth orientation of
ferroelectric and magnetic layers as well as coherent interfaces and relaxation of
strain constraint in the magnetic layer. In the case of two-layered composite thin
films made by a ferroelectric material like PZT or BTO and a magnetic material
like spinel ferrites, with both the materials having different lattice match with the
substrates due to their different crystal structures, the sequence of deposition of these
layers on the substrates greatly influences the properties of the resulting composite
thin films [31, 35]. It is found that the relaxation of constraint from the magnetic
layer imposed by the substrate can largely enhance the magnetoelectric response.
This relaxation from substrate constraint can also be attained by deposition of a
buffer layer. For this purpose, some conductive perovskite materials like LaNiO3

(LNO), SrRuO3 (SRO), and LSMO can be used preferably as their lattice parame-
ters are close to various perovskite ferroelectric materials. These materials serve the
purpose of both, buffer layer as well as the bottom electrode layer on which the thin
films of desired magnetoelectric bilayers can then be deposited [29, 36]. In addi-
tion to bringing relaxation from the constraint imposed by the substrate, the buffer
layer also helps in the growth of thin films with preferential orientation and further
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improves the properties of the bottom ferroelectric layer. The mechanical transfer of
strain between the layers becomes a major concern as magnetoelectric coupling is
established at the interface. It is to be mention here that the deposition techniques
like PLD and sputtering produce coherent interface in the magnetoelectric bilayered
epitaxial filmswhich enhances themagnetoelectric response as compared to the films
deposited by sol–gel methods which produce incoherent interfaces. Interface density
also plays an important role in enhancing the magnetoelectric response. One solution
to increase the interface density is growing multilayers or superlattices [37–39]. The
magnetic and ferroelectric properties are also influenced by interface density. As the
interface density is increased, the ferroelectric hysteresis loops show less remanent
polarization mainly due to the dilution created by the ferrite layer. The resistance
of the ferrite layer is also not sufficiently low to act as conductive electrodes, and
this prevents the effective transport of polarization charges which are induced by
magnetoelectric coupling leading to loss of polarization charges in these films. The
understanding of the nature of magnetoelectric coupling in multilayer thin films is
still lacking and needs vast investigation. On the other hand, the choice of a suit-
able ferroelectric or magnetic layer and controlled orientation of bottom ferroelectric
layer can greatly enhance the magnetoelectric coupling [26, 30]. A strong and effi-
cientmechanical coupling across the interface gives an extraordinarymagnetoelectric
effect in heterostructures. The magnetostrictive properties of manganite crystals give
a very strong temperature-dependent magnetoelectric effect.

The 1–3 type vertical heterostructures withmagnetic spinel nanopillars embedded
in the ferroelectric film matrix with an epitaxial structure are found to show a much
larger magnetoelectric response as compared to thin films. Such a larger response in
these structures could arise due to the following reasons [40, 41]: (i) the substrate
clamping is reduced in the heterostructures, (ii) larger interfacial areagives stronger
strain coupling. But, the measurement of direct magnetoelectric response is difficult
to measure in these 1–3 type heterostructures due to leakage problems because of
the low resistance of magnetic nanopillars embedded in the ferroelectric film matrix.
However, the leakage problems can be reduced to a large extent by increasing the film
thickness. Even after all these considerations, getting rid of the leakage problems in
these heterostructures is still a challenging task.

After discussing all the approaches to improve the magnetoelectric response in
a thin film, we conclude that irrespective of the type of structure one grows, the
main challenge in enhancing the direct magnetoelectric response remains the large
clamping effect due to substrate stiffness. Since the substrates that are usually used
for depositing these thin films or heterostructures are macroscopic in size (~0.3–
0.5 mm thickness) as compared to the thickness of film which lies in a range of
10–100 nm (~1000 times smaller), therefore, using substrates of smaller thickness
can be an efficient way of enhancing magnetoelectric response in these structures.
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2.2 Electric Field Controlled Magnetism

The direction of magnetization in any ferromagnetic material is always controlled by
an applied magnetic field. In magnetoelectric multiferroic materials, the magnetiza-
tion or magnetic anisotropy of a magnetic material can be directly controlled by an
applied electric field. The electric field controlled magnetic properties are observed
in semiconducting dilute magnetic semiconducting (Ga, Mn) As system [42] and
ultra-thin ferromagnetic metal films [43, 44] at temperatures much lower than room
temperature. The magnetic properties in a multiferroic magnetoelectric thin film
can be controlled by the applied electric field through different phenomena such as
charge-driven, exchange biasmediated andstrainmediatedmagnetoelectric coupling.
Let us discuss these in detail.

(a) Charge-Driven Magnetoelectric Coupling

In ultra-thin ferromagnetic films deposited as 2–2 type alternate layered heterostruc-
tures, the spin-polarized electrons or holes can build up at the interface by an applied
electric field, which further changes the magnetization at the interface because
of spin-dependent screening of the electric field. Theoretical modeling on surface
magnetoelectric effect caused by direct effect of the applied electric field onmagneti-
zation of ferromagnetic thin film reveals that measurable change in surface magneti-
zation and surface magnetocrystalline anisotropy can be created by a spin imbalance
of the excess charge due to spin-dependent screening [45]. The first principle density
functional calculations based on a model of Fe/BTO superlattice [46], explained the
magnetoelectric effect produced by electron hybridization between Ti and Fe atoms
and not by strain. The ferroelectric instability creates movement of atoms at the
interface which modifies the overlap between atomic orbits resulting in the change
in magnetization and hence a magnetoelectric effect.

(b) Exchange-Bias Mediated Magnetoelectric Coupling

Exchange bias ismanifested as a horizontal or vertical shift in themagnetic hysteresis
loops along the applied magnetic field axis or magnetization axis, respectively. It
results from the exchange coupling between uncompensated spins of antiferromag-
netic phase and spins of ferromagnetic layers. The exchange bias phenomenon has
been used for controlling the magnetic properties by applied electric field in ferro-
magnetic thin films. The utilization of exchange bias for magnetoelectric coupling
originated from the work on various single phase magnetoelectric multiferroic mate-
rials which are antiferromagnetic like Cr2O3, YMnO3, and BFO. For example, the
exchange bias in multilayer thin film of Cr2O3/(Co/Pt)3 can be easily reversed by
applied electric field, but it needs thermal cycling [47], on the other hand, in the case
of YMnO3/permalloy heterostructures, the exchange bias can be tuned directly by
applied electric field [48].

The bilayer of some multiferroic (like BFO) and a ferromagnetic material can be
easily used tomodulate and control themagnetic properties by an applied electric field
even at room temperature [49, 50]. For example, it is observed that the magnetization
of the ferromagnetic layer can be tuned by electric field as it changes the ferroelectric
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polarization and hence the antiferromagnetic ordering through quantum–mechanical
exchange coupling. Another possible way to modify the magnetoelectric coupling
is by applying an electric field to a material that is both ferroelectric and ferroe-
lastic, the change in electric polarization in such a case produces a mechanical strain
which is then transferred to the ferromagnetic layer. Themechanical deformation can
change the magnetization of the magnetic layer by possibly changing the preferred
orientation of the magnetic domains.

(c) Strain-Mediated Magnetoelectric Coupling

As discussed in the previous section, by the converse piezoelectric effect, the shape
of a ferroelectric-ferroelasticmaterial can be changed by an applied electric field, this
strain produced would be passed on to the magnetic layer thus altering its magnetic
anisotropy viamagnetostriction. Thus, the electric field controlledmagnetization can
be achieved in such multiferroic materials through strain-mediated magnetoelectric
coupling. In the case of 1–3 type heterostructures, this strain-mediated magnetoelec-
tric coupling is attained by lattice coupling between the ferroic parts of the nanocom-
posite thin film. In these structures, an applied electric field changes the shape of the
piezoelectricmatrix,which furthermodifies themagnetic anisotropy of the ferromag-
netic nanopillars embedded in the matrix via magnetostriction [51]. However, most
of the reports on electric field control of magnetization involve 2–2 type structures,
where a magnetic thin film is deposited on a ferroelectric substrate. The magnetic
layer in these structures usually comprises of either metallic films like Fe, Ni, and
Ni–Fe alloys, or oxide-based films like Fe3O4, CFO, NFO, and LSMO, while the
materials like BTO, PZT, PMN–PT, and PZN–PT single crystals or ceramics are used
as ferroelectric substrates [52–55]. The magnetoelectric coupling in such structures
is manifested by electric field-induced changes in the M–H hysteresis loops.

3 Conclusion

This Chapter discussed the development of multiferroic materials in the form of
bulk materials, nanostructures, and thin films. The bulk multiferroic composites are
well-studied systems and are ready for applications in magnetoelectric devices as
they show large magnetoelectric coupling above room temperature. However, the
advancement ofmultiferroic thin films is still underway and needs to cover up various
falls coming in way of designing a good quality thin film ready for application in
magnetoelectric devices. Some of the main things to be considered while developing
a multiferroic thin film are; control of composition, atomic arrangements, and espe-
cially the interface between different ferroic phases, precise control over the domain
and the domain wall structures/patterns in multiferroic hetero-films, mechanisms
responsible for exchange-bias based and charge-driven magnetoelectric coupling,
and size effects.
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Abstract Multiferroic materials based on BiFeO3 show properties like ferroelec-
tricity and ferromagnetism at the same time. Inclination towards materials that
are environment friendly, overcomes the problems related to lead-based materials.
BiFeO3–BaTiO3 binary system entirely takes the charge over lead enrich materials.
The binary system of BaTiO3 andBiFeO3 consists of lead-freematerials having char-
acteristic properties like high piezoelectric coefficient, high Curie temperature, and
the existence ofmorphotropic phase boundary (MPB).The studieswere carried on the
BiFeO3–BaTiO3 multiferroic system from the last decade. BiFeO3–BaTiO3 system
exhibits outstanding electrical applications in devices such as actuators, multilayer
capacitors, flexible display, andmemory devices. The present chapter discusses some
basics of multiferroics, specially BiFeO3 ceramic, misfortune related to BiFeO3 and
BiFeO3–BaTiO3 binary systems are addressed.
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1 Introduction

In the nineteenth century, Maxwell’s four equations combined the electric and
magnetic properties into a single discipline in spite of having no common origin
[1]. The electrostatics in materials is attributed to the ions or charged atoms, whereas
the magnetism is governed by the electronic spin. Both the phenomenon does exhibit
a number of similarities aswell, like hysteresis behavior on the application of external
magnetic fields, the existence of domains, and phase transition at the critical temper-
ature. Magnetism and ferroelectricity appear in a correlated form because of the
availability of unpaired d- or f- orbital electrons or the existence of dipoles. This
tie-in of charge and spin gives an extra edge in the electronics area by introducing
an activity where the spin displays an excellent advantage on the transport proper-
ties, which permits the process to manage one by the other. Pierre Curie suggested
the coupling between the degrees of freedom [2]. Landau and Lifshitz remarked
about the concept in “Course of Theoretical Physics” in 1959 [3], and soon after
Dzyaloshinskii gives the same concept [4]. Furthermore, the magnetoelectric effect
was given by Astrov [5]. The search for a new material that displayed two orders
out of four ferroic orders, was the further step. In the future, this was accomplished
by Soviet scientists [6]. From the starting, there has been a dearth of such materials
having both the orderings at the same time because of the contrasting requirement.
For magnetism, there is a necessity of an electron in the d- or f- orbitals, whereas,
for ferroelectricity, the central ion must have unfilled d or f orbitals. Under this
antithetical condition, the linear magnetoelectric effect is availed, i.e., magnetic and
ferroelectric orders partially overlap with each other. As the availability of materials
showing a linear magnetoelectric effect, the research in this area was terminated.
Hereinafter Schmidt [7], a new class of materials known as ‘Multiferroics’, having
simultaneous existence of ferromagnetism and ferroelectricity: i.e., spontaneous spin
due to orbital motion and electron spin, and spontaneous polarization of the electric
dipoles, even in the absence of external electric field simultaneously. Probably, the
first-ever known multiferroic material was Boracite (Mg3B7O13Cl) [8]. Thereby, the
duration of the research in the field of multiferroic materials that occurred naturally
or were synthesized was extended. There were three main points that revived the
interest in the study of multiferroics. One of them was, in which material shows the
magnetic and electric order coupling [9, 10]. The artificial synthesis of the material
was the second reason, and the third one was the identification and classification
on the basis of their behavior. In principle, the synthesis of this type of material is
difficult as when the improvement in magnetic properties is done, the ferroelectric
properties get reduced, and vice versa. The preparation of thin films of multiferroic
BFO byRamesh’s group in 2003 surged the interest in the field [11]. Themultiferroic
properties of thin-film BFO were enhanced as compared to its bulk counterpart. The
multiferroicity in TbMnO3 was observed in the same year by Tokura and Kimura
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[12]. The transfixing characteristic of ferroelectricity in this material was caused by
magnetism which introduced an unconventional field of multiferroics.

2 Multiferroics

The existence of ferroelectricity and ferromagnetism simultaneously and sometimes
the ferroelastic phenomenon is known asmultiferroism, and thematerials that exhibit
such behavior are called multiferroic materials [7]. Several research articles have
reported the phenomenon of multiferroism in single-phase or multiphase compos-
ites [13–18]. Pierre Curie discovered the existence of ferroelectric and ferromagnetic
properties in the samematerial at the same time [2]. In somematerials, the application
of magnetic field gives the electric polarization and vice versa, which is known as
‘Magnetoelectric (ME) effect’. The coupling between the ferromagnetic and ferro-
electric orders is called ‘Magnetoelectric coupling’. For thematerial to be categorized
as a magnetoelectric, the simultaneous existence of both these phenomena is essen-
tial. However, themagnetoelectric polarization need not be displayed by thematerials
which are both electrically and magnetically polarized. Practically, this phenomenon
occurs in materials that can be switched both electrically (P ∝ H) and magneti-
cally (M ∝ E). Predominantly, the magnetoelectric coupling is strain-mediated
phenomenon, i.e., there is strain-induced variation in magnetic anisotropy with the
application of electric fieldand vice versa. In multiphase materials, the existence
of ME coupling results, due to piezoelectricity of the ferroelectric and ferromag-
netic phase and also due piezo magnetism that comes due to the coupling among
mechanical strain and magnetic polarization.

2.1 Prerequisites for Multiferroicity

The experimental evidence of the multiferroic and magnetoelectric properties was
conducted in the starting of the twentieth century. There is a scarcity of materials that
display the magnetoelectric effect and the simultaneous occurrence of the ferroelec-
tric and magnetic ordering is itself a demanding task. In 2000, the compatibility of
the oxide materials for the simultaneous existence of ferromagnetism and ferroelec-
tricity was reported by Hill [9]. The article also described the coexistence conditions
to be contradictory and extremely difficult to achieve. The important conditions that
restrict the coexistence of the ferroic orders are mentioned below.



184 N. Kumar et al.

2.2 Crystal Symmetry

Pierre Curie gives the concept of magnetoelectric effecton the basis of the symmetry
of the crystal [2]. The existence of a non-centrosymmetric crystal structure is the
initial requirement for ferroelectricity. There exist 31-point groups out of the 122
Shubnikov Heesch point groups that allow both, magnetization and spontaneous
polarization [12]. Out of these 31-point groups, multiferroicity in the same phase is
permitted by 13-point groups (1, m′m2′, m′m′2′, 2′, 2, 3m′, 3, 4m′m′, 4, 6m′m′, and
6). The existence of multiferroic materials is restricted by crystal symmetry.

2.3 d-Orbital Electron Occupancy

InABO3 multiferroic structure, transitionmetal generally occupies theB-site, having
partially filled d-orbital that give rise to the electrical and magnetic properties. Ferro-
electricity and ferromagnetism in these materials arise due to the partially filled and
empty d-orbital, respectively. The electron occupancy effectin the d-orbital has been
discussed as under:

(a) Electron occupancy effect of d-orbital
In transition metals and Lanthanide-based compounds, magnetism arises

due to unpaired electrons in the d-orbital or the f -orbital. Due to unpaired
electrons in most ferromagnets gives rise to magnetic behaviour with a high
density of states. The insulating nature and the non-magnetic behavior of the
transition metals are attributed to the empty or completely filled d-orbital elec-
tronic configuration. The insulating nature ensures the sustainability of mate-
rials against the applied electric field. Due to the contradictory requirement
of the occupancy in d-orbital, there are a limited number of materials having
electric and magnetic order in the same phase. This conflicting situation can be
overcome by insulating magnets with weak ferromagnetism, ferrimagnetism,
or antiferromagnetism, which has been used to increase the count of multi-
ferroic materials. Materials showing these properties are good candidature for
futuristic applications.

(b) Ferroelectricity is exhibited by crystalline materials which have a non-
centrosymmetric structure below the transition temperature (TC). In ABO3

type perovskites, the structural distortion is due to shifting of cations at B-
site in accordance with the oxygen octahedral. Perovskites, such as BaTiO3

that have d0 configuration (here Ti4+) behave like ferroelectric materials.
The compounds consisting of B-site cations with partially filled d-orbital
have a robust inclination of undergoing Jahn–Teller distortion. These distor-
tions have the main structural phenomenon for this type of compound (e.g.,
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In LaMnO3, d4configuration is exhibited by Mn and A-type antiferromag-
netic insulating behavior is displayed, whereas in the case of YTiO3, Ti
exhibits d1configuration and shows ferromagnetic insulating behavior. Neither
of the two materials mentioned shows ferroelectric characteristics and are both
magnetic insulators.)

3 Multiferroic Types

All materials exhibit the same emergence of magnetism. The magnetic moment is
attributed to the localized spinwhich itself is caused by the existence of partially filled
d- and f- orbitals in the transitionmetals and rare earth ions respectively. The exchange
interactions between different magnetic moments are dependent on the spatial
distribution of the spin and result in different magnetic orders in these materials.
Whereas, the condition is somewhat dissimilar inferroelectric materials. Different
kinds of multiferroic materials can be obtained by exploiting the phenomenon of
ferroelectricity by various mechanisms.

On the basis of ferroelectricity, the multiferroic materials can be classified as:

(i) Multiferroics of Type I
(ii) Multiferroics of Type II.

4 Ferroelectricity

Inferroelectric materials, dipoles are bound to the crystal lattice. Therefore, any
structural change in the system leads to variation in the electric dipoles. Due to this
effect, in the absence of voltage, the electric lines flow in or out of the capacitor.
Domains are the regions that exist in different orientations of polarizations before
the application of the electric field. The ferroelectric domains are formed due to the
polarization vector arrangement along a specific direction. The domain wall is the
region between the domains [19]. Whereas, the direction of the diploes changes and
they bring into line themselves in the track of electric field. At a low electric field, the
material behaves like a normal dielectric because the domains are incapable to shift
their directions in the applied electric field. As polarization (P) and applied electric
(E) field are related to each other by the relation:

P ∝ E (1)

With an increase in the electric field, the domains alignment starts and saturation
arises when domains ranged themselves in an applied electric field. On removal of
the electric field, the domains get randomized andmisalignwith respect to each other.
Due to this, the degree of polarization decreases, and on complete removal of the
electric field, some of the polarization remains because of the domain’s irreversible
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Fig. 1 Ferroelectric hysteresis curve between electric field and polarization

behaviour. At zero electric field, the polarization is named remnant polarization,
whereas, the value of polarization extrapolated back from the remnant polarization
isnamed spontaneous polarization. On increasing the field in the reverse direction,
the polarization is removed and on more reversing the field, the polarization also
changes in the reverse direction. In this manner hysteresis loop is formed as shown
in Fig. 1.

The polarization produced in a dielectric material can be defined by the formula:

−→
P =

∑
i
−→p i

V
(2)

where,
−→
P is defined as electric polarization,−→p is thedipole moment, andV is known

as volume.The value of polarization can be increased by increasing polarization value
or by decreasing volume. In another way, the more practical method is to increase
the macroscopic polarization or the dipole moment per unit volume.
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5 Barium Titanate (BaTiO3)

In the year 1940, the ferroelectricity in BaTiO3 (BTO) was observed and exhibit
a high dielectric constant and a stable Curie temperature. It exhibits ABO3-type
structure in which corner positions are occupied by Ba2+ atoms, the center of the
cube by Ti4+cations and all the faces of the cube are occupied by O2− ions. In case
of inorganic perovskite oxides, transition elements, or an element from IVA or VA
group are at B-site A site is occupied by alkaline earth metal or an alkali metal [20].
The tolerance factor is used for the determination of structural and thermal stability
and is given by the formula [21]:

t = (ra + rO)√
2(rb + rO)

(3)

where, ra and rb are the radius of A site and B site cation, whereas, rO is radii of
oxygen anion [22].

For cubic symmetry or disturb three-dimensional configuration tolerance factor
(t) lies between 0.8 and 1 [23]. For different molar fractions of BFO and BTO [(1
− y)BFO − yBTO; (y is the molar fraction of BTO)], the tolerance factor can be
rewritten as:

t = [(1 − y)r+3
Bi + yr+3

Ba + r−2
O ]√

2[(1 − y)r+3
Fe + yr+4

T i + r−2
O ] (4)

By using the Shannon et al. values of effective ionic radius, the tolerance factor
of a typical perovskite structure can be calculated [20]. At room temperature, BTO
exhibits tetragonal crystalwithCurie transition temperature ofBTO is 120 °C (Fig. 2).

Fig. 2 BaTiO3 structure below and above the Curie temperature
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In literature, there are five crystallographic configurations of BTO namely tetrag-
onal, cubic, rhombohedral, orthorhombic, and hexagonal. Above Curie tempera-
tures, BTO exhibits cubic symmetry. The polarization results due to the hybridiza-
tion between 3d states of ‘Ti’ and 2p states of ‘O’ which induced dipoles at room
temperature.

The c/a ratio has the maximum value when the particle size was approximately
0.4 µm [24]. If the temperature is greater than the Curie temperature (393 K), BTO
exhibits cubic symmetry (Pm3m). The tetragonal (P4mm) to orthorhombic (Bmm2)
phase transition occurs at 298 K, whereas, at 183 K, transition from orthorhombic to
rhombohedral (R3m) phase occurs [25, 26]. To explain the origin of ferroelectricity
more theories are required for better understanding.

6 Bismuth Ferrite (BiFeO3)

In 1960, Bismuth ferrite (BFO) was first discovered [27]. The BFO has a distorted
rhombohedral cubic perovskite structure having space group R3c and rhombohedral
angle between 89.3° and 89.4° [28, 29]. The movement of Bi, O, and Fe ions as
well as the cooperative alternation of FeO6, both along [111] direction, results in the
distorted crystal structure [30].

In BFO, ferroic and antiferroic parameters exist along with two or more order
parameters such as ferroelastic, ferroelectric, and ferromagnetism [31]. The simul-
taneous existence of two ferroic orders ferroelectric/magnetic and their control by
the electric and magnetic field gives the existence of multiferroicity in BFO. In
multiferroic materials, charges of ions and electrons control the electrical properties,
whereas, electron spin controls the magnetic properties [32]. Empty d-orbitals are
required for ferroelectricity which is necessary for cation off-center displacement,
whereas, for ferromagnetism, empty d-orbitals are required [33, 34]. The simulta-
neous existence of ferroelectric and ferromagnetic orders is difficult to achieve at
room temperature. The interactions between Fe–O–Fe are responsible for antiferro-
magnetic order. However, the canting of spins in the distorted structure is the reason
for weak ferromagnetism in single-crystal BFO [35–39]. Spintronics and tunable
waveguide devices are some of the broad applications of these materials [40].

The ferroelectricity inBFOcan be enhanced by depressing its spiral spin structure.
This can be achieved by[11, 41, 42]:

• By cation substitution or structural modification by doping.
• Formation of complexes by introducing ferrites.
• Size-dependent effects of nanocrystalline BFO.
• Stress-induced polarization and ferromagnetic properties.
• Release of the canted magnetic moment by the application of an intense magnetic

field.
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Hybridization between Bi-6p and O-2p orbitals in BFO is responsible for large
polarization and piezoelectric response [43]. Due to the large extension of the 6s
orbitals, the overlap of the 6-p orbitals of the cation and anion decreases, as a result,
bond strength decrease. Due to hybridization, the ionic radius of Bi decreases, which
separates out the 6s and 6p orbitals, and due to which 6s electrons get polarized. This
makes the bonding and octahedral distortion stable [30].

7 Bismuth Ferrite-Barium Titanate (BFO-BTO)

The improvement in ferroelectricity of BFO-BTO ceramic system is done through
substitution of different ions, for example Co3+, Cu2+, Mn2+, La2+, Nd3+, Dy3+, Er3+,
Eu3+, Cr3+, Ni2+, Al3+, Ce2+, Gd3+, and Ga3+[44–53]. The electrical properties are
also improved in multiphase solution like BiMeO3 (Me = Al, Ga, Y, Sc, Zn1/2Ti1/2,
Mg2/3Nb1/3, Zn2/3Nb1/3), La0.7Sr0.3MnO, Na0.5Bi0.5TiO3 [32, 54–58].

In BTO-BFO rhombohedral structure is evolved when BTO doping is less than
30%, and when the amount of BFO is 40–70% then, it shows cubic phase. In the case
of a pure BTO-BFO system, the Curie temperature is 804 K, which can be varied
by altering the BTO/BFO molar ratio [30, 44]. Rhombohedral phases in BTO-BFO
are thermally stable in comparison to pseudocubic or a mixture of rhombohedral and
pseudocubic phases [59]. Substitution of ions like Na, Al, Bi0.5Na0.5TiO3, MnO2–
CuO, and La(Mg0.5Ti0.5)O3 is used to enhance the insulating properties as well as
the thermal stability of BTO-BFO [57, 60–63]. Universal core–shell microstructures
are also used to enhance thermal stability [64]. The crystalline phases for different
substitution levelsof BTO in (1–Z)BFO-ZBTO are shown in Table 1 [65].

At 10 and 20% molar ratio of BTO, there is the existence of diffuse phase tran-
sition, whereas, when the composition of BTO ranges from 0.24 to 0.36, there is a
simultaneous decrement in the coercive field and remnant polarization [66].

Table 1 Crystal structure of
(1–Z)BFO-ZBTO at the
varying substitution level

Composition(1–y)BFO-yBTO Crystal structure

Z = 0 Rhombohedral

Z = 0.1 Rhombohedral

Z = 0.2 Rhombohedral

Z = 0.3 Rhombohedral

Z = 0.4 Cubic

Z = 0.5 Cubic
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In the past few decades, research advancement is focused on the BTO-BFO crystal
structure [67–70]. The simultaneous existence of pseudocubic, rhombohedral, and
tetragonal phases was also reported [67]. Karpinsky et al. has studied the crystal
structure around structural phase transition [69]. The improvement in electrical prop-
erties due to the coexistence of tetragonal and rhombohedral phaseswas also reported
[71]. Lin et. al. supports the inclusion of rhombohedral (y = 0–0.33), pseudocubic
(y = 0.33–0.92), and tetragonal (y = 0.92–1) phases in the (1–y)BFO-yBTO solid
solutions [29]. At 33% molar fraction of BTO, change from pesudocubic phase to
rhombohedral phase was observed [27].

The cooling rate also affects the phase transitions. non-centrosymmetric
orthorhombic structure (Amm2) has been observed in quenched samples, whereas,
in tardily cooled sample’s centrosymmetric orthorhombic structure (Pbnm) was
observed. Ma Jian et. al. reported the effect of different cooling methods on the
phase structure of BTO-BFO [72]. The variation in cooling methods does not affect
the diffraction peak very much. Due to the longer cooling time in the furnace, the
change in grain size is substantial. The orthorhombic structure is more favorable at
intermediate temperatures between 773 and 923Kdue to oxygen vacancies diffusion.
A small rhombohedral distortion of 0.75BFO–0.25BTO occurs at room temperature
[73]. Numerous works have been done till now, however, BTO-BFO structure is still
a mystery. The various parameters of BFO-BTO ceramics and few lead-free ceramic
solutions are given in Table 2.

8 Conclusion

In multiferroic materials, more than two ferroic orders exist at the same time such
as ferroelasticity, ferroelectricity, and ferromagnetism. These materials exhibit great
technological importance. Keeping in view the sustainability and environmental risks
in mind, the search for lead-free materials is on topmost priority. Materials having
comparable properties and performance as lead-basedmaterials are going on. In liter-
ature, it has been suggested that BTO-BFO exhibits excellent magnetic and electrical
properties, and is a good candidate for the aforementioned applications. The enhance-
ment in piezoelectric properties still needs to be addressed and studied further as there
is very little information about the structure of BTO-BFO. Scientists suggest that the
future of the new generation of devices is based on spintronics. By understanding
the domain structure, the ferroelectric and magnetoelectric properties can be altered.
Moreover, ferroelectric materials can also be used in artificial intelligence.
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Applications of Multiferroics

Rohit Jasrotia, Suman, Rohit Khargotra, Ankit Verma, Indu Sharma,
and Ritesh Verma

Abstract This chapter gives a detailed expedition of multiferroic materials, from
their inception as a theoretical interest to their current status as a centre of global
research effort set to influence technology and moreover, it commences with the
introduction of an overview of multiferroic materials along with their classification.
After conferring the extensive advancement in the research field of multiferroics, a
detailed overview of multifunctional applications of multiferroics materials is taken
into account. This chapter emphasizes on the potential use ofmultiferroics in different
research areas of science such as solar cells, gyrators, thermal and vibration energy
harvesting, and many more.

Keywords Multiferroics · Single-phase and composite multiferroics ·
Fabrication ·Multifunctional applications

1 Introduction

The study of new materials and their functions has been relatively widespread in
current years, marked by the integration and shrinking of electronic components,
and one of the vital goals is to be incorporated into present technologies, proces-
sors, and devices. Magnetic and ferroelectric (FE) materials have been the theme
of research, ranging from large devices like electrical transformers to small devices
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like sensors used in integrated circuits or as a storage device, due to an inimitable
arrangement of characteristics. Because of their intriguing characteristics and uses,
multiferroic materials are progressively becoming the attention of current research
[1]. The ferroics is categorized as those materials which contain small regions called
domains that may exist in at least two different orientation states in equilibrium
whereas typical ferroic confirm domains with varying orientation states unglued by
domain barriers [2]. The multiferroic (MF) materials contain both ferroelectric and
magnetic order, both of these have symmetry requirements that a multiferroic must
meet at an identical time. In other words, we can say that, these are multifunctional
materials in which at least two ferroic orders, such as ferromagnetism, ferroelec-
tricity, and ferroelasticity, are present at the identical time and therefore, exchange
interactions between magnetic dipoles, which originate from void shells of electron
orbitals, are traditionally used to promote magnetic order [3]. The assembling of
local electric dipoles produces electric order. The consequence of atomic displace-
ments being ordered owed to strain is elastic order. The occurrence of magnetic and
electric order at the identical time is particularly significant because it conglomer-
ates features that could be used for data storage, processing, and transfer enables the
interactionofmagnetic and electric fieldswithmagnetic and electric order. The simul-
taneous display of ferroelectric and ferromagnetic orders shows that magnetoelectric
multiferroic materials are very promising for a variety of possible applications. This
chapter emphasizes to multiferroics for useful tenacities, as they are homogeneous
compounds that have both magnetic and electric dipoles ordered simultaneously.

Ferroelectric ordering pooled with Ferro or antiferromagnetic ordering is catego-
rized under this family of materials [4]. For the first time, H. Schmid coined the word
“multiferroics” in the year 1994 [5]. The multiferroics are classified into two compo-
nents named “single-phase and composite”. Moreover, single-phase multiferroic
materials are uncommon and display poor ferroelectric and ferromagnetic behavior
along with weak coupling strength at 300 K [6, 7]. To be useful in advanced appli-
cations, multiferroic materials must have extremely high magnetoelectric coupling
strength at and above 300 K. The electrical requirements of molecules to show
ferroelectric and ferromagnetic ordering are opposed, which explains the paucity of
single-phase multiferroic materials. For example, conventional ferroelectric mate-
rials like BaTiO3 require an empty d-orbital of Ti, while unpaired electrons are
necessary to display magnetism [7, 8]. In addition, symmetry criteria are a consid-
eration and thus, only 13-point groups are capable of demonstrating the multiferroic
characteristic. Multiferroic research has received minimal attention from the scien-
tific community because of the shortage of single-phase materials [9]. There has
been a surge in a study in this subject with the introduction of nanotechnology.
The multiferroic characteristics of numerous single-phase structures can be changed
via nano-level manipulation. By integrating the profits of the composite method,
several novel systems with remarkable magnetoelectric coupling at 300 K have been
created [10]. Excellent ferroelectric and magnetic characteristics are exhibited in
BaTiO3 at 300 K by decreasing the size of a particle to a range of nanometres [11].
The produced material should be in a phase with no additional phase’s exhibit the
outstanding multiferroic behavior but on the other hand, the development of the
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secondary phase frequently leads in a decrease in the multiferroic characteristic. For
example, in the fabrication of BiFeO3, additional phases of Bi2Fe4O9 and Bi25FeO39

are obtained, which significantly degrade the multiferroic behavior of BiFeO3 mate-
rial [12]. Ferromagnetic materials are frequently utilized for data storage in cassettes,
hard drives, and other devices whereas ferroelectrics are useful because of their high
piezoelectric-coupling constant, which describes the connection between an electric
field and strain due to which they can contribute their utilization in electronics like
capacitors, microphones, and transducers. Now a day, a large amount of contribution
along with scientific interest is created by multiferroics due to their potential appli-
cations in various research areas of science. The most significant use of multiferroics
is in the area of a memory device, in which information may be recorded electrically
and read magnetically [13]. To accomplish this application under microelectronic
devices, the materials of large insulation, coupling between electric and magnetic
order at 300 K along with varying polarization will require, but most of the multi-
ferroics materials are not able to fulfill these boundary criteria. The multiferroics
are also used on a large scale for the photocatalytic degradation of organic pollu-
tants for wastewater remediation application [14, 15]. Figure 1 shows the number of
publications in the research area of multiferroics from 2010 to 2021.

This chapter provides a summaryofmultiferroics,with a focus on the classification
and fabrication of multiferroic, the data around the potential applications of multi-
ferroics. Therefore, this chapter presents the latest text in this research field, which
covers a wide spectrum of the potential use of multiferroics in different research
areas, along with recent breakthroughs in this arena.

Fig. 1 Number of publications searched using the keyword “multiferroic” in science direct data
source from 2010 to 2021
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2 Classification of Multiferroics

The multiferroic materials are categorized into two broad components, as shown in
Fig. 2, as single-phase and composite multiferroics.

2.1 Solid-Phase Multiferroics

The solid-phase multiferroics are again categorized into two further components-
Type-I and Type II multiferroics. The type-I single-phase multiferroics comprising
boracites, lone-pair, improper and proper geometric ferroelectrics whereas, type-II
single-phasemultiferroics contains thematerialswhich show ferroelectricity because
of magnetic or charge order. Under the lone pair ferroelectrics category, we have
bismuth-grounded compounds whereas boracites are represented by the chemical
formula, M3B7O13X; M may be chromium, manganese, iron, cobalt, copper, nickel,
etc. The proper, as well as improper geometric ferroelectrics, are represented by
the chemical formula, BaMF4; M = manganese, iron, cobalt, nickel, magnesium,
etc., and RMnO3; R = Lutetium, scandium, Ytterbium, etc. In addition to this, the
category of materials that show ferroelectricity due to magnetic and charge order are
exhibited by compounds as TbMnO3, TbMn2O5, Ni3V2O8, CuFe2O4, CoCr2O4, etc.
and LuFe2O4, Pr1−xCaxMnO3. RFe2O4; R = Dysprosium, Lutetium and Ytterbium
etc. [16].

Fig. 2 Schematic
presentation of types of
multiferroics
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2.2 Composite Multiferroics

Thecombinationof nanostructured ferroelectric and ferromagneticmaterials at 300K
is an alternate method for producing multiferroic materials. As every phase performs
independently, the magnetoelectric coefficient of composite multiferroics is signif-
icantly greater at 300 K than that of single-phase materials. Under the category of
composite multiferroics, the magnetoelectric effect is extrinsic and can be arbitrated
by the phenomenon of strain [17]. This is made feasible by the former’s magne-
tostriction and the latter’s piezoelectricity. When the magnetic phase is magnetized,
the magnetostrictive action causes it to deform, straining the ferroelectric phase
with which it is chemically linked along with a shared interface. Concurrently, the
straining of the ferroelectric phase affects its polarisation because of the applica-
tion of the piezoelectric effect. A magnetic field can cause a polarisation shift in
the ferroelectric phase but, the inverse piezoelectric effect causes a distortion of the
ferroelectric phase, on applying an electric field, and then, it is moved to themagnetic
phase and changes its magnetic state via the inverse magnetostrictive effect [2].

3 Fabrication Methods of Multiferroics

Multiferroic nanoparticles can be prepared using a number of chemical techniques.
Each approach has its own set of benefits and drawbacks. The synthesis technique
determines the many features and properties of the developed multiferroic nanopar-
ticles. As a result, choosing a specific technique for generating multiferroic nanopar-
ticles is important. This chapter discusses the most common and straight forward
ways for generating multiferroic nanomaterials as shown in Fig. 3.

3.1 Sol–Gel Method (SGM)

One of the most well-known approaches for the preparation of multiferroic nano-
materials is the SGM. It means the creation of a sol (colloidal dispersion of solid
particles in a liquid media) followed by gelation, which results in the development
of a gel [18–21]. Metal salts and metal alkoxides are commonly utilized as an initial
precursor in this method. Additionally, in the precursors, SGM also needs a chelating
agent [22]. Glycolic acid,citric acid, oxalic acid, tartaric acid, polyvinyl alcohol, and
polyacrylic acid are examples of chelating agents that are widely used in SGM [23].
Several parameters influence the final product’s properties, including the chelating
agent used and its amount, pH of the sol [7–10] [24, 25], and dried gel’s calcinations
temperature. Nanostructures for specific purposes can be made by carefully regu-
lating these parameters. The complete SGM may be broken down into five phases
[18], which are as follows: (1) Hydrolysis and partial condensation of precursors to
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Fig. 3 Various synthesis methods for the fabrication of multiferroic nanomaterials

produce sol. (2) The polycondensation process gels the solution. (3) Syneresis, or
ageing of the gel that has been produced. (4) The aged gel is dried. (5) Calcination or
high-temperature treatment of the dried gel. The Pechini SGM technique is gaining
a lot more interest these days for the production of multiferroic nanoparticles.

Maggio Pechini, an American scientist, developed it. In this technique, a
metal/citrate complexes solution is made by combining a sufficient amount of
precursors and citric acid, and poly-esterification is accomplished by heating the
metal/citrate complexes solution in the existence of poly-hydroxyl alcohol, like
ethylene glycol [26]. After the gel has dried, it can be exposed to a high-temperature
process,whichwill result in thefinal product’s formation [27, 28].As for the synthesis
of core–shell multiferroic materials, A. R. Abraham et al. and T. Woldu et al. used
the sol–gel method.

3.2 Solid-State Reaction Method

“No reaction happens in the absence of a solvent,” according to Aristotle’s famous
philosophy. This suggests that solid-state processes were not well studied in ancient
times[29]. Recently, the situation has improved, and solid-state processes are now
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receiving a lot of interest as a straight forward method for the preparation of different
nanomaterials. Solids are chemically reacted in the absence of any solvent media to
generate stable compounds in a solid-state method. But solid’s reactions are not
possible at room temperature [29]. High-temperature processing of the solid precur-
sors is required to achieve solid-state reactions. Precursors are used for this technique
like carbonates and oxides of different elements. M. Valant et al. produced single-
phase polycrystalline BiFeO3 from ultrapure starting oxides like Bi2O3 and Fe2O3

[30]. This technique can readily generate doped single-phase substances as compare
to pure single-phase substances. Because of its simplicity, the solid-state reaction
technique has gained importance in the production of composite systems.

3.3 Molten Salt Method

Molten salt is used as a reaction media in this technique. Salts have low toxic effects,
are cheap, have great availability, low vapour pressure, making them a viable tech-
nique for the synthesis of nanomaterials [31, 32]. A typical method consists of three
basic steps, which are: (1) Stoichiometric amounts of raw materials and salts are
mixed; (2) Themixture is heated and (3)Washing and drying. Themost frequent salts
are sulphates and chlorides, whereas carbonates and oxides serve as the initial mate-
rial in this method [31]. Individual salts have a high melting temperature; however,
by employing a combination of salts, the melting temperature may be substantially
reduced. For instance, the melting points of KCl and NaCl are 801 °C and 771 °C,
respectively, whereas themelting point of KCl-NaCl salt with a 1:1 eutectic composi-
tion is around 650 °C. For example, J. Chen et al. synthesized the high-purity BiFeO3

single-crystalline nanostructures with the help of precursors Fe2O3 andBi2O3 aswell
as the salts Na2SO4and NaCl within a particular temperature range 800± 10 °C. The
impurity phases,Bi2Fe4O9 andBi25FeO40 were found at varied temperatures, like 840
and 820 °C [33]. Topo-chemical molten salt synthesis is gaining popularity as a varia-
tion of the molten salt technique. The Topo-chemical molten salt synthesis technique
combines topochemical processes and molten salt to manufacture high-quality one-
dimensional, two-dimensional, and three-dimensional perovskites nanostructures,
and it is a very attractive technique.

3.4 Sonochemical Method

Some form of energy, such as heat, radiation, light, electric potential, is necessary to
initiate a chemical reaction [34]. Ultrasound is used in the Sonochemical synthesis
technique to form nanostructured materials. There are no direct interactions within
the chemical species and ultrasound due to sonic wavelengths is significantly higher
than the molecular dimensions. The transitory hot spots created during the creation,
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growth, and collapse of bubbles in liquid are the indirect chemical impact of ultra-
sound [35]. For example, Dimple P. Dutta et al. used a Sonochemical technique to
make Sc and Ti codoped multiferroic BiFeO3 [36].

3.5 Hydrothermal/Solvothermal Method

Sir Roderick Murchison, a Scottish geologist, introduced the terminology
hydrothermal. Chemical processes were performed in water at high pressures (above
1 bar) and temperatures (above 100 °C) in a hydrothermal technique.Water under
high pressure and temperature serves a crucial part in the conversion of initial mate-
rials into an end product. The first work considered in hydrothermal technique was
prepared crystals of strontium and barium carbonate at higher temperature (200 °C)
and pressure (100 bars) by German scientist R. W. Bunsen in 1839 [37]. When other
solvents are utilized as a reaction medium instead of water, the procedure is referred
to as a solvothermal technique. The choice of solvent is important, because it allows
you to regulate the nucleation and crystal formation processes by combining a variety
of solvents. The method is particularly well suited to the production of nanomaterials
with excellent purity, crystallinity, and particle size uniformity. The shape of mate-
rials produced with the solvothermal technique is largely controlled by additives.
In the solvothermal technique, additives such as capping agents, mineralizers, and
biomolecules are frequently utilized. For example, Jian-Tao Han et al. demonstrated
that by adjusting the reaction temperature and pH in a hydrothermal procedure,
distinct bismuth ferrite compounds with varied morphologies are produced using
identical iron and bismuth precursors [38]. Besides the traditional hydrothermal
technique, various multiferroic nanomaterials are currently produced using a mix
of hydrothermal and microwave methods. A microwave-assisted hydrothermal tech-
nique is a name for this combined strategy. Sridhar Komarneni et al. were the first
to employ the microwave-hydrothermal method to make unary oxides (like Fe2O3,
TiO2, and ZrO2), as well as binary oxides (like BaTiO3 and KNbO3) [39]. Compared
to traditional hydrothermal treatment, this technique provides several benefits. Crys-
tallization kinetics is slower under traditional technique. As a result, to obtain the
precise phase of thematerial, hydrothermal treatmentmaybe required for an extended
period. On the other hand, in microwave-hydrothermal techniqueuses fast and volu-
metric heating to achieve homogenous nucleation and crystallization in a limited
period. Furthermore, the procedure is both energy-efficient and cost-effective [40].
For example, G. Biasotto et al. synthesized bismuth ferrite nanoparticles by heating at
180 °C for one hour. The results showed that a one-hourmicrowave processing period
was effective in removing impurity phases from bismuth ferrite [41]. Remarkably,
the hydrothermal techniquemay also be utilized to create various multiferroic nanos-
tructures. For example, Shun Li et al. used a fast (1–2 min) microwave-hydrothermal
technique to effectively manufacture single-crystalline bismuth ferrite nanoplates
with thicknesses ranging from 20 to 160 nm and lateral sizes of sub micrometers
[42].
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3.6 Solution Combustion Method

The solution combustion technique is a form of self-propagating high-temperature
synthesis technique, or simply combustion technique [43]. A. G. Merzhano intro-
duced the self-propagating high-temperature synthesis technique idea. J. J. Kingsley
et al. improved the process by combining it with awet chemical approach, resulting in
the solution combustion synthesis method [44]. Due to the method is based on a solu-
tion technique it offers all of the advantages of wet chemical processes, like doping
and stoichiometry control. The high-temperature in a combustion process allows
that the material develops the correct phase composition immediately in the solution
combustion synthesis wave, eliminating the need for extra high-temperature products
in the solution combustion synthesis method [44]. Furthermore, the required product
is produced in a limited period and the creation of a high number of gases during solu-
tion combustion synthesis inhibits particle size expansion and permits the production
of nano-size products. Metal salts like nitrates, carbonates and, sulphates are utilized
as precursors in this procedure [45–47]. Additionally, the method also needs fuel for
the combustion reaction. Urea, glucose, citric acid, sucrose and, glycine, are utilized
as fuels in this experiment [48–50]. Jun Yang et al. discovered that the quantity and
kind of fuel utilized in a combustion method had a significant impact on the end
product’s crystallinity and phase composition [51]. Jun Yang et al. used a variety of
fuels for the formation of BiFeO3 nanoparticles, including glycine, citric acid, ethy-
lene glycol, urea, stearic acid, sucrose, ethanolamine, L-alanine, L-aspartic acid,
L-leucine and, L-valine [52–55]. Glycine and L-alanine are acceptable fuels for the
production of BiFeO3 nanoparticles among the numerous fuels employed. Because
of the high flame temperature, using too little fuel results in the production of amor-
phous phases, while using too much fuel results in the development of unwanted
phases [51].

4 Applications of Multiferroics

The multiferroic materials are utilized in different research areas of science and
engineering which are discussed as given below. The schematic presentation of
multifunctional applicational of multiferroics is given in Fig. 4.

4.1 Multiferroics for Microwave Phase Shifter (MPSs)
Application

The MPSs are considered as one of the significant electronic devices in various
types of systems as radar, telecommunications, and phased array antenna. The semi-
conducting, ferroelectric and, ferrite-based materials are mostly utilized in phase
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Fig. 4 Multifunctional applications of multiferroics

shifters. The operation of phase shiftersmade of ferrite-basedmaterials is constructed
on the phenomenon of Faraday spin of electromagnetic energy in magnetized ferrite,
which is problematic. Another ferrite-based phase shifter operation is based on the
propagation of spin waves in planar ferrites and this operation is working signifi-
cant in planar ferrites because of its magnetic tunability in the high GHz frequency
range of 1–26. Ferroelectric-based phase shifters, as opposed to magnetic ferrite-
based phase shifters, have fast electric tunability, minimum power consumption, but
very large loss of five GHz frequency. Therefore, a multiferroic composite can be
constructed by mixing magnetic ferrite-based materials along with ferroelectrics so
that the composite can be easily operated as a bi-phase microwave device above
high GHz frequency (5 GHz). Ustinov and Srinivasan, (2007) reported the progress
of these devices with a discussion of the concept of propagation of hybrid spin-
electromagneticwaves in a ferrite-ferroelectric bilayer as this concept is used to create
a dual, electric and, magnetic field adjustable MPS. A single-crystal of yttrium iron
garnet film and barium strontium titanate slab is taken into consideration for making
the bilayer and the electrical tunability of the differential phase shift is accomplished
by passing a voltage across the barium strontium titanate. In the frequency range of
4.5–8 GHz, an insertion loss of 20 dB is recorded [56].
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4.2 Multiferroics for Thermal Energy Harvesting Application

Heusler alloys belong to a category of inter-metallic multiferroic material which
contains both ferromagnetic and ferroelastic phases and they are called shapememory
alloys because they canmodify their shape on the application of the appliedmagnetic
field. The Heusler multiferroics are very fascinating to study because these types
of multiferroics undertake phase transformations and under these phase transfor-
mations from the ferromagnetic austenite phase to non-ferromagnetic martensite
phase, a large amount of distribution of lattice parameters takes place. The signifi-
cant changes in lattice parameters that precede phase transitions are likewise linked
with huge increases in entropy and internal energy. As a result, such materials are
highly appealing for energy conversion, storage, shape memory actuation, and solid-
state refrigeration applications. The NiTi shape memory alloy, which undergoes a
reversible martensitic transition and transforms heat into mechanical work, is an
excellent example [57]. In today world, Ni45Co5Mn40Sn10 Heusler alloys are exten-
sively utilized as an energy conversion material but on the other hand, NiTi directly
changes heat into the electromotive work [58]. In addition to this, when heated,
Ni45Co5Mn40Sn10 Heusler alloys exhibit reversible martensitic phase change from
non-magnetic to ferromagnetic along withminimal hysteresis [59]. Therefore, in this
study, Srivastava achieved the phenomenon of the direct adaptation of heat into elec-
tricitywith the use ofNi45Co5Mn40Sn10 Heusler alloys. In the year 2011, the develop-
ment of the energy harvesting electronic devicewhich consists of aNi45Co5Mn40Sn10
multiferroic sample fixed to the extreme of a permanent magnet and encircled by a
coil of copper having 2000 turns producing an output peak voltage of 0.6 MV [60].

4.3 Multiferroics for Magnetic Gradiometer Application

Magnetic gradiometers work similarly to sensors that measure magnetic field
gradient, the sensitivity of which is defined by the capacity to enumerate the change
regarding a reference value and therefore, in the year 2009, Bedekar et al. developed
a magnetoelectric gradiometer (ME). For the development of the ME gradiometer,
magnetoelectric composites were taken into utilization along with ring-dot piezo-
electric transformer assembly. Here, the dot works as output whereas the ring works
as input. A magnetostrictive disc, resembling a bilayer composite structure, was
glued on top of the output portion. The sample’s resonance frequency was discov-
ered to be in the 91–94 kHz region. The produced magnetic field interacts with the
externally applied magnetic field to produce a flux gradient, which is measured by
the frequency shift and output voltage change of the gradiometer. The tests show
that the suggested design has high sensitivity and may be utilized to detect magnetic
field gradient [61].
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4.4 Multiferroics for High Voltage Gain Amplifier

The multiferroics also have an attraction in the area of high voltage gain amplifier
and therefore, in the year 2004, Dong made a multiferroic high voltage amplifier.
The present study is created for a long-plate type piezoelectric and magnetostrictive
laminate composite using the piezoelectric and piezomagnetic equations of state. Our
investigation showed the potential of an exceptionally high magnetoelectric voltage
gain, whichwould be ideal for applications as high-voltageminute transformers [62].

4.5 Multiferroics for Vibration Energy Harvesting
Application

Energy harvesting from environmental vibrations is another area of the technical
field where multiferroics show promising application. The devices that can harvest
energy from the environment are of great economic interest because they can power
wireless transducer and sensor networks, environmental conditions, structural health,
securing care systems, andmedical implants. The key heavy factor behind the energy
harvesting business is the fact that the short lifespan of batteries raises maintenance
costs in many applications, particularly in unfriendly surroundings where admittance
is restricted or dangerous. Micro-energy harvesting devices, on the other hand, are
cost-effective, have a maximum lifecycle, and need diminutive or exactly no main-
tenance cost. The primary technique for harvesting vibration energy is currently
grounded on the piezoelectric devices but on the other hand, there are other ways of
harvesting vibration energy which are based on the phenomenon of magnetostrictive
vibration [63, 64]. Combining piezo-energy harvesting with magnetostrictive energy
harvesting of mechanical vibrations in a single multiferroic device may result in the
formation of an ultra-efficient vibration energy harvester made of multiferroic mate-
rials. This concept has previously been applied, with encouraging findings of hybrid
piezoelectric/magnetostrictive multiferroic energy harvesters published [65].

4.6 Multiferroics for Gyrators Application

Four famous main electrical components are needed to manufacture an electronic
device, such as condensers, inductors, resistance and, transformers. Bernard D. H.
Tellegen, however, came up with the concept in 1948 that there was a fifth basic
element of a gyrator [66] electrical device. A gyrator is an inductive and capacitive
interface composed of a two-port four-wire circuit element. It is a voltage converter
and vice versa. It is utilized. Gyrator’s main benefit is that it can substitute a single
instrument for the conversion process for the complicated circuit parts. An ideal
two-port gyrator can be defined by the following equations;
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I1 = G · V2 (1)

I2 = G · V1 (2)

where I and V are the instantaneous current and voltage respectively, and G is the
constant called gyration constant and has the dimensions of 1/Ohm. With the aid of
the stress transfer at the contact, the voltage-current conversion is done. Now that a
gyrator is capable of performing an inductive circuit, its major use is to minimize the
size and expense of a systemby removing bulky, heavy and, expensive inducers. Filter
design, miniaturization and telephone devices are extensively utilized in gyrators.

The magnetoelectric material is highly important in the gyrator since electric and,
the magnet field are coupled with magnetoelectric material. In this context, the most
suited materials for gyrators might be multiferroic materials. A multiferroic gyrator
port was proposed by Zhai et al. The three components were developed in the layers
of the composite of: the first layer, the terfenol-D/PZT/Terfenol-D-structure with a
frequency of electromechanical resonance at a speed of 86 kHz; the second layer,
the mechanical resonance structure at a frequency of 64 kHz; the third layer, the
multiferroic composite Nickel/PZT/Nickel-structure at a frequency of 15 kHz [67].
A three-layered construction was wrapped in a belt around the laminated structure
to function. They noticed the induction and the collection of electricity from the
piezo-layer of stress-mediated connectors. This experimental check has shown and
determined that, by replacing the electronic gyrator multi-component with a single
multiferroic element, further downsizing of the instrument is achievable using a
multiferroic composite.

4.7 Multiferroics for Solar Cells Application

The abundance of energy is solar power. Solar energy can meet the world’s energy
requirements. Solar energy is by far the best way to achieve this because it is renew-
able and ecological. This solar energy needs to be harvested differently and benefi-
cially to meet demand. Photovoltaics are the tools that are utilized to generate elec-
tricity from solar energy. The three processes in photovoltaics are primarily used: pair
creation of electron-holes; load separation and carriage of carriers and pairs recom-
bination of electron-holes. Photovoltaics based on ferroelectrics were thoroughly
researched. It was discovered that under the lighting, ferroelectric materials have a
PV short circuit current that fluctuates abnormally much wider than the bandgap of a
material, parallel to the directions of the rail polarization Axis and the photovoltages.
In contrast, photo-excited photovoltaic transporters are carried without a gradient in
electrochemical potential, due to their well-known PV effects of p–N junction-based
solar cells. The polarization-induced internal electrical field typically promotes such
an outcome. It has been proven recently that a change in the structure of a ferro-
electric domain or a reduction of ferroelectric film’s thickness can increase energy
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conversion efficiency (PCE). It is predicted that the extra magnetic order will reduce
the bandgap in the structure owing to the inherent strain connection by replacing
the ferroelectric materials with a multiferroic material. This further decrease would
increase the range of photovoltaic electromagnetic spectrums. A bulk photovoltaic
cell with a lower bandgap (<1 eV) would ensure that the whole spectrum is utilized in
the photon conversion process. Also, e-e interactions governing the magnetic order
can lead to the smaller bandgap of typical 2.6–2.7 eV for bismuth ferrite (BiFeO3,
BFO) multiferroic perovskites [68]. It has been experimentally demonstrated that
multiferroic state contributes to the improvement of spectral response as well as the
efficiency due to e–e interaction which lowers the bandgap to the useful level. In an
ideal case, multiferroics can be tuned to harness the whole energy spectrum. This is
possible because multiferroics can display coupling between electric and magnetic
field. Thus, the properties of multiferroics can be modified or tuned by applying the
external magnetic field, electric field, stress, strain, etc. which can be utilized to the
harvesting of solar energy smartly.

4.8 Multiferroics for Multi-caloric Effect Application

A physical system’s thermal reaction to changes in adiabatic variables such as
volume, strain, magnetic or electric polarization produces a caloric effect like heating
or cooling.These changes canbebrought about by applyingor deleting certain control
settings that lead to the famous barocaloric, elastocaloric, magnetocaloric and elec-
trocaloric impact [69–71]. Magnetocaloric or electrocaloric solid-state cooling is of
great interest due to specific features such as vibration-free, noise-free, low energy
requirements, etc. Because of its benefits, solid-state cooling is an excellent way
of cooling at ambient temperature, ultra-low cryogénics and, solid-state collation
of microelectronic components. However, the presence of two ferroic phases at the
same time, providing a large number of applications for improved sensors, memories,
and energy collection, magnetic recording and transformers, has given a new class of
materials termed multiferroics significant attention [72, 73]. In his research, Vopson
theoretically studied the multicaloric effect in multiferroic materials. He applied the
numerical methods on NdCrTiO5 multiferroic material and predicted the cooling of
6.88 K during an adiabatic demagnetization from applied fields of 5 to 0 T at its
multiferroic transition temperature of 21 K. This effect offers a new perspective of
multiferroic materials as a multicaloric effect due to its environmentally friendly
solid-state refrigeration system. Thus, it can be concluded that multiferroic materials
due to their simultaneousmagnetic and electric effect which is crucial for the induced
strain as induced strain, as induced strain, in particular, defines the application of
multiferroic materials.
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4.9 Multiferroics for AC/DC Magnetic Field Sensors
Application

Magnetic sensors are equipment that can detect or evaluate the formation or modifi-
cation of the surrounding magnetic field without being in real touch. Based on this
change in the external magnetic field, the characteristics such as temperature, direc-
tion, location, angle and, speed of each itemmay be determined.Magnetic fields may
have a major influence on our civilization and can be applied in scientific measures,
weather analyses, microscopic imaging, magnetic field mapping and other cosmic
phenomena, and geographical location. In this regard, multiferroic devices are the
most suitable as they utilize a magnetic field to induce the magnetoelectric effect.
This effect is well established by the following relation,

V = αV
H · H · t (3)

where V is the induced voltage, H is the amplitude of applied magnetic field; t is
the thickness of multiferroic material and α is the magnetoelectric coupling coeffi-
cient. This relation indicates that induced voltage inmultiferroics varies linearly with
the amplitude of the applied magnetic field. This relation applies to both single as
well as composite phases of multiferroics. It is noted that output or induced voltage
depends on the coupling coefficient. Asall single-phase multiferroics have a very
small coupling coefficient which limits their application inmost of the devices. Thus,
due to the large coupling coefficient at room temperature, composite multiferroics
have gained much of the space as an application. In addition, large strain-mediated
magnetoelectric effect occurs at room temperature, where magnetoelectric is related
to the magnetostrictive properties of the magnetic phase. So, it again favors the use
of composite multiferroics. The magnetic strain is well known to be non-linear to
the magnetic DC field. This restricts the voltage generated to some value of the
magnetic DC field supplied. In addition, the DC response of multiferroic composites
further shows that it is not appropriate for the DC field. Surprisingly, most of the
composites of multiferroics are thus employed for AC magnetic field sensing. The
results indicated promising quality for multiferroic sensors with sensitive magnetic
field detection varies from 10–13 < Hac < 10–3 T experimentally and theoretically.
Therefore, multiferroic materials may be inferred to be suitable as a contender to
replace AC or DC magnetic field ferrites.

4.10 Multiferroics for Microwave Resonators Application

The ferromagnetic resonance (FMR) is seen with ferromagnetic materials that are
susceptible to high frequencies, especially in the excited state [74]. This ferromag-
netic resonance is achieved when the precision frequency equals the excitation field
frequency and this usually happens in ferrite materials in microwave frequencies.
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Also, in microwave signaling devices soft ferrites can be used as they need the oper-
ationof aDCmagneticfield.However, the use of soft ferritematerialswithmicrowave
resonance might have certain disadvantaging: sluggish operation, high noise level,
high power consumption, and restricted miniaturization. Multiferroic composites
are used for achieving multiferroic resonance to overcome these disadvantages [75].
Many scientists have usedmicrowave resonance multiferroic materials. For the FMR
electric field tuning, Fetisov et colleagues showed the YIG/PZT [76]. The results
showed a well-defined FMR absorption of about 5 GHz with a line width of 3.4 GHz
was foundwith the application of 2–10Hz, 0.1mWof power. The ferromagnetic reso-
nance frequency also changed by 16 MHz to a higher frequency side with 10 kV/cm
of an electric field, while with −10 kV/cm the resonance frequency changed by -
18 MHz to a lower frequency side. During their measurements, they observed that
with multiferroic materials, the shape of FMR response has not been attenuated,
except its peak position. The application of an electric field has the effect of inducing
a piezostrain in the PZT, which is then transmitted to the YIG. This, in turn, will have
the effect of changing the internal magnetization of the YIG. Therefore, the effect of
the applied effect is viewed as the creation of an internal magnetic field, responsible
for the shift in the FMR curve. It has therefore been discovered that multiferroics
with manymore enhancements have amicrowave resonance identified. It can replace
soft ferrites with multiferroics comprehensively [77].

5 Conclusion

In the concluding remarks, multiferroic materials have a wide range of technological
applications due to their ability to exhibit adjustablemechanical,magnetic, dielectric,
thermal, and optical features all at an identical time. These factors can also link to one
other, resulting in intriguing cross-coupling phenomena that increase the adaptability
of multiferroics for new applications. Different multiferroic material requirements
apply to different applications depending on the area of applicability. However, in
most situations, the following are typical conditions that must be rigorously adhered
to for the applications of multiferroics:

1. These materials must exhibit strong magnetoelectric coupling effects, ideally at
300 K.

2. Thesematerialsmust be simple tomake andpreferably composed of inexpensive
chemical elements and compounds.

3. The structures of these materials must be suitable for large-scale production and
integration at the chip and wafer level.

4. The structures of these multiferroic materials must be suitable for fabrication at
microand nanometer sizes without sacrificing operation.
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Thus, it is not an exaggeration to say that multiferroic materials can profoundly
change our civilization while still allowing present scientific and technical develop-
ments to continue. Furthermore, the combination of multiferroics with semiconduc-
tors and spintronic materials to produce multifunctional hybrid structures may pave
the way for the creation of genuinely revolutionary new technologies.
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