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Abstract: In the present review paper, we have explained the structure of Y-type hexagonal ferrite
and various synthesis techniques. This paper also includes structural, electrical, magnetic properties
and applications of Y-type hexaferrites and focusses on their use in antenna applications and
microwave absorbing characteristic materials. Ferromagnetic nature of hexaferrites cause the
induction of magnetisation within the crystal structure, which divide them into two groups: First with
easy axis of magnetisation is known as uniaxial hexaferrites and second is known as ferroxplana
having easy plane of magnetisation. The excellent magnetic properties of Y-type ferrites make them
useful in the devices operating at high frequency range. The persistence of high refractive index
upto 1 GHz enables these hexagonal ferrites useful in UHF antenna designs with small dimensions.
The doping in Y-type hexaferrites affect all the properties. Current developments in Y-type
hexaferrites will be explained in detail in the review of literature related to Y-type hexaferrites for
the last 25 years, i.e. from 1994 to 2019 in this review paper.

Keywords: Y-type hexaferrite; structural properties; applications of ferrites; microwave absorbing
properties and antenna applications

Abbreviations: p,: relative permeability (u = magnetic permeability); & relative permittivity; p:
density, in g-cm™; B: applied magnetic field (flux density), in SI units of T; dB: decibel, a
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logarithmic unit; EM: electromagnetic; FMR: ferromagnetic resonance; TEM: transmission electron
microscope; Me: metal cation; M;: remnant magnetisation; M;: saturation magnetisation; MW:
microwave Oe: oersted, CGS unit of magnetic strength; SEM: Scanning electron microscope; TEM:
Transmission electron microscope; H: magnetic field strength, SI unit is Am™'; H,: coercivity; VSM:
vibrating sample magnetometer; XRD: X-ray diffraction; Y: Ba,Me,Fe;;02; UHF: Ultra high
frequency.

1. Introduction

An iron-based iron (IIT) oxide known by magnetite (Fe;O,) called ferrites, with combination of
divalent cation Me, called Spinel having composition MeFe,O4. There are different types of
hexagonal ferrites which are also famous as hexaferrites have their long journey since their
discovery [1,2]. These hexaferrites are: M-type ferrites-Barium ferrite or BaM (BaFe;;019),
Strontium ferrites or SrM (SrFe;;019) and cobalt-titanium substituted M ferrite or
BaFe|, 2xCoxTixO19; X-type ferrites—Ba,MeyFe 3046, such as Ba,CosFe 046 or CooX; Y-type
ferrites—Ba,MeyFe 1,02;, such as Ba,CoFe 204, or Co,Y; Z-type ferrites-Ba,Me,Fe 4041, such as
Ba;CoyFe 4041 or CoyZ. W-type ferrites—BaMe,Fe 0,7, such as BaCo,Fe 0,7 or Co,W. U-type
ferrites—BasMe,Fes60¢0, such as BaCo,Fess0¢ or Co,U.

With the development of modern electronic technology, creates a great demand for the devices
operating in high frequency range, which need the magnetic materials with excellent electromagnetic
properties. The spinel ferrites have lower cut-off frequency as compared to the soft magnetic
hexagonal ferrites, including Y-type and Z-type hexaferrites as the requirement for low temperature
cofired ceramics (LTCC) technology is hard Z-type hexagonal ferrites which can be achieved at high
sintering temperature (1300 °C) [3—6]. Hence, Y-type hexagonal ferrites have the best use because
they acquire good magnetic properties in hyper frequency range at low sintering temperature
(1150 °C) [7-9]. A huge amount of magnetic materials is produced by using these hexaferrites world
widely [10]. Recent developments in Y-type hexaferrites are expressed in detail in the review of
literature related to Y-type hexaferrites. This review is focused on various types of divalent cation
substitution in and its effects on the properties of substituted hexaferrites. The excellent review on
EM properties and calculated parameters for the evaluation of materials in antenna applications done
by Charalampos A. Stergiou et al. [11]. Trukhanov et al. synthesized aluminium doped barium M-
type hexaferrite for reporting the crystal structure and magnetic properties of synthesized specimens.
In the present investigation, the atomic and lattice parameters are refined with the help of rietveld
software [12]. Trukhanov et al. synthesized barium M-type hexaferrite with Al, In substitutions by
solid state reaction technique for controlling the electromagnetic characteristics in these
nanohexaferrites. It has been found that the external magnetic fields extensively effect the
electromagnetic properties of barium M-type hexaferrites. This will occur due to the increase of
magnetocrystalline anisotropy [13]. Y-type hexaferrites belong to a category of soft ferrites having
high values of dielectric permittivity along with low values of dielectric losses which make it
suitable for the microwave application. Jasrotia et al. reported the dielectric measurements of sol-gel
synthesized Cd and In substituted barium M-type nanohexaferrites for microwave devices
application in which very high values of dielectric constant at high 30 MHz frequency with minute
values of losses have been found. Many more authors and researchers have been taken various steps
for improving the magnetic and electric properties of Y-type nanohexaferrites in order to make it
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suitable for microwave application such as dielectric permittivity, dielectric losses, saturation
magnetization, coercivity, etc. [14]. Trukhanov et al. synthesized Ga’* doped barium M-type
hexaferrite by conventional solid-state reaction technique for reporting the microstructural and
magnetic properties and in aspect of this, these materials make it suitable for microwave absorption
applications [15]. Vinnik et al. prepared titanium doped barium M-type hexaferrite by standard solid-
state sintering method for investigating the microstructural, electrical and magnetic studies. The
rietveld refinement of prepared specimens indicates the preference of Ti*" ions at the interstitial sites
of the hexagonal structure. In addition to this, the dc resistivity of all the specimens shows an
increasing trend whereas the ac conductivity indicates an inverse phenomenon in aspect of increase
in dc resistivity making it suitable for microwave absorption application [16]. The microwave-
absorbing materials must have large electric and magnetic loss in a certain frequency range and the
microwave absorbing characteristics are influenced by the complex values of permeability and
permittivity. Also, the special EM features of ferrites may satisfy the condition of miniaturization in
antenna technology without affecting the performance of the antenna. The matching of permeability
(1) and permittivity (¢) values in large possible frequency range and sufficiently low dielectric and
magnetic losses are the basic needs to enhance the efficiency of antenna by reducing its size [17-23].
Moreover, some researchers are also working in improving the polarization and multiferroic
properties of metal doped M-type hexaferrites. Trukhanov et al. reported the microstructural and
multiferroic properties of aluminium doped barium M-type nanohexaferrites. In the present research
work, they reported about the spontaneous polarization and co-relation between the magnetic and
dielectric environments in which the magnetoelectric effect was found to be increasing along with
the increase in Al content [24]. Trukhanov et al. reported the polarization origin and iron positions in
the hexagonal crystal structure of indium doped barium M-type hexaferrite. It has been found that the
z-component of spontaneous polarization has been found due to the Fe’* and In’" cations
displacement at the Fe5-12k position towards the oxygen ion and non-zero dipole moment [25]. The
main aim of this review paper is to provide a detailed study on the synthesis of Y-type hexaferrite by
different techniques such as sol-gel, co-precipitation, citrate precursor, hydrothermal and many more.
In addition, we are also reporting about the microstructural, electric and magnetic characteristics of
Y-type hexaferrite for Antenna and Microwave absorbing applications.

2. The discovery, composition and characteristics of Y-type hexagonal ferrites

The hexagonal crystal structure was found in 1938 having composition
PbFe;sMnj sAlysTigsO19 [26]. The compound BaM was confirmed in 1936 with a melting point of
1390 °C [27]. Y-type hexaferrites with formula Ba,Me,Fe;,0,, were discovered firstly, further first
two Zn,Y and Co,Y with molecular mass 1410 g and density equal to 5.40 g-cm > with planar
magnetic anisotropy were discovered at room temperature. They ferrites with a preferred plane of
magnetisation perpendicular to the c-axis at room temperature are called ferroxplana but Cu,Y
hexaferrite has a preferred uniaxial direction of magnetisation. Oxygen excess and deficit can
increase and decrease the oxidation degree of 3d-metalls. The changing of charge state of 3d-metalls
as a consequence of changing of oxygen content changes such magnetic parameters as Curie point
and spontaneous magnetic moment and such electrical parameters as resistivity and band gap. An
increase in the unit cell parameter may be also due to oxygen deficiency [28,29]. Moreover, oxygen
vacancies effect on exchange interactions. Intensity of exchange interactions decreases with
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increasing the oxygen vacancy concentration. In complex oxides there is only indirect exchange.
Exchange near the oxygen vacancies is negative according to Goodenough-Kanamori empirical rules.
Oxygen vacancies should lead to the formation of a weak magnetic state such as spin glass [30,31].
Jonker in 1956 discovered the hexagonal ferrite Ba,Me,Fe ;02 (Zn,Y) [32]. In all hexagonal
ferrites, the cobalt substituted barium Y-type hexaferrites possess the highest magnetocrystalline
anisotropy. Zn,Y-type hexagonal ferrites are applicable in microwave devices due to
magnetocrystalline planar anisotropy and high permeability. Replacement of Zn ion by divalent ions
of Cu®", Ni*", Co™", etc. will change the magnetic properties [33]. By the proper choice of anisotropy
field and resonance linewidth, Zn,Y ferrite can be controlled for suitable applications like microwave
device at higher frequencies (>10) GHz [34]. Similarly, at room temperature, addition of Ni*" retains
the easy magnetization on the basal plane and weakens the anisotropy. Hexagonal crystal structure
with height of the crystal and width of hexagonal plane as shown in Figure 1 [35].

- 8 —>

Figure 1. Hexagonal crystal, showing two lattice parameters “a” and “c”.
3. The structure of Y-type hexagonal ferrites

The crystal structure of a ferrite is an interlocked network of positively-charged metal ions (Fe’",
Me”") and negatively charged divalent oxygen ions (O”") form. Crystal structure-based classification
of ferrites is named as: spinel, garnet, magnetoplumbite or hexaferrite and orthoferrite [23—29]. One-
unit cell of spinel with general formula MeFe,0,4, where Me is the divalent metal ion contains 32
octahedral (B) sites, in which trivalent metal ions occupy 16 positions and 64 tetrahedral (A) sites, in
which 8 are occupied by divalent metal ions [24,26]. Distribution of the divalent ions on A and B
sites further divided spinel ferrites into two types. Garnet ferrite has general formula R3FesOj,. It is a
polyhedral combination. There exist 16 octahedral, 24 tetrahedral and 16 dodecahedral sites in a unit
cell of garnet. One formula unit is distributed as follows: 3M,0s-dodecahedral, 3Fe;Os-tetrahedral
and 2Fe;0s-octahedral [30-32]. The spinel ferrite structure and the garnet ferrite are shown in Figure
2a and Figure 2b, respectively [36,37].
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Figure 2. Spinel ferrite (a) and garnet ferrite (b) [36,37].

The divalent and trivalent metal ions are located in the interstitial sites of the structure. Figure 3
shows the compositional diagram of hexagonal ferrites [35]. Types of hexaferrites are listed in
Table 1 [36]. All the hexaferrites having highly complex crystal structure are closely related to each
other [37] as W ferrite = M + 2S, X ferrite = W + M = 2M + 28§, Z ferrite =M + Y, and U ferrite = Z
+ M =2M + Y, where S is Spinel (MeFe,04), M is BaFe ;019 and Y is Ba,Me;Fe ,0,, by Sudakar
et al. [38]. The crystal structure of the M-type hexaferrites may be described by two space groups.
One of them is classical P63/mmc (No. 194) space group. Second of them is P63mc (No. 186) space
group. Second space group has been used for describing of crystal structure to explain the existence
of non-zero spontaneous polarization. This is a polar no centrosymmetric space group [38,39]. Four
Miller Indices h, j, k, 1 is essential to describe hexagonal crystal. Two lattice parameters, ¢ (length)
and a (width) are required to define the dimensions of the crystal [40]. Y-type hexagonal ferrites
have molecular formula Ba,Co,Fe;,0,, with preferred plane of magnetization normal to c-axis. They
contain only B, layer in which two B, layers are sandwiched between four Spinel layers means Y¢ =
B,S4. B, layer is shown in Figure 4 [40]. B, layer is equivalent to two hexagonal close-packed layers
between two spinel plates and in each layer one oxygen atom is replaced by one barium atom. The
barium atom of one layer is in contact with three oxygen atoms of other layer and octahedral sites
lying in between the oxygen atoms are occupied by small metal ions.
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Figure 4. Cross sectional view of the B, layer [40].

Table 1. Types of hexagonal ferrites according to structural stacking of blocks.

Symbol Composition Crystallographic arrangement No. of molecules/unit cell c (AO)
M BaFe ;019 RSR'S" (MM)) 2M 23.2
U Ba;MerFess00 MM'Y' MeU 38.1
w BaMeFl1307 MSM'S’ 2MeW 32.8
X B32M62F628046 MM*S 3MeX 84.0
Y BazMezFequz 3ST 3MeY 43.5
Z Ba3M62F€24O41 MYMY 2MeZ 52.3

Y-type is the member of space group R3m consisting of three ST blocks with total of six layers
consisting of total 10 octahedral and 4 tetrahedral sites (S block = 4 octahedral + 2 tetrahedral and T
block = 6 octahedral + 2 tetrahedral) having ¢ = 43.56 A in one molecular unit [40]. M-type ferrite
structure in cross sectional view looks like as in Figure 5 [41]. S block has composition of either
[Me® Fes " 05]°(S%) or [Feg’ "05]* (S*"), each layer of which consists of four oxygen atoms with three
metal atoms, the cation is surrounded by four O* ions in two tetrahedral sites and by six O* ions in
four octahedral sites. In one S block, there are two-unit cells of spinel with four octahedral and two
tetrahedral sites. R block comprise of three hexagonally packed layers with four oxygen atoms in
each layer, in which one oxygen atom in the central layer is replaced by barium atom of same size
resulting in unit compositional formula [M62+Feé3+011]27 or BaFesO; and it is similar to Ms unit
formed by removing top and bottom layers. In R block, on adding Ba atom, four octahedral and two
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tetrahedral sites are replaced by five octahedral sites and no tetrahedral site and a new trigonal
bipyramidal site is created surrounded by five oxygen anions. This is a unique position found in R
block. In T block, there are four oxygen layers, replacing oxygen in middle two layers by barium
atoms and is similar to Y¢ by removing top and bottom layers. Unit formula for T block is Ba;FegO 4
and has composition [B322+F€83+014] [42—-44.9]. The repulsion in two Ba®" ions reduces the five-
coordinate trigonal bipyramidal sites to four-coordinate tetragonal sites resulting in two tetrahedral
and six octahedral sites, i.e., a total of eight sites. S, R and T block structures are as shown in
Figure 6 [41].

& -
=0 .
* S 419+2
— ¢
T _P R $+3‘+1*
[ S+ $78 2929
4 A J B
4 @ 3 e
L
- Baz*
3 ‘ 5 o
b iR 2 [ ) 0%
‘ L Y Octahedral sites Fe3*
@  Tetrahedral situ:|
A A A A

Figure 5. Cross section view of M-type hexaferrite in which vertical lines are axis of
threefold symmetry [41].

S, R, T blocks

Figure 6. Perspective view of (a) S block, (b) T block, and (c) R block [41].
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4. The synthesis methods of Y-type hexagonal ferrites

Y-type hexagonal ferrites are synthesized by different methods like coprecipitation, salt-melt,
ion exchange, sol-gel, citrate, hydrothermal, combustion, microemulsions, etc. [45—49]. In spite of
these synthesis methods, there are other combined synthesis techniques such as sol gel-citrate
method, sol gel-hydrothermal technique and many more. Many researchers use these types of
combined methods for synthesizing the hexagonal ferrites. Almessiere et al. synthesized
Srp.3Bag4PbgsFe201o/CuFe;04 (x = 2, 3, 4, 5) nanoferrites with the usage of combined citrate-sol gel
technique for reporting the co-relation between the chemical composition and electrodynamics
characteristics [50]. Kozlovskiy et al. synthesized Ce(FeTi)Ox perovskite ferrite with the usage of
combined solid-phase technique for reporting the microstructural and magnetic characteristics of
prepared specimens [51]. The physical properties of hexaferrites are influenced significantly by the
processing techniques which have further great impact on magnetic properties. The block diagram of
synthesis methods of nanomaterials is shown in Figure 7. In this review paper, some of the chemical
methods are discussed as shown in Figure 8.

Figure 7. The scheme of synthesis methods of nanoparticles.

/ Standard Ceramic \

Co-precipitation
Solid-State

i Sol-gel
Chemical Methods Auto-combustion
Hydrothermal

Wet Chemical

\ Microemulsion /

Figure 8. Chemical methods.
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4.1. Standard ceramic

In this method, a mixture of barium carbonate powders and oxides is heated to synthesize the
hexagonal ferrites. The ceramic powder is then milled to get the finer material. We can get the
nanosize after long milling. The single-phase ferrites formation is not possible by this method.
Picking of impurity or material loss occur during the processing. High temperature and long duration
are required for processing due to low reactivity of the starting materials [52]. To convert ferrites
into ultrafine nano agglomerates, “allows nanoparticles to participate in the thermal motion and
provides for the possibility of their self-assembly into superstructures by eventually finding the
thermodynamic optimum [53].

4.2. Solid state reaction

This method involves the mixing of hydroxide, oxide, carbonate, or sulphate raw materials
treated on higher temperature at about 1100 °C for a long duration which yield inhomogeneous
microstructures, abnormal grain growth, poor sintering behaviour, and uncontrolled cation
stoichiometry [54]. In this method, a mixture of barium carbonate and iron oxide is fired at very high
temperatures (1150-1250 °C). The resulting powder is then grounded which can cause impurities in
powder and stains in crystal lattices and can affect the magnetic properties [55,34].

4.3. Coprecipitation

The chemical coprecipitation of salts is done with base (NaOH). This method is being used
since early 1960s [56,57]. Magnetic stirring and heating at about 70 °C are done. Then particles are
washed with deionized water by centrifugation. At the last particles are dried. The schematic chart is
shown in Figure 9.

Mn(NO;),*xH,0 (25 mM) Fe(NO;)4+9H,0 (50 mM)
+ Deionized water + Deionized water

I Magnetic stirring and heating at 70°C for 15 min ]

I Adjusting the pH to 9.0, 9.5, 10.0, 10.5 with 0.2 M of NaOH ]

I Magnetic stirring and heating at 100°C for 2 h ]

[ Continuously stirring at room temperature for 24 h ]

| Washing the particles with deionized water by centrifugation ]

Drying the particles at 80°C for 24h

Figure 9. Co-precipitation method.
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4.4. Sol-gel

In sol-gel synthesis, homogeneous solution of metal salts is made and poured in the solution of
citric acid. An organic coordinating agent ethylene glycol is added to the solution to produce a sol
which forms a gel structure upon evaporation of the water. pH is maintained by adding ammonia
solution. This method is used to make more complex hexaferrites at nano scale [58]. Sol-gel
technique have number of advantages such as low annealing temperature and excellent ability for
controlling microstructure [59]. Flow sheet of this method is shown in Figure 10.

solution solution solution

N d

Homogenous Solution

Cobalt Nitrate Bismuth Nitrate Ferric Nitrate ||

PH maintained by Ammonia
addition

Sz

Homogenous Solution I

Drying

v,
Gel

N

Heat treatment
-4 L

i
Burnt

Ash Power

Figure 10. Sol-gel technique.
4.5. Combustion

The solution of salts, ammonia and citric acid along with setting the pH equal to 7 is then
evaporated to a dry powder on a hot plate. The citric acid get polymerised and evolved carbon
dioxide and cations are completely converted into iron oxide and barium carbonate. The material so
obtained possess poor magnetic properties because of small grain size [60]. This process can either
proceed via aqueous combustion synthesis (ACS) or via low temperature combustion synthesis
(LCS) [61]. The mixture is then auto combusted in microwave oven to get nano powder [62]. The
scheme is shown in Figure 11.
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Added 3mL of deionised
water

l

| Stirred for 10 min I

|

| Heated until it ignites I

l

Light yellowish white
powder

l

Annealed at 800°C for
3hrs

[

Pure white colored MgO
powder

Figure 11. The scheme of combustion method.
4.6. Hydrothermal

In hydrothermal synthesis a solution of metal salts and base are made under pressure to give the
product. The unreactive precursors are washed away with dilute HCI. Ataie et al. studied the effects
of many bases such as NaOH, KOH and NH4OH in the synthesis of hexaferrites [63]. Figure 12 is
showing the scheme of this method.

Solution of Barium hydroxide octahydrate
and Titanium tetra isoproxide

10% TMAH sol

T

Stirring and refluxing

J

Hydrothermal treatment by changing temp. and time

4

Filtration and washing

|

Air drying 24 hrs, powder is ready

Figure 12. Hydrothermal process.
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4.7. Wet chemical

In comparison to ceramic method, wet chemical method is more efficient for the preparation of
hexaferrites. In this method, homogeneous mixture is formed of the raw materials. It requires low
temperature for processing and long duration for sintering. No material loss occurs during the
process. Good thing is that there is greater possibility of single-phase formation [52].

4.8. Microemulsions
Form nanoparticles with mixing of two immiscible liquids stabilized by an artificial film of

surface-active agents. Morphology can be controlled in this method [64]. The precipitates are then
separated, washed and dried. The method scheme is shown in Figure 13.

Drug+Lipophilic solvent

Add aqueous surfactant using stirring at room temp.

Nanoparticles formed

/
Solvent removed by evaporation underlow pressure

/
Excess surfactant removed by precipitation

Centrifugationand freeze drying

Figure 13. Micro emulsion technique.
5. A review on structural, electrical and magnetic properties of Y-type hexaferrites
Literature related to Y-type hexaferrites was reviewed for the last fifteen years (2005-2019) and
enlisted the structural, electrical and magnetic studies in tabular form studied by different researchers
with different compositions fabricated with different techniques.
5.1. Structural properties
In the structural properties, we analyse lattice parameters (c and a), cell volume (V), crystal size

(D), bulk density, X-ray density and porosity from XRD patterns. And calculate lattice parameters (c
and a), cell volume (V), crystal size (D) by using the Egs 1, 2, and 3 respectively given below [65]:

AIMS Materials Science Volume 7, Issue 3, 244-268.



256

2 }\’2 2 2 }\’2 2
Sin 9=§(h +hk+k )+(F)l (1)

Here “A” is the wavelength, a and c are the lattice constants and h, k, 1 are the corresponding indices.
V =a’csinl20 ° (2)
The crystalline size (D) is calculated from XRD patterns by using well-known Scherrer formula

_ kr
- BcosO )

where “A” is the wavelength of the Cu-Ka source (1.5418 A°), “B” is the full width at half maxima,
“0” 1s the Bragg’s angle and “k” is the shape factor (0.89) for hexagonal ferrite-based nanomaterials
system. The crystallite size plays an important role in affecting the electromagnetic properties of Y-
type hexaferrites. There are actually three parameters such as permittivity (€), permeability (u) and
conductivity (o) which are quantified for describing the effect of nanohexaferrite in calculating an
electromagnetic quantity in regards with a source. With the decreasing crystallite size of synthesized
Y-type nanohexaferrites, the value of permittivity as well as permeability shows an anomalous
behaviour whereas the conductivity as well as dielectric loss tangent (tand) decreases as a function
of crystallites size. The crystallite size of transition metal oxides also influenced the magnetization
and curie point i.e. with the decrease in crystallite size, the saturation magnetization (M) of prepared
samples were found to be decreasing as they are inversely proportional to each other. In addition to
this, the average crystallite size distribution also critically affects the electromagnetic characteristics
in the region of several GHz through the resonance of domain walls [66].

The X-ray density (dy), bulk density (dy) and porosity (P) are calculated by the Eqs 4, 5 and 6,
respectively:

d, = )
NAVcell
m
d. =
* nar’h (3)
d
P=1-—2%
< (6)

where M is the molar mass, m is the mass and r are the radius and h are the thickness of the pellet,
Na 1s the Avogadro’s number, Z = 3 is the number of molecules per unit cell. Microstructure is
imaged with the help of FESEM and HRTEM techniques. This structural study was confirmed with
the usage of Raman spectroscopic analysis as reported in Ba—Nd—Cd-In and Mg—Ag—Mn hexagonal
and spinel ferrite by Jasrotia et al, (2020) [67]. The structural parameters of the literature reviewed
are listed in Table 2.

AIMS Materials Science Volume 7, Issue 3, 244-268.



Table 2. Observed values of structural parameters.

Sr. No. Composition a(A) c(A) Density D (nm) Refs.

1. Ba22n1_2,XC0XCu0_gF612022 5.875-5.865 43.689-43.506 - - [68]
(x=0.0-1.2)

2. Ba,Cdy(Zr Co)Fe 2,02 5.88-5.98 43.61-44.14 - 59-46 [69]
(x = 0.0-1.0)

3. SroNirFeis CryOx, 5.88-5.90 43.48-43.36 5.03-4.99 44-14 [70]
(y=0.0-1.5)

4. SrzMezFell(SHCO)()jOzz 5.85 43.69 2.85 8.7-11 [71]
(Me—Cu and Zn) 5.90 43.50 3.72

5. Ba,Coy Zn,CuyFe 7,05 5.862-5.870 43.518-43.520 5.12-5.20 - [72]
(x=0-2,y=0-0.8)

6. Sr,Cu, CoyFe 1,05 5.88-6.45 43.52-43.62 - - [73]
(x = 0.0-1.0)

7. Sr,Nip Mg, Fe,0,, 5.88-5.91 43.45-43.15 4.71-3.48 - [74]
(x = 0.0-0.5)

8. SroMnNiFe ;051 + xY,05 5.90-5.88 43.49-43.50 - 22-70 [75]
(x = 0-5)

9. SroNi,Co, EuFe 7,05 c/a=7.37-7.30 - 4.92-4.69 - [76]
(x=0-1,y=0-0.1)

10. Sr,MnNiFe,,00, 5.908 43.155 - 29 [77]

1. Ba,Zn,Tb,Fel12-xO0y, 5.85-5.91 43.45-44.31 - 20-36 [78]
(x = 0.0-0.1)

12. Ba,Co,Fe 1,0, 5.86 43.52 - - [79]
BaZCOCrFequz 5.86 43.49 - -
832C02F611G3022 5.86 43.49 - -
Ba2COMgF611G3022 5.89 43.49 - -

13. SI‘2C02F612,X/2A1Y/2022 5.848-5.821 43.507-43.509 - - [80]
(y = 0.0-3.0)

14. St,NiyAl ,Cr,,Fers (O 5.858-5.875 43.304-43.423 - - [81]
(x = 0.0-3.0)

15. Seriz,xCOXFelzozz 5.8979 44.45 - - [82]
(x=0.5)

16. S1,Co,Ni TixFep 2x022 5.89-5.95 43.59-43.69 5.04-4.95 545 [83]
(x = 0.0-0.5)

17. Sr,Co,MnyPriFe; s O 5.89-5.96 43.35-43.44 5.044.89 60-26 [84]
(x = 0.0-0.1)

5.2. Electrical properties

In the electrical properties, we calculate dc resistivity (pqc) from V-I characteristics of the pellets
made of the synthesized samples. Resistivity is calculated by using Eq 7 and the variation of
electrical resistivity with temperature follows Eq 8. Other parameters like activation energy (E,) is
calculated from 1000/T vs dc resistivity plots by getting slopes of two regions, one is ferromagnetic
region (below Curie temperature) and other is paramagnetic region (above Curie temperature) and
Eq 9 is used to calculate the activation energy. Drift mobility (ug) at different temperatures is
calculated by using the relation given in Eq 10 [70]:

P= (7

where p is the resistivity, R is resistance, A is area and h is thickness of the pellet.
P=PoexPlp (8)

where p is the dc electrical resistivity at temperature T, po is the resistivity atl/T = 0, E, is the
activation energy and kg is the Boltzmann’s constant.
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E, = 8.6 x 107> x slope 9)
_ 1 o
My nep.. e (10)

where g, is the electrical conductivity, e is the charge of electron, n is the concentration of charge
carriers and can be calculated from the well-known Eq 11:

n= NAdeFe

v (11)

where Np. is the number of iron atoms and M is the molecular weight of the samples. Some
calculated electrical parameter values are listed in Table 3. In Table 3, we are studying the effect of
various substitutions on the electrical properties of Y-type hexaferrites such as resistivity, activation
energy and drift mobility. It was observed that the change in these parameters depends on the type of
substituents. Moreover, with the substitution of rare earth and transition elements, room temperature
dc resistivity was found to be increasing whereas drift mobility decreases. The change in electrical
resistivity can be explained due to influence of cationic distribution at the specific interstitial sites i.e.
Tetrahedral and octahedral. The activation energy is showing the same trend as that of resistivity. In
contrast to other complex iron oxides, i.e. perovskites and spinels, the real part of the dielectric
constant for the doped M-type hexaferrites decreases more slowly at low frequencies and almost
monotonically with diamagnetic substitution. In addition to this, the real and imaginary parts of the
permeability have a peak near 50 GHz, which is determined by the level of diamagnetic substitution.
The increase of the resonant frequency approximately to 1.5 GHz at the 1 KOe bias field is observed
since the internal anisotropy field increases [85,86].

Table 3. Electrical parameters.

Sr. No Composition p (ohm-cm) E, (eV) g (cm*v s Refs.

1. Ba,Cd,(ZrCo),Fe s 2,02 1.47 x 10°-3.25 x 10° 0.45-0.52 25410 P-1.11x 107 [69]
(x=0.0-1.0)

2. St,NiFe ; ,Cr,0p 60.6 x 10%1.5 x 10° - 0.68 x 107°-0.13 x 107" [70]
(y=0.0-1.5)

3. Sr,Mn,Co,  Tb,Fe ;02 0.12 x 10%-0.15 x 10" - 33x107225x%x107" [87]
(x=0-1,y=0-0.1)

4. Sr,Ni, Mg,Fe ,0,, 6.09 x 10°~7.52 x 10° 0.35-0.50 - [74]
(x =0.0-0.5)

5. St,Ni,Co, (Eu,Fe;,0,, 1.23 x 10°-3.07 x 10° 0.16-0.22 - [76]
(x=0-1,y=0-0.1)

6. SroMnNiFe;,04, 1.01 x 10° - - [77]

7. Ba,Zn,Tb,Fel2-x05, 1.47 x 10%-3.25 x 10® 0.26-0.39 - [78]
(x=0.0-0.1)

8. Ba, 5Sr, sCoZnFe,, ,Al,O,, 4.72 x 10"-30.34 x 10’ - - [88]
(x=0-1)

9. Sr,Co,Ni TiFe , Ons 1.8 x 10°-4.9 x 10° 0.17-0.44 - [83]
(x=0.0-0.5)

10. Sr,Co,Mn,Pr,Fe > O, 2.86 x 10'-7.47 x 10’ - - [84]
(x=0.0-0.1)
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5.3. Magnetic properties

Most of the hexaferrites have axis of magnetization along c-axis. The large size of metal ion is
responsible for the magnetocrystalline anisotropy in hexaferrites. In magnetic studies, we calculate
coercivity (H.), magnetic saturation (M;s), remanence (M;), squareness ratio (S) are calculated from
M-H loops and magnetic moment (ng) by using the following Eq 12:

— MWMS

n, = 12
B 5585 (12)

As Y-type hexaferrites are made up of S and T blocks, so S block consists of four octahedral and two
opposing tetrahedral magnetic moments, a net of two moments whereas T block consists of six
octahedral and two tetrahedral moments out of which two octahedral moments are aligned with the
tetrahedral, giving a net of zero moment [27].

S block = 41 octahedral and 2| tetrahedral = 21
T block =41 2| octahedral + 2| tetrahedral =0
Y =81 2| octahedral + 4| tetrahedral = 27

The opposing spins of T block in Y-type hexaferrites cause low values of magnetic saturation as
compared to other hexaferrites and coercivity is the main characteristic to make them useful in
potential applications. It depends upon particle size which further depends upon the preparation
techniques [89]. The magnetic properties depend on the nature of substitution and their preference to
specific interstitial sites such as tetrahedral and octahedral. If the substituents prefer to occupy
tetrahedral site (A-site), then the saturation magnetization (M) is supposed to enhance whereas if the
substituents prefer to occupy octahedral site (B-site), then saturation magnetization (M) is supposed
to decline but there can be some exceptions. The super exchange interactions also play a critical role
in deciding the magnetic properties of Y-type hexaferrite [90,91]. The magnetic parameters of the
reviewed literature are listed in Table 4.

Table 4. Magnetic parameters.

Sr. No. Composition H, (Oe) M (emu/g) M, (emu/g) S = M/M; ng (Up) Refs.

1. Ba,Zn; ;_,Co,CugsFe,0,, 48.99-204.22 33.84-27.19 3.81-9.03 0.11-0.12 - [92]
x=0.0-1.2)

2. Sr,Me,Fe 1 (SnCo)y50,, Zn-769 13.44-2545 52-133 0.39-0.52 - [71]
(Me—Cu and Zn) Cu-1210

3. Sr,Cu,_CoFe ;0,5 - 60.10-18.03 27.50-8.90  0.46-0.49 - [73]
(x=0.0-1.0)

4. Sr,Ni, Mg, Fe 502, 555.44-276.06 40.34-32.84 16.68-10.65 0.41-0.32 9.94-7.63 [74]
(x=10.0-0.5)

5. Sr,Mn,Co, ,TbyFe;,02, - 77.11-16.95 - 0.41-0.65 15.27-3.68 [87]
x=0-1,y=0-0.1)

6. Sr)NiFe 500, 945-207 49.4-52.6 23.9-15.6 0.48-0.30 - [93]
Ba,Co,Fe,0y 123 339 7.90 0.23 - [79]
BazCOCrFenOzz 23 37.5 1.58 0.04 -

8. SryNip Al CrynFe O 840-1160 39.61-30.11 17.51-14.62 0.44-0.49 - [81]
(x=0.0-3.0)

Continued on next page
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Sr. No. Composition H, (Oe) M (emu/g) M, (emu/g) S = M/M; ng (Up) Refs.

9. SENi,Cos Mg Fen0y 1140250 30-50.06 13.30-10.62  0.44-0.21 - [94]
(x = 0-0.6)

10. Ba,Co; Zn,Fe 50, 255-45 31.1-35.2 14.3-5.0 0.46-0.14 - [95]
(x=0.0-2.0)

11. Sr,Co,Mn,Pr,Fe;, (05 549-1630 51.42-18.12  13.5-8 0.26-0.44 - [84]
(x=0.0-0.1)

6. Y-type hexaferrites hybrid magnetic nanomaterials for antenna applications and
microwave absorbing characteristic materials

Know et al. [96] observed two types of resonances, one is at lower frequency due to domain
wall resonance and other is at higher frequency due to spin rotational resonance in the microwave
absorption characteristic studies of rubber composites. No variation was observed in domain wall
resonance with increasing Zn content but the spin rotational resonance was shifted towards lower
frequency. It was analysed that only spin rotational resonance influenced the microwave absorbing
characteristics not the domain wall resonance. Xu et al. [97] reported composition
BaCo; sCuprFe 02 (Y-type hexaferrite rod) as high absorbent material. FMR frequency was
reported to be tuned by the rod dimension because the use of ferrite rods reduced the weight of
microwave absorber instead of ferrite slabs. Stergiou et al. [11] examined the potential of the Y-type
hexagonal ferrites BaSrCo, «NixFe20,, as passive microwave absorbing materials and magneto-
dielectric antenna substrates and the composition, microstructure and static characteristics along with
EM properties upto range of 18 GHz of the fabricated samples were in conjunction with. It was
analysed that Ni*" substitution resulted in the enhancement of permeability and permittivity. The
persistence of high refractive index upto 1 GHz enables these hexagonal ferrites useful in UHF
antenna designs with small dimensions as given in Table 5.

Table 5. EM properties and calculated parameters for the evaluation of materials in
antenna applications.

f Ni n tan € tano, N A B C (A/B)
Om (Re/p *€") (Jw/e)  (tandy +tand,)

500 MHz 0 2.1 0.02 16.2 0.25 5.9 0.36 0.27 1.34
05 25 008 178 0.31 6.6 0.37 0.38 0.97
1.0 27 013 26.1 0.40 8.4 0.32 0.53 0.60
1.5 32 0.18 26.6 0.42 9.3 0.35 0.59 0.58
20 54 036 300 0.45 12.7 0.42 0.81 0.52

1 GHz 05 23 019 159 027 6.1 0.38 0.46 0.83
1.0 25 027 221 038 7.4 0.33 0.64 0.52
1.5 27 039 226 038 7.8 0.35 0.77 0.45
20 37 082 249 043 97 0.39 1.24 0.31

Song et al. [88] examined the electromagnetic and microwave absorbing properties of
polycrystalline with composition Ba; sSrgsCoZnFej; xAlyOy (x = 0-1) over microwave range.
observed the maximum absorption of —19 dB at 11.5 GHz with bandwidth (RL < —10 dB) more than
at 6 GHz for x = 0.3. Liu et al. [98] studied the microwave absorbing properties of sol-gel
synthesized strontium ferrites and sintered them at 1200 °C temperature for different holding time
(2h, 4h, 6h, 8h) and observed a shift in the absorption frequency peak of ferrites towards low-
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frequency region with increase in holding time. It was concluded that the ferrite holding at
temperature 1200 °C for 4 h had the best microwave absorbing property as shown in Figure.

(c) 1200Cfor6 h (d) 1200Cfor8 h

Figure 14. SEM images at temperature of 1200 °C at different time duration [98].

Although except antenna and microwave absorbing applications, there are many other
applications of hexaferrites e.g. in information storage, motors, generators, transformers, sensors,
mobile communications, transport, security, aecrospace, defence, medical field and mostly used
magnetic materials are ferromagnetic ceramics. In permanent magnets, hard ferrites are used in all
applications made up of either as sintered magnets or bonded magnets are cheaper. Although
permanent magnets made from of rare earth metal alloys are the best but they are costly to
manufacture because of unavailability of raw materials. M-type ferrites have mostly use in it [99].
Hard ferrites have high value of coercivity used in permanent magnets. Barium hexaferrites are
applicable in focussing magnets of TV tubes and transformer core. Due to low coercivity, low eddy
and dielectric losses, high resistivity, low remanent flux density and high permeability, soft ferrites
are used in transformers and inductors. In electrical and microwave devices, mostly use hexagonal
ferrites due to high operating frequency, elimination of conductor losses [100], high electrical
resistivity and rapid realignment of domains to minimise the energy losses [10]. Currently, large
capacity data storage media are required. In storage and recording, low saturation magnetisation and
coercivity are required to overwrite the data [101]. In plastoferrites, bonded magnets powder is
injected into a resin or thermoplastic matrix and the products so formed are hard to break [94]. In
medical field, hexaferrites have many applications in drug targeting, hyperthermia, nuclear magnetic
resonance imaging and magnetomotive biomedical implants but toxic nature of barium restricts the
use of them in human body [102]. In environmental science, they are used in treating polluted waste
water. They have other applications in sensors, catalyst, high density information storage, etc. [103].
The applications of hexaferrites are illustrated in Figure 15.
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Figure 15. Applications of Y-type hexaferrites.
7. Conclusion

This paper is focused on the historical developments of y-type hexagonal ferrites and their
structure, synthesis methods, various types of properties and applications in different fields,
especially in antenna applications. In the literature review, we discussed the various types of
properties like structural, electrical and magnetic. From the data, a single-phase formation was
observed in many doped Y-type hexaferrites with particle size in nano range. SEM and TEM images
confirmed the nanosize. Electrical studies revealed the increment in room temperature resistivity and
activation energy with the substitution of different types of dopants and decrease in resistivity with
rise in temperature is confirming the semiconducting behaviour. Dielectric properties revealed the
decrease in dielectric constant, tangent loss factor and dielectric loss with the applied frequency. This
increase in resistivity and decrease in dielectric properties make them useful in the microwave
devices and the devices operating at higher frequency. Magnetic properties revealed the increase in
coercivity make them useful in perpendicular recording media and decrease in coercivity, magnetic
moment and magnetic saturation affirm the use of these materials in multilayer chip inductors and
beads as high resistivity and low coercivity are basic requirement of these applications. The study of
different methods of synthetization of Y-type hexaferrites confirmed that the results of sol-gel
technique and wet chemical method are better than other methods. There are many applications in
computers, radio and television, telecommunication, medical, filters, chemical reactions, etc.
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