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Abstract 

 

In this era of technology, the researchers are interested to synthesize such nanocomposites that 

may resolve the major problems of antenna efficiency and miniaturization. The existing 

materials that are being used for antennas have low efficiency, impedance mismatching, low 

miniaturization, high dielectric losses and magnetic losses. Many researchers have used and 

synthesized the dielectric materials with high permittivity in order to tackle with problems 

related to antennas. But such materials have some problems like the wave present at surface got 

excited due to which radiation efficiency decreases. Further there is an impedance mismatch 

between material and signal. Most of the composites that have been used for antenna 

applications either showed very good results for dielectric properties or either for magnetic 

properties. But for the better efficiency and miniaturization of antennas, both magnetic as well 

as dielectric properties must be excellent. Ferrites are ceramic oxides that have good magnetic 

and dielectric properties. Garnet ferrites are best suitable materials for antenna applications 

because, it has least dielectric and magnetic loses with high permittivity and permeability. In 

this research we have synthesized and characterized nanocomposites of garnet ferrites and soft 

ferrites in order to study the losses and miniaturization parameters for antenna applications. We 

have also studied the different properties such as structural, optical, dielectric and magnetic 

properties for garnet ferrites and its composites. In the present research work, the sol-gel auto-

combustion method is adopted to synthesize the ferrites. The following mentioned samples of 

garnet ferrites and its composites have been synthesized and characterized: 

▪ Gd3AlxFe5-xO12 (x = 2) 

▪ Gd3Fe5O12 (x) / MgFe2O4 (1-x) (x = 1.0, 0.5, 0.75) 

▪ Gd3Fe5O12(x) / MgFe2O4(1-x) (x = 0.75) 

▪ Y0.2Bi0.2LaxGd2.6-xFe5O12 (x = 0, 0.2, 0.4) 

▪ ErIG(x) / YIG(1-x) (x = 0.5) 

▪ Y3Fe5O12(x) / Mg0.4Cd0.4Co0.2Fe2O4 (1-x) (x = 0.3, 0.6, 0.9) 

▪ PrxGd3-xFe5O12 (x = 0.5,1.0,1.5) 

All the prepared samples in the thesis have some specific results at different conditions. These 

prepared samples have their application for electronic communication devices.   
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For the study of temperature variation on the garnet ferrites, Gd3AlxFe5-xO12 (x=2) sample has 

been chosen and characterized. The research work explores the effect of sintering temperature 

on morphology and magnetic properties of aluminium substituted gadolinium iron garnet 

Gd3AlxFe5-xO12 (x=2). Sol-gel auto combustion method was adopted to prepare Gd3AlxFe5-xO12, 

and further sintered at 900°C, 1000°C and 1100°C. X-ray diffraction (XRD) confirms the 

formation of garnet phase structure. Fourier Transformation Infrared (FTIR) further stands with 

result of XRD which reveals the presence of garnet phase. Field emission scanning electron 

microscope (FESEM) analysis shows the formation of average grain size 4, 6 and 13 nm for 

900°C, 1000°C and 1100°C for respectively. Vibrating sample magnetometer (VSM) results 

show that the coercivity decreases with increases in temperature which indicates that this 

material can be used in switching devices. The calculated value of microwave operating 

frequency reveals that these materials can be used in Ultra high frequency region.  

To study the effect of composition variation on garnet ferrite composites, Gd3Fe5O12 (x)-

MgFe2O4 (1-x) with x=1, 0.75, 0.5 has been chosen.  Sol-gel auto-combustion method was used 

to prepare Gd3Fe5O12 and MgFe2O4. Mechanical blending was used to form the composites of 

Gd3Fe5O12 (x)-MgFe2O4 (1-x) (x = 1.0, 0.5, 0.75 in wt%). X-ray diffraction (XRD) study 

reveals the pure phase formation of Gd3Fe5O12 and MgFe2O4 and the presence of both phases 

in composites. The average crystallite size lies in the range of 26-56 nm. Field emission 

scanning electron microscope (FESEM) study reveals that the grains of Gd3Fe5O12 have a 

spherical morphology and its composites show agglomeration due to presence of magnetic 

interaction between ferrites nanoparticles. The dielectric study reveals that the real and 

imaginary parts of complex permittivity of the composites vary with the change in the 

composition of Gd3Fe5O12 and MgFe2O4. For x = 0.5, the low dielectric tangent loss (tanδ) ∼ 

0.35 with high dielectric constant (ε’) ∼ 612 was obtained at 1 MHz frequency.  This suggests 

the use of these composites for dielectric substrate antennas. Further, the magnetic property 

reveals that the magnetic parameter of Gd3Fe5O12 composites varies by addition of 

MgFe2O4 i.e., at x = 0.5 and 0.75. The values of microwave operating frequency (ωm) are 3.5 

GHz and 2.5 GHz for x = 0.5 and x = 0.75 respectively. These values suggest that the 

composites can be used in S-band.  

To study the effect of temperature variation on garnet ferrite composites, 

(Gd3Fe5O12(x)/MgFe2O4(1-x) at x=0.75 has been characterized. The composite of gadolinium 

iron garnet and magnesium ferrite (Gd3Fe5O12(x)/MgFe2O4(1-x) at x=0.75)) was successfully 

prepared by mechanical blending method and sintered at different temperatures (900°C, 
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1300°C). X-ray diffraction (XRD) study suggests that both the phases of ferrites are present 

independently in composite without impurity. The crystallite size for both the samples is in the 

range of 39-44 nm. Field emission scanning electron microscopy (FESEM) images suggest the 

change in microstructure with temperature. Energy dispersive X-ray (EDX) study explains 

about the composition present in the composites. Impedance analyser study reveals that heat 

treated samples have higher value of dielectric constant (εˈr) with dielectric losses values lesser 

than 0. From Vibrating sample magnetometer (VSM) study, it has been observed that saturation 

magnetization is high for the sample heated at 1300°C. This suggests the use of these 

composites for microwave devices. The microwave operating frequency (ωm) value for both 

the sample is in the range of 1-2 GHz suggesting the use of these composites in devices operate 

in L band.  

The samples of Y0.2Bi0.2LaxGd2.6-xFe5O12 (x=0, 0.2 and 0.4) were successfully prepared by sol-

gel auto combustion method to study the effect of substitution on garnet ferrites. X-ray 

diffraction (XRD) study reveals that garnet phase is dominant in all prepared samples. The 

crystallite size of the samples is in 33-54 nm range. The crystallite size varies with varying 

La3+substitution in the samples. The calculated grain size of the samples is in 0.100 to 0.116μm 

range. Energy dispersive X-ray (EDX) mapping confirms the presence of all elements in the 

formed samples. From Ultraviolet- Visible (UV-VIS) spectroscopy it has been found that the 

samples have wide band gap (3.7 eV to 3.9 eV) which suggests that such materials can be 

operated in higher temperature, voltage and frequency. This makes these materials suitable in 

military application. From vibrating sample magnetometer (VSM) it has been clear that addition 

of La3+ changes the value of coercivity (Hc) and magnetic saturation (Ms) which make these 

materials suitable for switching devices and for antenna applications. The value of operating 

microwave frequency (ωm) suggests the use of such materials in devices operated in Ultra High 

frequency region.  

The composite of yttrium iron garnet (YIG) and erbium iron garnet (ErIG) (i.e., ErIG(x)/YIG(1-

x) (x=0.5)) was prepared by facile mechanical blending method to study the dielectric losses in 

the composites. X-ray diffraction study (XRD) reveals the pure phase formation of YIG, ErIG 

and ErIG(x)/YIG(1-x). Field emission scanning electron microscope (FESEM) micrographs 

were used to calculate grain size of the samples. Impedance analyser was used to study 

dielectric property of YIG, ErIG and ErIG(x)/YIG(1-x). The composite ErIG(x)/YIG(1-x) has 

larger values of dielectric constant and lower values of tangent losses∼0.05 at 1MHz. 
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Calculated ac conductivity of ErIG(x)/YIG(1-x) composite is low which implies its resistive 

nature. The value of coercivity (Hc) is lesser and value of magnetic saturation (Ms) is high for 

composite as compare to parent YIG and ErIG. The calculated value of microwave operating 

frequency (ωm) for composite was found to be 4.5GHz. The good dielectric property, low 

dielectric losses and enhanced magnetic property of ErIG(x)/YIG(1-x) composite suggest a 

better option over parent garnet ferrites to be used in microwave devices such as dielectric 

antennas.  

Herein we report the synthesis and enhanced magnetodielectric properties of Y3Fe5O12(x) and 

Mg0.4Cd0.4Co0.2Fe2O4 (1-x) (x = 0.3, 0.6, 0.9) composites for miniaturized antenna applications. 

X-ray diffraction spectra confirm that the spinel ferrite phase dominates over the garnet ferrite 

phase for the x=0.3 composites whereas it is the opposite for x=0.6 and x=0.9 composites. The 

grains are spherical for the garnet phase and cubic for the spinel ferrite phase. Magnetic study 

reveals that the composite with x = 0.3 has the highest coercivity value of 99.2 Oe and 

magnetization value of 41 emu/g. The composite with x = 0.3, also has the highest permittivity 

value of ~19.5, permeability value of ∼ 2.8 but low dielectric and magnetic losses of ∼0.009 

and ∼0.002 respectively. These low losses and a high miniaturization factor of ∼7.2 at 14.5 

GHz make it a potential candidate for high-speed antenna applications. 

Praseodymium doped gadolinium iron garnet (PrxGd3-xFe5O12 for x=0.5,1.0 and 1.5) was 

synthesised by adopting sol-gel auto-combustion process to study the effect of substitution on 

garnet ferrite. The structural properties of the Pr3+ substituted GdIG were examined with X-ray 

diffraction (XRD) pattern.  It has been observed that with variation of Pr3+ content from x= 0.5 

to 1.5 the crystallite size value ranges from 52nm to 41nm. The value of lattice constant, micro 

strain and dislocation density varies with Pr3+ substitution. The obtained micrographs from the 

field emission scanning electron microscope (FESEM) explains about the morphological 

changes in samples. It has been observed that with increase in Pr3+ content, agglomeration was 

found. The average grains size calculated from micrographs lies between 0.27 micrometre to 

0.401 micrometres. The calculated band gap from Ultraviolet-visible spectroscopy also varies 

with increases in Pr3+ content. The band gap of the samples lies in insulator materials region 

i.e., between 4.5 eV- 4.7 eV. From fluorescence spectroscopy it has been found that the prepared 

garnet ferrites emit emission in red light region i.e., at 650 nm. This suggests the use of materials 

in red LEDs. It has been found that emission spectra vary with Pr3+ substitution in GdIG which 

means such materials are good candidate to be use in optical devices.  
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There are five chapters in this thesis. The first chapter provides an overview of the research, as 

well as an analysis of crystal structure, phenomena of magnetic materials as well as the theory 

underpinning antenna application. The critical review of literature is presented in chapter two, 

while the research methodology is covered in chapter three. The experimental data for each of 

the compositions is discussed in detail in Chapter four. The fifth chapter contains the summary 

and conclusion. 
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Chapter 1 

Introduction 

1.1 Preface 

 

Today we are living in 21st century, a century of technology where everyone is using high-tech 

gadgets like mobile phones, smart watches, laptops and televisions. The communication 

devices are ruling the industries, for an example mobile phone that have become the basic need 

of all human beings. All we needed are highly efficient, compact sized wireless communication 

devices with low signal loss [1]. Compact sized devices are very easy to carry from one place 

to another. The main drawback of any communication device is its efficiency. Because as the 

size tends to decrease, the efficiency of the device gets affected. Without antennas, 

communication devices are of no use [2] and without suitable substrate material for antennas 

are of no work. No doubt that there are lot antennas working in our surroundings but still they 

are having some limitations like low power, low efficiency, high losses, impedance 

mismatching, narrow bandwidth, large size, and selection of inexpensive materials [3] [4] [5]. 

There is a dire need to synthesize and characterize such materials that have low losses and good 

magneto-dielectric properties that can replace the traditional antennas. A larger number of 

attempts have been made to strengthen the performance of the antennas. The  materials like 

Li0.43Zn0.27CoxTi0.13Fe2.167-xBi0.003O4 [6], NiZnFe2O4/BaFe12O19 [7], SrFe12O19/Li2MoO4 [8], 

Bi2O3 doped MgCdFe2O4 [9], Ba3Co2+xIrxFe24−2xO41 [10], BaSrCo2−xNixFe12O22 [11], 

Gd3Fe5O12/Y3Fe5O12 [12], Ni 0.95-x ZnxCo 0.05 Fe 1.90 Mn 0.02 O 4 [13], Y3-xDyxFe5O12 

(x=0,0.2,04, 0.6) [14], Y3-xGdxFe5O12 (x= 0, 1, 2,3, 4) [15], Ni0.5Zn0.3Al0.2Fe2O4 and 

Y2.8Al0.2Fe5O12 [16], NiZnFe2O4/BaFe16O27 [17], Ba2Co2Fe12O22/NiFe2O4 [18], 

Ba3Co2Fe24O41/glass composite [19], SrCo1.5Ti1.5Fe9O19/B2O3/glass [20], 

LiZnTiMn/polydimethylsiloxane [21], Co80Ni20 [22], BaFe12O19/CoFe2O4 [23], 

Ni0.368Cu0.2Zn0.432Fe1.96O3.94/TiO2 [24], Ba3Co2Fe24O41 [25],  Ni0.4Zn0.6Fe2O4 [26] have been 

investigated for replacements in the antennas. No doubt that all these materials have showed 

some interesting properties for antennas but, they did not provide the all-necessary requirements 

for excellent efficiency and miniaturization of antennas at higher frequency range. For the 

antenna applications, materials should have good magnetic and dielectric properties with least 

dielectric and magnetic losses. The miniaturization and losses in antennas are dependent on the 

real and imaginary parts of permeability and permittivity. Ferrites are ceramic oxides that have 

applications in memory devices, microwave devices, antenna, transformer core and many more 



2 
 

[27]. Ferrites are very promising materials for antenna miniaturization and for high efficiency 

antennas [28]. Composites of the ceramic oxides have gained the attention of researchers for 

their use in high frequency operating devices such as antennas. Nanocomposites of ferrites are 

very useful to enhance the individual properties like dielectric, structural and magnetic 

properties of ferrites. The addition of two different ferrites in the form of composites (having 

distinct phases) leads to exchange bias. As a result, the superparamagnetic limit rises, which is 

a very crucial parameter for device miniaturization [29, 30]. The composites of ferrites exhibit 

excellent properties like: magneto-dielectric, low losses, chemical stability, and high resistivity 

[31]. Ferrites are of three types: hexagonal ferrite, spinel ferrite and garnet ferrites. Hexaferrites 

possess very good magnetic properties and have a higher value of imaginary part of complex 

permittivity, which provides higher losses in the material [32]. High losses are the biggest 

drawback of their use in antenna applications. Garnet ferrites are the best choice for antenna 

applications. The reason is their excellent magnetic property, electromagnetic property, 

dielectric property and low magnetic and dielectric losses [33-37]. Among garnet ferrites, 

yttrium iron garnet (YIG) is one of the renowned magneto-dielectric materials for microwave 

devices. 

In general, different preparation methods have been adopted for the preparation of ferrites. The 

preparation method is the key to obtain desirable properties in the ferrites. The synthesis method 

can tailor the morphology of the materials. Many researchers have adopted solid-state reaction 

method [38, 39], hydrothermal ball milling [40], sol-gel method [41-43] and co-precipitation 

method [44-46] for the preparation of soft ferrites. These methods have some disadvantages 

such as requirement of higher sintering temperature, higher sintering time, presence of 

inhomogeneity, presence of impurity phases and costly precursors. Sol-gel auto combustion is 

the most appropriate and portable method for the synthesis of garnet ferrites. This method needs 

inexpensive precursors, less temperature and less time to prepare ferrite. This method provides 

homogeneity in the structure and formation of single phase [47-49]. 

In the present research work, sol-gel auto-combustion method has been employed for the 

preparation of garnet ferrite and spinel ferrite. The composites of ferrites were selected after 

review of literature by keeping in mind the improvements required for the antenna applications 

like good magnetic and dielectric properties. The effect of variation of composition (in 

composites) on the structural, dielectric and magnetic properties of garnet ferrite have been 

studied. The effect of temperature on the structural, magnetic and dielectric properties of the 

prepared composites of garnet ferrites have been carefully investigated. The miniaturization 
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parameters and losses in the composites of the garnet ferrites has been studied in details for 

antenna applications. 

1.2 Antenna Theory 

Antennas are the devices that transmit and/or receive the electromagnetic signal. In terms of 

radio engineering, an antenna is a device which is interface between radio wave and electric 

current that passes through free space and metal conductors respectively. The demand of 

compact size antenna with matching impedance is large in communication industry. But it 

cannot be ignored that impedance bandwidth of small electric antenna is directly proportional 

to volume of antenna at wavelengths. Which clearly indicates that if size of antenna is less then 

impedance, bandwidth has to suffer. So, the best technique to obtain compact size of antenna is 

to load or substitute different materials. It has been noticed that the material which is going to 

be loaded inside antenna must have the properties that can make antenna compact, highly 

efficient, and low lossy. The material must also provide high bandwidth and impedance 

matching with free space. Many researchers have used such dielectric materials that have high 

permittivity in order to miniaturize antenna. But such materials have some problems like the 

wave present at surface got excited due to which radiation efficiency decreases as well as 

impedance mismatching is also created.  

Figure 1.1 represents the traditionally used TV antennas that were having very low efficiency. 

Such TV antennas were facing the biggest problem of poor signals at that time and gave worst 

results during bad weathers. In 1950’s antenna was firstly introduced, after that it has gained a 

huge interest in telecommunication industries. Initially the antenna was fabricated with material 

having dielectric properties. Till now many antennas contains dielectric substrate for better 

application. Such antenna was bigger in size and their efficiency was lower. Many scientists 

have worked on many dielectric materials to alter the properties of antenna. So, after conducting 

a large number of researches, scientists investigated a material with high dielectric constant. 

Such materials were capable to reduce the size but on the cost of impedance mismatching which 

further decreases the efficiency of antennas [50-52]. The second and important problem of the 

dielectric antennas is that in high permittivity region the field gets concentrated and further it 

adversely affects the efficiency of the signals. Figure 1.2 represents the modern dielectric 

antennas. To overcome the problems faced by existing antennas, ferrites-based antenna was 

fabricated in 1980’s by using NiCo and YIG. This research was performed to overcome the 

problems faced by dielectric material-based antennas. After larger number of researches, it has 

been concluded that the materials with good magnetic as well as good dielectric properties 
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(magneto-dielectric materials) are best suitable for substrate in antennas. Figure 1.3 represents 

the compact and good efficiency antennas used in wireless communication. 

 

  

 

 

 

 

Figure 1.1 Large size and low efficiency TV antenna used earlier 

Figure 1.2 Modern dielectric antennas 
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1.2.1 Permittivity and Permeability 

The miniaturization and microwave losses in antennas are related to permeability and 

permittivity of the material. So, it is very important to understand the magnetic and dielectric 

parameters before studying antenna parameters. A material is said to be electrically insulator 

when it does not have any free charge carriers to conduct electric current. Such materials are 

known as dielectric materials. Figure 1.4 represent the polarization of charges in dielectric 

material, when exposed to electric field. The flow of field is restricted in the material and 

charges are slightly shifted from their mean position. When electric field is provided to the 

dielectric material, the positive charges are displaced in the direction of the field. Whereas 

negative charges are displaced in the opposite direction. This is known as polarization. Due to 

polarization, the internal field is generated that opposes the external field. In general terms, the 

study of dielectric properties of a material means the analysis of storage and loss in the electric 

and magnetic field.  

 

 

 

 

 

Figure 1.3 Compact antennas use in wireless communication 
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The amount of resistance produced in presence of an electric field in a vacuum is known as 

permittivity. The complex permittivity (ε*) is described as the potential of the material to store 

electric energy in the presence of external applied field. The complex permittivity is written in 

terms of real and imaginary part of permittivity, which is given as:  

ε∗ = ε′ − jε"                                                                                                                                     (1.1) 

Herein ε′ represents the dielectric constant and ε"represents the dissipation or loss of electric 

field. The dielectric constant is written as the ratio of permittivity of material to the permittivity 

in vacuum.  The dielectric constant (𝜀´) is dependent on the dielectric polarization which always 

opposes the electric field. The dielectric constant for all materials is greater than that of free 

space and hence is always greater than 1. 

 

Figure 1.4 Polarization of charges in dielectric material 

 

When the electromagnetic field is applied to the material, the amount of electromagnetic flux it 

allows to pass through itself is termed as magnetic complex permeability (μ*). Magnetic 

permeability is explained as the magnetic flux density (B) produced within a material by a 

magnetizing field divided by the magnetic field strength (H). The permeability is given as the 

combination of real and imaginary parts of permeability: 

𝜇∗ = 𝜇′ − 𝜇"                                                                                                                                 (1.2) 

Herein 𝜇′ represents permeability and 𝜇"represents the attenuation in magnetic field in the 
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material.  

1.2.2 Miniaturization 

The miniaturization factor of antenna is related to refractive index which further depends upon 

permeability and permittivity and is given as: 

𝜂 = √𝜖𝜇                                                                                                                                          (1.3) 

Here 𝑛 is refractive index of ferrite material, μˈ is real permeability and εˈ is real permittivity of 

material. 

1.2.3 Microwave Losses in Antennas 

For antenna application, losses in the material plays an important role because high losses mean 

low efficiency.  

The dielectric loss tangent of a material is given as: 

𝑡𝑎𝑛𝛿𝜀 =
ε"

ε′                                                                                                                                       (1.4) 

Herein 𝛿𝜀 is the dielectric loss angles. If loss tangents are higher, then the wave will experience 

higher attenuation while passing through the materials.  

The magnetic loss tangent is given as: 

𝑡𝑎𝑛𝛿𝜇 =
μ"

μ′                                                                                                                                       (1.5) 

Herein 𝛿𝜇 is the magnetic loss angles. If loss tangents are higher, then the wave will experience 

higher attenuation while passing through the materials.  

The higher value of magnetic losses implies absorption of signal inside the materials and 

attenuation of the wave as it moves through material. Both of the components contribute to 

wavelength compression inside the material. Additionally, due to the coupled electromagnetic 

wave, loss in either the magnetic field or electric field will attenuate the energy of the wave. In 

coupled electromagnetic wave, the values of complex permittivity (𝜀∗) and complex 

permeability (𝜇∗) are dimensionless. 

1.3 Magnetism and Magnetic Materials 

Magnetic materials are present on earth from many decades, and mankind is using them since, 

500 years ago. Neolithic man was the first who used ferrite as loadstone for navigation. But at 

that time the concept behind these magnetic materials i.e., magnetism was unknown. As human 

got aware with the magnetism, a revolution of new technologies based on these magnetic 
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materials has started. Now the question arises that how a material is classified as magnetic or 

non-magnetic.  

The magnetism originates from the spin and orbital motion of the electrons. In spin and orbital 

motion, electrons interact with other electrons while pertaining their spins. The major 

contribution to the magnetism came from the spin of valence unpaired electron that produces 

permanent magnetic moments in the material. Based on the response of materials to the 

magnetic field, they are classified into different categories that are: diamagnetism (diamagnetic 

material), para-magnetism (paramagnetic material), ferromagnetism (ferromagnetic materials), 

anti-ferromagnetism (antiferromagnetic materials) and ferrimagnetism (ferrimagnetic 

materials).  

Diamagnetism is usually very weak phenomena and the fundamental characteristic of all 

materials. It occurs due to lack of unpaired electrons and have no permanent magnetic moments. 

The alignment of all the magnet moments in the materials is always in opposite direction to 

applied field. The revolving electron in an orbit consists of electric current. When exposed to 

some magnetic flux, the disturbance in the electric current occurs. According to the Lenz’s law, 

the current is induced in such direction so that it can oppose the altered flux in the circuit. In 

diamagnetic materials, the produce magnetic field in the material is opposite to the applied 

magnetic field and therefore susceptibility (χ) is negative and values ranges from −5 × 10−9 

for Si to −1.6 × 10−4 for Bi. For diamagnetic materials, χ is always temperature independent.  

The materials such as Ge and Si are non-magnetic but show diamagnetism. 

Para-magnetism phenomena emerges from atoms, ions and molecules that have unpaired 

electrons (odd number of electrons). Paramagnetic behaviour is present in free ions or atoms 

that have partially filled inner shell or atoms having even number of electrons but have non 

vanishing spins for e.g., actinides, transition elements (Fe2+, Mn2+) and rare earth elements 

(Gd3+). These unpaired electrons cause some non-zero total spin. Such materials have 

permanent magnetic moments which are randomly oriented. Due to randomness in magnetic 

moments, no magnetization is formed in the absence of field. When paramagnetic materials are 

exposed to magnetic field, the magnetic moments align in the direction of field and hence 

magnetization occurs. These materials exhibit linear relationship of magnetization (M) versus 

applied magnetic field (H) with positive values of magnetization and slopes. The value of 

susceptibility (χ) is greater than zero and is temperature dependent. The Langevin theory 

explains about the para-magnetism phenomena.  
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Ferromagnetism effect is similar to para-magnetism because it also has permanent magnetic 

moments. The only difference is that ferromagnetic materials have non zero magnetic moment 

because of fine alignment of atoms in the lattice. So, the magnetic moments can easily 

interconnect with each other, and therefore in the absence of magnetic field the materials have 

magnetization. This type of magnetization is known as spontaneous magnetisation and this 

exists below curie temperature (Tc). The ferromagnetism is best defined only if the all-magnetic 

moments are parallel or aligned in the direction of applied field and add contribution to entire 

magnetization. In 1907, Weiss proposed the classical theory that estimated the existence of 

molecular field in the ferromagnetic substances. But Heisenberg proposed a model according 

to which alignment of magnetic moment in same direction is because of exchange interactions 

among the neighbour magnetic moments. Ferromagnetic materials have very large χ that 

changes with magnetic field strength. Below Tc, M-H curve exhibits hysteresis and above this 

temperature the substance changes into para-magnetism because of large thermal agitation. 

Elements like Fe, Co and Ni are the only ones that show ferromagnetism above room 

temperature.    

Anti-ferromagnetism is the extreme case in which zero net magnetizations occurs despite the 

fact that some magnetic moments are aligned orderly. The reason is that in such materials the 

neighbouring magnetic moments are aligned antiparallel and exchange interactions are 

negative. The magnetic moments cancelled out each other effect in the absence of applied field.  

In antiferromagnetic materials, the crystal has two sub-lattices A and B. In one of the two sub-

lattices, the magnetic moments are aligned parallel to the fields whereas opposite for the other 

sub-lattice. The anti-alignment in ferromagnetic materials occurs below the Neel temperature 

(TN) which is counterpart of Tc. For ferromagnets and ferrimagnets it occurs below Tc. Anti-

ferromagnetism shifted to para-magnetism above TN. Chromium is the only existing element 

that shows anti-ferromagnetism at room temperature with TN =37°C. The value of χ is small 

and positive of antiferromagnetic materials.  

The important magnetic behaviour which is similar to anti-ferromagnetism to some extent is 

ferrimagnetism. Ferrites (Fe2O3) are one of the examples of ferrimagnetism, that consist of Fe. 

This effect occurs in the compounds that exhibits complex crystal structure. In such materials 

the magnetic moments are alignment in one sub lattice ‘A’ due to exchange interaction. 

Whereas in sublattice ‘B’ the magnetic moments are aligned in opposite direction. But unlike 

to anti-ferromagnetism, ferrimagnetic materials have some net magnet moments. The reason 

for this is that the magnitude of the magnetic moments in ‘A’ sublattice is larger than that of 
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the magnetic moments in ‘B’ site. In some extent, ferrimagnetism and ferromagnetism are 

similar as they become paramagnetic above Tc. But the difference is that ferrimagnetic materials 

have smaller value of saturation magnetization.  

The permeability of magnetic materials can also be used to classify them. The constant relative 

permeability of a diamagnetic substance is somewhat less than 1. The permeability of 

diamagnetic substance, such as bismuth, depends on magnetic field. If the external field is partly 

reduced, the magnetic flux density within the material is also slightly reduced and hence in turn 

permeability is reduced. The relative permeability of a paramagnetic substance is somewhat 

higher than 1. When a magnetic field is applied to a paramagnetic material, such as platinum, 

it becomes somewhat magnetised in the direction of the external field. The relative permeability 

of a ferromagnetic substance, such as iron, is not constant. The greatest relative permeability of 

purified iron and many magnetic alloys is 100,000 or more. 

1.3.1 Garnet Ferrites 

Based on structure, ferrites can be categorized into two types: cubic structure ferrites which are 

spinel and garnets, hexagonal structure ferrites which is hexaferrite. All these ferrites consist of 

Fe2O3 as basic formula. These ferrites are different from each other by not only structure but 

also differ by properties and applications. 

Garnet ferrite has attracted the focus of many researchers because of its huge range of 

applications in high frequency region. Basic rare earth yttrium iron garnet has very good 

resistivity, good dielectric property, large faraday rotation, high initial permeability, high 

thermal and chemical stability, high remanence, low propagation losses. These properties can 

be tailored by substitution in particular site and by mode of preparations. 

1.3.2 Crystallographic Structure of Garnet Ferrites 

The structure of garnet ferrite is very complicated and its 2-D representation is very difficult to 

draw. Garnet ferrites have cubic symmetry with stoichiometric formula C3A2D3O12, where C, 

A, D are cations in dodecahedral, octahedral and tetrahedral sites in crystal structure. Figure 

1.5 represents the basic cubic crystal structure of garnet ferrites. The cations of ferrites occupy 

the interspace of oxygen (O2-). For total of 160 atoms, there are 8 formula units. In general way, 

the distribution of ions can be understood with formula: {R3} [Fe2] (Fe3) O12. Herein ‘R’ is used 

to represent rare earth metal, in general yttrium (Y). The different brackets represent different 

sites. The bracket ‘{}’ symbolizes 24c i.e., dodecahedral ‘c’ site, bracket ‘[]’ symbolizes 16a 
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i.e., octahedral ‘a’ site and bracket ‘()’ symbolize 24d tetrahedral ‘d’ site. Iron has smaller size 

as compare to that of rare earth metals so, rare earth metals occupy dodecahedral site and the 

interspace of these sites are occupied by iron. The magnetic moment of entire garnet ferrite is 

mainly due to Fe3+, and Fe2+ ions exist in ‘a’ and ‘d’ sites with ratio 3:2. Whereas rare earth 

ions (R+3) exist in ‘c’ site have very less magnetic moment. The ferrimagnetic behavior of 

garnet ferrite is due to antiparallel alignment of iron ions in ‘d’ and ‘a’ site to that of ‘c’ site 

ions. The arrangement of these ions is as shown in figure below: 

 

 

Figure 1.5 Cubic crystal structure of garnet ferrite
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Addition to this, the magnitude of exchange interaction between two sub-lattices (c, a and d) 

totally depends on the angle between the magnetic ions. If an angle of 180° is formed, or nearer 

to it, there is high exchange interaction and at angle 90° and near there is very poorer interaction. 

An angle of 126.6° represents strong interaction between Fe3+ (a) – O2- – Fe3+(d) (a-d). For the 

second strongest interaction, angle between Fe3+ (d) – O2- – R3+(c) is 122.2°. The garnet ferrite 

is when substituted with trivalent metals (Me: Al, Ga), the angel between Me3+ – O2- – Fe3+(a) 

shifted to 100° and interaction between neighboring cations become least. 

1.3.3 Properties of Garnet Ferrites 

Permeability:  

The relation between magnetic flux density B and magnetic field strength H is given as: 

𝐵⃗ =[μ] 𝐻⃗⃗  

Where μ is permeability tensor. 

For non-magnetic materials, permeability becomes scaler quantity i.e., B= μ H. 

Whereas, for ferrite μ becomes a tensor quantity. 

μ= μ0 [1+ ω0 ωm/ (ω0)
2(ωm)2] 

κ= μ0(ω ωm/ ω0
2- ω2) 

Where ω0 is the Larmor frequency or precession frequency and written as: ω0 = μ0γH0 

H0 is the bias field or applied field, γ is gyromagnetic ratio which is given as:  

γ = spin magnetic moment/ spin an angular moment  

When bias field is applied to the ferrites, magnetic dipoles align themselves in direction of 

magnetic field. As the bias strength keeps on increasing, all dipoles align and a saturation point 

is attained which is known as saturation magnetization Ms. 

 ωm= μ0γMs  

When bias is applied in z direction then 

    [μ] =          

 μ −𝑗κ 0
𝑗κ  μ 0
0 0  μ0
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From above matrix equation, it is clear that permeability tensor gives antisymmetric conditions 

which make ferrites important for non-reciprocal device. 

The permeability of garnet ferrites varies with porosity. As magnetic field is applied, magnetic 

poles are formed on the surface. After that, there is decrease in permeability due to 

demagnetization field. These magnetization field is somehow interconnected with grain size 

and grain boundary [53]. The initial permeability of YIG ferrites is large. The permeability of 

YIG can be increased by addition of Indium by 50% [54]. 

Hysteresis Loops: 

The shape of hysteresis loop is very important in order to calculate coercive force ‘Hc’ and 

remanence ratio ‘R’. In garnet ferrites, saturation magnetization is moderate, coercive force is 

less and remanence is high. This is due to dependence of Hc and R on following factors: 

(a) Microstructure (b) Anisotropy  

 (a) Microstructure: The porosity, morphology of grains, agglomeration, and phases that may 

be seen through micrographic study are referred to as microstructure. Generally, porosity (that 

consist of nonmagnetic secondary-phase material) increases Hc and decreases R. Because, the 

ability of 180°domain-wall motion when the material changes from one magnetic state to the 

other determines the coercive force, pores and grain boundaries have a propensity to increase 

coercivity by obstructing wall motion [55]. As a result, the size of any spike domains will 

directly cause R to decrease [56]. These microstructures are also related with production of 

demagnetization effect. Material that gets easily demagnetized are soft magnet. By a complex 

substitution of Ca2+, In3 and V5+, the porosity of polycrystalline garnets can be decreased [57]. 

(b) Magneto-crystalline Anisotropy: As garnet has cubic structure so, magneto-crystalline 

anisotropy energy is obtained by series expansion of angle between the magnetization direction 

and cube axes. The anisotropy energy can be considered by arbitrary direction in terms of series 

expansion. The effective anisotropy field is given as: 

Ha= 2k1/ Ms 

Here k1 is the 1st term of series expansion, which is also known as magneto crystalline 

anisotropy constant. It is the energy requirement to rotate magnetization from an easy axis to 

hard axis.  
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Effective anisotropy field depend upon angle ‘𝜃’ that forms between direction of applied 

magnetic field as well as single crystal axes [58]. 

In general anisotropy of garnet ferrites is very small. This is mainly due to presence of Fe3+ ion 

[59]. The magnetic moments of ions in garnet ferrites are only due to of Fe3+ ion (present in 

excess in tetrahedral site) rather than Fe2+ ion (in octahedral site). The magnetic crystalline 

anisotropy for YIG is 82 Oe. The garnet ferrites have low magnetic crystalline anisotropic and 

therefore exhibits least losses.  

The coercive force is directly proportional to anisotropy and porosity but inversely proportional 

to grain size [60]. Whereas remanence goes on decreasing with increase in anisotropy. 

Coercivity of ferrites can be increased by minimizing or by reducing the size of particle [61]. 

Anisotropy constant is given by the relation: 

Anisotropy constant = Hc×Ms/ 0.96 

Where Ms is saturation magnetization and Hc is coercivity. 

 

             Figure 1.6 Magnetization versus applied field curve (Hysteresis loop) of ferrites 
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Loss Mechanism in Garnet: 

(a) Dielectric Loss: 

Garnet ferrites are the best dielectric materials and have dielectric properties that are dependent 

on resistivity. Such dielectric material possesses some sort of EM losses due to flow of charges. 

During dielectric losses in the materials the energy dissipates. The charges are associated with 

dipole moments. When these dipoles moment vibrates and generates dielectric loss, vibration 

arises from imaginary part of permittivity can be written as: 

𝜖 = 𝜖ˈ-j 𝜖ˈˈ 

For conducting medium, loss tangent is given as: 

tanδ= 
𝜖ˈˈ ω+σ

 ω𝜖ˈ
 

For insulator or for poor conducting medium, loss tangent is given as:  

tanδ= 
𝜖ˈˈ 

𝜖ˈ
  

Where 𝜖ˈˈ is dielectric loss. 

For media having less loss: 

  𝜖= 𝜖0𝜖𝑟(1+ j tanδ) 

Where 𝜖𝑟= 𝜖ˈ/𝜖0 is dielectric constant. 

(b) Conduction Loss: 

The conduction loss occurs due to imperfection in lattice. The electric displacement is given 

by: D= 𝜖E, where 𝐸 is the electric field. By using Maxwell curl equation for ‘H’ we get: 

∇ × 𝐻 =
𝜕𝐷

𝜕𝑡
 + J =j ω D+σE 

Putting the value of ‘D’ in above equation, we get : 

=j ω 𝜖E+σE 

= j ω [𝜖ˈ-j(𝜖ˈˈ+σ/ ω)]E                                                                                             

From above equation it is clear that dielectric losses (𝜖ˈˈ) and conduction losses (σ) cannot be 

distinguish easily. 
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(c) Total Loss: 

The net or total loss in a material is related with ferromagnetic resonance (FMR) due to 

magnetic damping [62]. FMR is the phenomena in which EM wave couples with the 

magnetization of ferrite. In such process the power of EM wave got absorbed by the material 

and as a result there is loss in signal.  In garnet ferrites especially in single crystal ferrites the 

FMR line width (width of resonance peak) is narrow subsequently the magnetic losses are least. 

But if we consider the case of polycrystalline ferrites along with intrinsic losses (i.e., related to 

fundamental interaction) extrinsic losses are also there. These extrinsic losses occur due to 

polycrystalline anisotropy, fast and slow relaxation impurities (i.e., hopping, Fe2+, Fe3+, rare 

earth ions etc), grain boundaries, surface roughness and porosity.  

The magnitude of FMR linewidth (ΔH) is very crucial if we want to calculate the external losses 

in the microwave devices that do not work on resonance phenomena. ΔH is the sum of four 

independent effect [63,64] that are mentioned below: 

• In the presence of microwave field, the magnetic spin transfers its energy to the crystal 

lattice by vibrations or by thermal energy. This entire process is known as spin lattice 

relaxation.  

• Another factor which broadens the line width is porosity which produces 

demagnetization effects. Due to this effect, resultant resonance line width is directly 

related to saturation magnetization i.e., 4πMs and become proportional to volume 

fraction of porosity i.e., Peff. 

• Magneto-crystalline anisotropy is the third and most important effect. In this effect there 

are different crystallographic directions of each grain i.e., there is random 

demagnetization. This demagnetization produces broadening of line width, which is 

further proportional to anisotropy energy and magnetization constant. 

• The surface conditions also bother the linewidth. If the surface of grains is rough, then 

the demagnetization effect occurs in the material. The demagnetization of magnetic 

moments further decreases the value of line width. In general, ΔHeff = 2n/γ, where γ is 

gyrometric ratio. The value of ΔHeff increases with grain size and hence losses also 

increase. The anisotropy of YIG generally found to be low. Therefore, the line width of 

garnet ferrites is less and hence losses are less. 
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Saturation Magnetization: 

Saturation magnetization is a property of ferrites and ferromagnetic materials in which increase 

in the applied magnetic field becomes unable to increase magnetization beyond certain limit. 

Garnet ferrites have saturation limit about 1950 Gausses. For microwave devices, a material 

must have temperature stability for saturation. In general, it has been seen that at higher 

temperatures, the value of magnetic saturation starts decreasing and therefore losses occur in 

the form of heat. The heat in the material further raises the temperature and hence magnetic 

saturation again decreases.  So, in order to get stability between magnetic saturation and higher 

temperatures, garnet ferrites are used. Garnet ferrites basically have higher Curie’s temperature 

(Tc), which means the nature of ferrite material do not change to paramagnetic and therefore 

stable saturation will be obtained. 

YIG has saturation value of 1790 Gausses. It can be further decreased by addition of rare earth 

or by substitution of Al and Ga in octahedral site. It’s value decreases to 1200 to 300 Gausses. 

If In (Indium) or Ca-Zr is substituted in YIG then saturation can be increased upto1900 Gausses. 

Basically, substitution in octahedral site may enhances the value of saturation magnetization 

[65]. 

Temperature Dependence of Spontaneous Magnetization: 

Spontaneous magnetization is a property of ferromagnetic and ferrimagnetic materials in which 

some of the magnetic domains have order spin under zero magnetic field. In garnet ferrites, the 

spontaneous magnetization of c sub-lattice decreases more than a & d, with increase in 

temperature. Here compensation of magnetization occurs where c has equal magnetization to 

that of a-d sublattice. As temperature rises the magnetization of the a-d sublattice dominates 

over entire material. If we talk about the sub lattices of iron in garnet ferrites, their magnetic 

moment varies with temperature. The value of magnetization changes with substitution. 

Magnetization can be lowered by tetrahedral substitution [66]. Gadolinium garnet iron oxide 

(Gd3Fe5O12) has compensation temperature value approx. 295K and that for erbium, it is 80K 

[58]. 

1.3.4 Applications of Garnet Ferrites 

As garnets possess low dielectric losses, low linewidth, high retentivity, high faraday rotation, 

high initial permeability, good thermo-optical properties, magnetic and optical properties. So, 

these materials have a large number of applications. These all properties can be achieved 
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because of super exchange interactions in garnet ferrites [67]. YIG is the most studied soft 

ferrite till now, after their discovery in 1956 [68]. YIG shows very good application in 

microwave region. There are three lattice sites in garnet ferrites. By the substitution of particular 

ion in YIG, it can be operated in different frequency ranges. The rare earth substituted garnets 

are very good for microwave and communication purposes because of very low eddy current 

losses, high saturation magnetization, low propagation losses and high remanence [69].  Garnet 

ferrites are used in microwave devices such as in: phase shifter, filters, circulator, faraday 

devices in laser, resonator antenna and tuneable antenna [70-84]. As garnet ferrites are cytotoxic 

so, they are used in biotechnological applications [85-86].  

1.3.5 Spinel Ferrites  

Spinel ferrites are also a type of soft ferrite with the general formula MFe2O4, where M 

represents divalent ions like Fe+2, Mg+2, Mn+2 Ni+2, or Co+2.  Spinel ferrites have good magnetic 

and dielectric properties with very less value of ε" at higher frequency i.e., losses are very low 

in these ferrites [87]. The crystal structure of spinel ferrite is given in Figure 1.7. These cations 

are placed according to two alternative crystallographic sites (tetrahedral sites and octahedral 

sites). One MFe2O4 unit consists of 32 densely packed oxygen atoms of 64 divalent tetrahedral 

sites and 32 trivalent octahedral sites. Specific, M2+ and Fe3+ typically occupy 8 tetrahedral and 

16 octahedral sites, respectively, to maintain an electrically balanced state between the anions 

in the structure. 

 

                          Figure 1.7 Cubic crystal structure of spinel ferrites 
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Chapter 2 

Literature Review 

2.1 Literature Review 

Haitao et al., in 2008 have studied magnetic properties of YIG substituted with Ce, Gd 

substituted Y3-x-y CexGdyFe5O12 (x=0-0.1 and y= 0.1). The samples were synthesized via sol gel 

method. From XRD analysis it was observed that at 800°C crystallization start and at 850°C 

single phase of garnet was obtained. From XRD analysis it was concluded that there was only 

peaks of garnet and the size ranges from 42 to 65. Magnetization of garnet was increased with 

Ce substitution while substitution of Gd3+ lead to decrease the value. Also, with increase in 

particle size saturation magnetization increased [88]. 

Fechine et al., in 2009 have studied the microwave antenna property of (Gd3Fe5O12) GdIG(x) – 

(Y3Fe5O12) YIG(1-x) ferrimagnetic composite prepared by ball milling method. Magnetic 

measurement and dielectric measurement were done by Hakki-Coleman’s procedure at 

microwave frequency using Ansoft’s high frequency structure simulator. Good agreement was 

found between numerical and experimental data. The result proves that by varying composition 

of material of resonator, GdIG(x) / YIG(1-x) can be operated as magnetodielectric antenna and 

at frequency range of 4.4-5.3 GHz, bandwidth of antenna ranges from 7.5-11% [12]. 

Qureshi et al., 2009 have synthesized YIG by mechanochemical method. The composite of YIG 

with PMMA was examined for electrical and dielectric studies. With increases in YIG content 

in the composites the dielectric constant and electrical conductivity increases. This is because 

of increasing of polarization in the composites. The effect of temperature on the dielectric 

properties of the composites has also been examined. The dielectric loss and constant increases 

with rise in temperature [89].  

Mallmann et al., in 2013 have worked on Y3Fe5O12 and Gd3Fe5O12 and further investigated 

their electrical and magnetic behavior at RF and microwave range. YIG and GdIG were 

prepared by solid state method and mechanically milled at high energy. The result shows that 

the ferrimagnetic garnets are very good for antenna application as there is control in antenna 

radiation and tuning was enhanced [90]. 

Zheng et al., 2013 have worked on Z type hexaferrite for antenna application. NiZn / Co2Z 

composites were synthesized via solid state reaction method. XRD analysis for the composites 

showed proper formation of ferrite phase. SEM results show good agreement with XRD result 
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and also it has been observed that while changing the composition from 55 wt.% to 70 wt.% 

there is no change in densification and in average grain size. From VNA it was found that 

permeability is strongly dependent on NiZn and there is increase in 𝜇ˈ from 10 to 19 at low 

frequencies [91]. 

Varouti et al., in 2014 have prepared aluminum substituted YIG via standard solid-state reaction 

method by varying composition in Y3Fe5-xAlxO12 (x= 0, 0.25, 0.5, 0.7, 0.8 and 0.9). After 

measurement of isothermal magnetization at T=295° K, samples show ferrimagnetic behavior 

and there is diminishing of ferromagnetism. Saturation magnetization varies linearly with x. 

Further measurement of ferromagnetic resonance was done, it proves that Al substituted YIG 

has very low losses as compare to pristine YIG. As a result, YIG-Al can be used as tunable 

UWB antenna which operates in 1.7-8 GHz region. Also, YIG-Al based antenna has formed 

isolated stop bands. Whereas in such stopbands, antenna is reflective as well as inefficient [92]. 

Akhtar et al., in 2014 have examined the comparison between magnetic, structural and 

morphological properties of YIG prepared via different methods. Sol-gel, self- combustion and 

modified conventional mixed oxide methods were used for synthesis of the samples. The 

sintering temperature for sol gel used was 950°C, for self-combustion was 1150°C and for 

modified conventional mixed oxide is 1300°C. XRD showed the difference in particle size and 

cell volume by different synthesis methods, also it revealed formation of single-phase structure. 

There was increase in grain size from 40 nm to 100 nm by increasing sintering temperature, 

which was calculated by FESEM and TEM. From impedance network analyzer it has been seen 

that by using sol gel method initial permeability is high and losses are less for YIG. The reason 

is increase in grain size and large densification. Also, magnetic properties of YIG prepared by 

sol- gel method was increased. As a result, it was concluded that sol gel method is best method 

for preparation of garnet ferrites [93]. 

Zhang et al., in 2015 have worked on Z type hexaferrite for antenna miniaturization and 

impedance matching of antenna. Synthesis of Z type hexaferrite (Ba0.5Sr0.3)3 Co2Fe24O41 + 

xSnO2 (x= 0, 0.1, 0.2, 0.4, 0.6 wt.%) was done via conventional solid-state reaction process. It 

was observed that with the addition of SnO2 in ferrite lead to high refractive index (𝜂 = √𝜀𝜇 ) 

0.99) on frequency range from 3-300 MHz but sample has higher dielectric loss which make 

the material to limited in 3-300 MHz range [94]. 

Hasan et al., in 2015 have worked on Yttrium Iron Garnet (YIG) thick film to investigate it’s 

uses for microstrip patch antenna. It was observed that the overall bandwidth and return loss 

has improved. Also, it has been proved that by using YIG thick film, the main limitation of 
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antenna i.e., bandwidth can be enhanced [95]. 

Fechine and Fontgalland, in 2016 have studied the dielectric properties of GdIGxYIG1-x 

composite (x=1, 0.75, 0.5, 0.25 and 0) for miniaturization of magneto-dielectric antennas. 

GdIGxYIG1-x was prepared by ball milling method. It was observed that the formed material 

has stability as very less change in function of temperature and in frequency range has been 

observed. Further investigation with FRAs gave very satisfactory results because it showed 

control antenna radiation and good tuning [96]. 

Andreou et al., in 2017 have examined the magneto-dielectric properties of YIG/Epoxy 

composite for reconfigurable microstrip antenna. The effect of dielectric losses on the 

efficiency of the antenna has been studied. The fabrication of YIG/Epoxy substrate has been 

done with improved properties of antenna having less losses and high efficiency [97].  

Akhtar et al., in 2018 have worked on the composite of Bismuth Iron Garnet with composition 

Bi3-xRxFe5O12 for x= 1.5 (R symbolize rare earth element, like Y, Gd, Pr, Ho, Yb). Composites 

of BIG have been successfully synthesized via sol-gel method and investigated further. XRD 

analysis show that there is formation of single-phase garnet structure and crystallite size was 

calculated for different composites. From SEM, grain size was calculated. From FTIR analysis, 

vibrational bands were obtained which is withstand with XRD result, that there is presence of 

garnet phase. From VNA analysis detailed magnetic as well as dielectric properties was 

calculated at 6 GHz. These calculated magnetic and dielectric properties show that these rare 

earths doped garnet ferrites have good application for high frequency range i.e., in GHz range 

[98]. 

Aakansha et al., in 2018 have reported the dielectric and magnetic propertied of samarium 

doped YIG (Y3-xSmxFe5O12 x=0 to 0.3). Solid state reaction was used to prepare samples.  It 

has been observed that with increase in Sm content in the samples the value of magnetic 

saturation decreases due to antiferromagnetic behavior.  The value of dielectric constant 

increases with substitution and from Nyquist plot the contribution of both grain and grain 

boundaries has been observed [99]. 

Bhalekar and Singh, in 2020 have worked on the pure YIG and its composite of YIG by doping 

of Al and La and further studied the structural and magnetic properties. YIG and it’s 

Y2.8La0.2Fe5-xAlxO12 (x= 0.0, 0.1, 0.2and 0.3) was synthesized via sol gel auto combustion route 

at sintering temperature of 900 C for 3 hours. From XRD and FTIR (due to Fe-O vibrations) 

analysis it was proved that there is formation of garnet phase. From XRD analysis it was found 

that there is decreased in value of d- spacing, X-ray density, lattice parameter(a), reason is 
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addition of small size of Al3+ in tetrahedral site. From SEM analysis it has been found that 

agglomerated and branched morphology was present also branch length was ranging 537-437 

nm and average branch width ranges from 90-140 nm. From VSM it was found that there was 

enhancement in saturation magnetization of sample containing 6.7% of La3+ ion at place of Y3+ 

ions. Whereas decreased in value of saturation magnetization with addition of Al3+ because it 

tends to weaken the super exchange interaction. As a result, it was found that composites of 

rare earth garnet are very useful in high frequency microwave devices [100]. 

Shafiee et al., in 2020 have studied the application of Gadolinium Iron Garnet by variation with 

particle size in potential patch antennas. Ball milling method has been used to synthesized 

GdIG, at 3,6,9 and 12 hours of sintering at 1200°C. From STEM analysis it has been found that 

with changing milling time from 3,6,9 and 12 hours the average particle size also change 

from 36.9, 27.2, 19.2 and 20.8 nm respectively. The grain size was calculated for single phase 

gadolinium iron garnet i.e., 0.66, 0.67, 0.72 and 0.69 μm respectively and further from VSM it 

was calculated that initial permeability and magnetic losses were less when applied in low 

frequency. This result was in favor of using of GdIG as potable patch antenna [101]. 

Musa et al., in 2020 have studied microstructure, electrical, dielectric and electromagnetic 

properties of Al substituted YIG. YIG was successfully prepared by sol-gel auto-combustion 

route. The composition taken was Y3AlxFe5-xO12, whereas x= 0.4, 0.8, 1.2. 1.6 and 2.0. FESEM 

analysis was done to study microstructural analysis, from which grain size was calculated. 

Grain size show decreasing trend from 0.46 μm to 0.33 μm at x=0.4 and x=2.0 resp. From 

Agilent Impedance Analyzer it has been concluded that with Al concentration resistivity 

decreases. With Al substitution and increasing frequency loss tangent decreases. At x= 0.4 the 

real permeability is 1263.12 which further decrease at x = 1.2 with 11.74. it was concluded that 

low loss values, high dielectric constant of these composites of YIG doped Al can be used as 

miniaturization of antenna, filter resonator and for radio frequency devices [102]. 

Akhtar et al., in 2020 have studied the structural, morphological and magnetic properties of Ce 

doped garnet ferrite i.e., CexGd3.5-xFe4.5O12 (x=0.0, 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4). Ce doped 

garnet ferrite was synthesized by sol gel self-combustion method. From XRD analysis single 

phase structure of Ce3+ doped garnet ferrite was revealed. Further study of XRD showed 

crystallite size of garnet decreases with Ce3+. From XRD bond length, ionic radii, radii were 

calculated. From FTIR analysis study of stretching band was done. Using FESEM results, grain 

size morphology of Ce3+ doped garnet was examined. From VSM it was found that with 

increased in saturation, remanence and coercivity. As a result, it was concluded that as Ce3+ 
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doped garnet showed very good magnetic properties so it can be a better material for use as 

miniaturization of devices for various application [103]. 

Khalifeh et al., in 2020 synthesized Y2.8-xDyxCe0.10Bi0.10Fe5O12 (x=0, 0.2 to 0.6) and YIG by 

conventional solid-state method. The effect of substitution of yttrium by dysprosium ions on 

the structural and magnetic properties of Y2.8-xDyxCe0.10Bi0.10Fe5O12 (x=0, 0.2 to 0.6) has been 

reported. The XRD results reveals that in samples the garnet phase formed with some impurities 

of CeO2. The Raman spectroscopy also support the formation of garnet phase in the samples. 

The XPS study reveals that the yttrium, dysprosium, bismuth and iron ions present in +3 valence 

state. The magnetic saturation increases with substitution and coercivity decreases. The 

reported samples are good for microwave devices [104].  

Gao et al., in 2021 synthesized Y3-xCaxIn0.6GexFe4.4-xO12 (x=0-0.6) by adopting conventional 

solid-state reaction process. The structural, magnetic and dielectric properties were studied for 

Ca-Ge substituted YInIG. XRD study reveals that Ca-Ge substitution did not affect the phase 

of the garnets. The Ca-Ge substituted samples result in enhanced magnetic properties and 

dielectric properties with high saturation magnetization, small coercivity, narrow ferromagnetic 

resonance, low dielectric loss and low dielectric constant. The properties of the samples, make 

the materials proper candidate for microwave devices applications [105].  

Li et al., in 2021 fabricated indium (In) doped YIG (Y3Fe5-xInxO12 x= 0-0.75 with step size 

0.15) by solid state reaction method. XRD study reveals that ‘In’ doping did not distort the 

garnet crystal structure and bulk density increases. SEM study indicates that with substitution 

grain size changes. From VSM study it has been found that saturation magnetization value 

increases with ‘In’ content from 25.98 emu/g to 28.2 emu/g. The modified structural and 

magnetic properties imply that ‘In’ doped YIG is appropriate candidate of antenna applications 

and high frequency devices [106]. 

Sibi et al., in 2021 have tailored magnetodielectric properties of the composite of natural 

garnet/Ni0.5Zn0.5Fe2O4/LiFe5O8 mixed with B2O3. XRD study implies that proper diffusion of 

two phases in the composites. The morphological study of the composites reveals that the grains 

are tightly packed in the composites. The calculated dielectric and magnetic losses for 0.5 

natural garnet and 0.5 Ni0.5Zn0.5Fe2O4 are 0.02 and 0.49, whereas for 0.5 natural garnet and 

LiFe5O8 composite the values are 0.001 and 0.05 at GHz frequency. The obtained results 

indicates that the composites of natural garnet with spinel ferrites are good candidate for 

wireless applications in GHz range [107]. 

Dewi et al., in 2022 synthesized lanthanum-doped YIG (Y3-xLaxFe5O12 for x = 0, 0.1, 0.3, 0.5) 
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with solid state ball-milling method. With increase in lanthanum content, the value of lattice 

constant increases and crystallite size decreases. It has been reported that due to doping the 

value of saturation magnetization and remanence increases as compare to pure YIG. The 

improved properties of the samples suggest their use for microwave applications [108].  

Ji et al., in 2022 synthesized praseodymium, zinc and zirconium doped YIG (PrxY3-

xZn0.1Zr0.1Fe4.8O12 (x=0, 0.1, 0.15 and 0.2). From XRD it has been clear that the Pr ion is 

properly doped in YIG. With Pr doping the lattice constant and grain size increases. The 

magnetic parameter like saturation magnetization, magnetic anisotropy and ferromagnetic 

resonance increases with the Pr content. The dielectric parameters like real and imaginary part 

of the permittivity have highest value at x=0.15. The Pr doping in YIG has enhanced the 

structural, dielectric and magnetic properties [109].  

Fu et al., in 2022 synthesized low temperature Bi1.4Y1.3-xCa0.3+xZr0.3SnxFe4.5-xO11.7 by using 

solid state method. The variation in structural, magnetic and dielectric properties under the 

effect of Ca, Sn, Co substitution. From 1MHz to 0.5 GHz the dielectric constant for all samples 

is high (∼ more than 30) The and dielectric losses are less (∼10-3). With increases in substitution 

the lattice constant increases and density decreases. The prepared samples possess very good 

magnetic properties. The present results indicates that low temperature sintered YIG is best for 

miniaturized and high-performance microwave communication devices [110].  

Karilainen et al., in 2011 have suggested that dielectric or magneto-dielectric materials could 

be utilized to miniaturize antennas, there are a number of crucial factors that must be taken into 

account. The authors talk about these merit statistics and a scientific way to contrast antennas 

with various material fillings. Fe-SiO2 sheets with a mylar substrate produce the magneto-

dielectric material. The material's permeability measurement results are reported. The 

meandering PIFA's radiation process is investigated, and the ideal placement for dielectric and 

magneto-dielectric filling is explored and determined. At the same resonance, the degree of 

miniaturization of the provided magneto-dielectric fills and commercial dielectric is measured 

and compared [198]. 

Bolivar et al., in 2003 have used time-domain spectroscopy to examine low-loss, high-

dielectric-constant materials in the THz frequency band. Steatite, alumina, titania-loaded 

polystyrene, and zirconium-tin-titanate dielectric constants and loss tangents are provided and 

compared to tests on high-resistivity silicon. The real component of the dielectric constant for 

these materials ranges from 6 to 90. The samples were all discovered to have acceptable low-

loss tangents. Applications as terahertz frequency antenna photonic crystal substrates are 
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anticipated [199]. 

Huitema et al., in 2013 have reported ultracompact antenna design for DVB-H (digital video 

broadcasting-handheld) receiving devices. The 49 channels of 8 MHz that make up the DVB-

H frequency range span 470 to 862 MHz. It is substantially downsized (λ0 /49, λ0/71, λ0/160 at 

470 MHz) and made to fit inside a tablet, and by using a magneto-dielectric material, it can 

cover every channel. Additionally, the incorporation of a varactor diode allows the working 

frequency to be continually tuned across the whole DVB-H band. The behavior of this varactor 

diode has been accurately described and predicted to match that of the antenna. The behavior 

of this varactor diode inside the antenna has been accurately described and modelled. 

Limitations on the amount of power the diode will accept are highlighted. Subsequently, the 

antenna design is integrated into the DVB-H receiver device along with magneto-dielectric 

material and a varactor diode [200].  

2.2 Motivation and Research Gap 

The literature survey on various papers based on garnet ferrites and its composites has been 

done. From literature survey it has been found that till now the focus of research is oriented 

mostly on YIG and its composites for antenna applications, where as many of the other rare 

earth doped garnet ferrites are less exploded for antenna application. Some researchers have 

discussed the application of garnet ferrites at different frequency range. In literature it has been 

found that mostly garnet ferrites are prepared by conventional solid- state method and other 

methods, very less researchers have synthesized garnet ferrites by sol-gel auto combustion 

method. Also, miniaturization factor found in literature is low. The problems of impedance mis-

matching, and low bandwidth are further needed to improve along with low losses in garnet 

ferrite for antenna application. To attain specific application of ferrite, different substitution of 

ions has been done. Substitution of ions results in the modification in grains size, hysteresis and 

electromagnetic properties which are useful for numerous technological applications. 

2.3 Objectives of the Study 

1 Effect of temperature and composition variation on structural, magnetic and dielectric 

properties of garnet ferrites composite. 

2 To study the miniaturization parameters of garnet ferrites composites for antenna 

application. 

3 To study the losses of garnet ferrites composites for antenna application. 
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Chapter 3 

Research Methodology 

3.1 Introduction 

In this research, we have adopted sol-gel auto combustion method to synthesize garnet ferrite 

and spinel ferrite. Structural, magnetic and dielectric properties of garnet ferrites and rare earth, 

metal, non-metal ions substituted spinel ferrites composites with composition and temperature 

variations have been investigated. Nanocomposites of pure and metal ion substituted garnet 

ferrites with other ferrite that has been synthesized and characterized in order to study 

miniaturization and losses in the composites for antenna application.   

3.2 Synthesis Method  

3.2.1 Sol – Gel Auto-Combustion Method 

For the preparation of nanosized oxides of the ferrites, sol-gel auto combustion method is used. 

In the preparation process an exothermic reaction takes place between fuels and oxidized, it is 

wet chemical method. In the present work, nitrates are used as oxidant and citric acid as fuel. 

This method is most appropriate method to synthesized ferrites over other synthesis methods 

like solid state method, hydrothermal method, ceramic method and co-precipitation method. 

Sol-gel auto combustion method provides controlled morphology, homogeneity in the samples, 

time saving, required low temperature and is the cheapest method because the precursors are 

nitrates and do not require costly equipment. The first step in this process is to transform 

monomers or starting materials into colloidal solution (sol), which serves as a precursor for the 

subsequent gel formation. The raw material, such as metal nitrates or alkoxides, is usually 

dispersed in a particular solvent, such as ethylene glycol, water, or a suitable acid, to form a 

"sol," which is then aged and heated to form a "gel," which is then dried or heated at higher 

temperatures to evaporate the liquid medium and transform the gel into a "precursor." A sol is 

a colloid suspended in a liquid, whereas a gel is a suspension that maintains its shape, hence the 

name "sol-gel". Figure 3.1 represents the formation of different phases during sol-gel process 

and the steps followed for the preparation of ferrites.  

 

 

 

 



27 
 

 

(a) 

 

(b) 

 

     Figure 3.1 (a) Sol-gel auto-combustion process and (b)steps of the preparation of ferrites 
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The hydrolysis, condensation, and polymerization of monomers to create particle and particle 

agglomeration, followed by the creation of a network that expands across the liquid media, 

culminates in the formation of gel in the beginning of sol-gel auto-combustion process. When 

a substance reacts with water, it undergoes hydrolysis, whereas condensation is the 

transformation of a gas or vapour into a liquid. 

3.2.2 Synthesis of Al3+ substituted gadolinium iron garnet (Gd3Fe5O12) 

The method adopted to prepare Gd3Fe3Al2O12 is sol gel auto combustion method. Gadolinium 

(III) nitrate [Gd(NO3)3.6H2O], ferric (III) nitrate [Fe(NO3)3.9H2O], aluminium (III) nitrate 

[Al3(NO3)3.6H2O] and citric acid (C6H8O7.H2O) of AR grade were used as precursors to form 

sample. 

Formation of garnet ferrite started with weighing of these nitrates according to stoichiometric 

ratio mention in the equation below: 

 3Gd(NO3)3.6H2O + 3Fe(NO3)3.9H2O + 2 Al3(NO3)3.6H2O            Gd3Fe3Al2O12 

These nitrates along with citric acid are then put together in 100 ml of distilled water with metal 

to citric acid ratio of 1:0.5 and then keep on magnetic stirrer for half an hour stirring until clear 

solution was obtained. After half an hour stirring, pH of 7 of the solution was balanced by 

adding ammonium drop wise into the solution. After that, solution was kept for stirring along 

with heating of around 70°C, until gel was formed. The gel was heated at 200-250°C for an 

hour to get dark brown powder. Finally, powder was fined by using mortar pastel. And then 

sintered the sample at different temperature that is 900°C, 1000°C and 1100°C for 5 hours in 

muffle furnace.  

3.2.3 Synthesis of gadolinium iron garnet, magnesium spinel ferrite and their composite 

(GdIG/MgFe2O4) 

Gadolinium iron garnet (Gd3Fe5O12) and magnesium ferrite (MgFe2O4) were prepared using 

the sol-gel auto- combustion method separately. For the preparation of Gd3Fe5O12 (GdIG), 

gadolinium (III) nitrate [Gd(NO3)3.6H2O], ferric (III) nitrate [Fe(NO3)3.9H2O],  and citric acid 

(C6H8O7.H2O) of Sigma Aldrich and LOBA company with AR grade were used as precursors. 

For the preparation of MgFe2O4, magnesium (II) nitrate [Mg(NO3)2. 6H2O], ferric (III) nitrate 

[Fe(NO3)3.9H2O],  and citric acid (C6H8O7.H2O) of LOBA company with AR grade were used 

as precursors. According to stoichiometric, these salts of metals were added in 100 ml of 
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distilled water by using different beakers for the preparation of GdIG and magnesium ferrite 

(MF) and kept for stirring for half an hour on a magnetic stirrer in order to dissolve these salts 

in distilled water properly. After that pH of the solution was made 7 by adding ammonia 

solution dropwise. Then the solutions were kept for stirring and heated at 70°C until the solution 

reduces and the gel was obtained. The gel of both the solutions was heated at 200-250°C for an 

hour. The gel starts drying up, swelling up and burning in presence of air. Finally, the powder 

was obtained. The sintering of GdIG was done at 1200°C for 6 hours in a muffle furnace. The 

sintering of the MF was done at 900°C for 6 hours in a muffle furnace. The sintered samples 

were ground using mortar pastel for half an hour to obtain a fine powder. Finally, the obtained 

samples were used to form composites. The GdIG sample was divided into three parts in order 

to make composites with MF. The composites were formed according to wt% using the 

equation  𝑚𝑥 = 𝑚(1 − 𝑥) where x is weight percent, m is the total weight of material used to 

prepare composites. The weighted sample were then mixed together by mechanical blending 

for 45 minutes to prepare composes with wt% x= 1.0 (GdIG), 0.5 (GdIG 50% and MF 50%) 

and 0.7 (GdIG 75% and MF 25%).    

3.2.4 Synthesis of gadolinium iron garnet, magnesium spinel ferrite and their heat-treated 

composite (GdIG/MgFe2O4) 

Sol-gel auto-combustion method was used to prepare gadolinium iron garnet (Gd3Fe5O12) and 

magnesium ferrite (spinel ferrite). Gadolinium (III) nitrate [Gd(NO3)3.6H2O], ferric (III) nitrate 

[Fe(NO3)3.9H2O],  and citric acid (C6H8O7.H2O) of AR grade were used as precursors for the 

preparation of Gd3Fe5O12 (GdIG). Magnesium (II) nitrate [Mg(NO3)2. 6H2O], ferric (III) nitrate 

[Fe(NO3)3.9H2O],  and citric acid (C6H8O7.H2O) of AR grade were used as precursors for the 

preparation of MgFe2O4 (MF). Both GdIG and MF was prepared separately. The precursors of 

ferrites weighted according to stoichiometric were added to 100 ml of distilled water. To 

dissolve these precursors properly, solutions was kept for stirring on magnetic stirrer for half 

an hour. After half an hour clear solution was obtained. To maintain the pH of solutions, 

ammonia solution was added drop wise until pH is equal to 7. These solutions were kept for 

stirring with heating at 70°C until sol reduces and gel formed. In order to dry, swell the gel and 

to initiate combustion process the temperature around 200-250°C was provided for an hour. 

The heat was provided in order to dry the obtained powder properly. After that a light weight 

powder was obtained for both ferrites. These obtained fined powders were ground with the help 

of pestle mortar. These fine powders were then sintered according to required temperatures. 
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GdIG powder was treated at 1200°C for 6 hours. MF powder was treated at 1000°C for 6 hours 

in muffle furnace.  

These sintered powders of GdIG and MF were used to form composite. Powder of GdIG and 

MF were weighted according to weight percent of 0.75 ((GdIG)x-MF(1-x) GdIG 75% and 

MF25% of total powder) and then mixed with the help of pestle mortar (mechanical blending) 

to form composite. The composite is divided into two parts. One part is sintered at 900°C and 

other at 1300°C for 3 hours in order to check the effect of temperature on properties of garnet 

ferrite composite.  

3.2.5 Synthesis of Y3+, Bi3+, La3+ substituted gadolinium iron garnet (GdIG) 

Sol-gel auto-combustion method was adopted for preparation of Y3+, Bi3+ and La3+ substituted 

Y0.2Bi0.2LaxGd2.6-xFe5O12 (x=0, 0.2 and 0.4). Gadolinium (III) nitrate [Gd(NO3)3.6H2O], 

Yttrium (III) nitrate [Y(NO3)3.6H2O], Bismuth (III) nitrate [Bi(NO3)3.6H2O], Lanthanum (III) 

nitrate [La(NO3)3.6H2O], ferric (III) nitrate [Fe(NO3)3.9H2O] and citric acid (C6H8O7.H2O) 

were used as precursor. Substituted garnet ferrite samples (x=0,0.2,0.4) was prepared by 

weighing of these nitrates according to stoichiometric ratio and put into three different beakers, 

carrying 100 ml of distilled water. These different composition solutions were then kept on 

magnetic stirrer for half an hour in order to obtain clear solutions. After that ammonia solution 

was added drop wise in each solution with continuous stirring to obtain pH∼7. Then these three 

solutions were kept on magnetic stirrers in order to give continuous stirring and heating at 70°C 

until gel formed. Then the obtain gel for three sample as kept for heating at 200°C to 250°C for 

an hour. This gel gets swell dry and burn in presence of air. The obtain powder of the samples 

dried completely. The obtained powder for sample x=0 ,0.2 and 0.4 is firstly grounded finely 

and then sintered at 1200°C in different muffle furnace of 6 hours.  

3.2.6 Synthesis of yttrium iron garnet, erbium iron garnet and their composite 

(YIG/ErIG) 

Sol-gel auto- combustion method was adopted to prepare yttrium iron garnet (Y3Fe5O12) and 

erbium iron garnet (Er3Fe5O12). Y3Fe5O12 was prepared by using yttrium (III) nitrate 

[Y(NO3)3.6H2O] with 99.999% trace of Sigma-Aldrich company, ferric (III) nitrate 

[Fe(NO3)3.9H2O] with 98% purity of LOBA company and citric acid (C6H8O7.H2O) with purity 

of 98% of LOBA company as precursors. Er3Fe5O12 (ErIG) was prepared by using erbium (III) 

nitrate [Er(NO3)3.6H2O] with 99.999% trace of Sigma-Aldrich company, ferric (III) nitrate 

[Fe(NO3)3.9H2O] with 98% purity of LOBA company, and citric acid (C6H8O7.H2O) with 98% 
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purity of LOBA company as precursors. By weighing these salts according to stoichiometric 

ratio i.e., citric acid to metal (cation) ratio in 1:1 all salts were added in 100 ml of distilled water 

one by one. For easy understanding first write the molecular weights (MW) of all cation’s 

nitrates (written on the chemical box), for e.g. Y(NO3)3.6H2O, Fe(NO3)3.9H2O in case of 

Y3Fe5O12. Then multiply the MW with number of cations like for Y3+ with 3 and for Fe3+ with 

5. Now in order to know the amount of citric acid to be added firstly sum up the total number 

of cations in formula like for our case it is 8. Then multiply the total number of cations with 

citric acid to metal ratio.  

Finally multiply the obtain number with MW of citric acid. Just for simplification divide all the 

obtain amounts individually with some common factor like 100, 200 and so on. Beakers 

containing salts of YIG and ErIG were kept for stirring for half an hour on magnetic stirrer to 

make homogenous clear solution. In order to maintain pH around 7 ammonia solution was 

added drop wise in solutions with continuous stirring. These solutions were than provided with 

continuous stirring and heating around 70°C until solutions turn to gel. After that stirring has 

been stopped and gels were kept for heating at 200-250°C until it swells up and burnt in 

presence of air. After proper drying the required powders were obtained. Finally, the prepared 

powders were sintered at 1200°C for 7 hours in muffle furnace.  

3.2.7 Synthesis of yttrium iron garnet, Cd3+- Co3+ substituted magnesium ferrite and their 

composite YIG/MgCdCoFe 

The sol-gel auto combustion method was adopted to prepare yttrium iron garnet (Y3Fe5O12) and 

magnesium substituted spinel ferrites (Mg0.4Cd0.4Co0.2Fe2O4). The precursors, yttrium (III) 

nitrate [Y(NO3)3.6H2O], cadmium (III) nitrate [Cd(NO3)3.6H2O], cobalt (III) nitrate with 

99.999% traces were procured from Sigma-Aldrich whereas ferric (III) nitrate 

[Fe(NO3)3.9H2O], magnesium (III) nitrate [Mg(NO3)3.6H2O] and citric acid (C6H8O7.H2O) 

with a purity of 98% were procured from Loba Chemie. The weighted amount these salts were 

taken according to the stoichiometric ratio of citric acid to metal cation in 1:1 and added to 100 

ml of distilled water. The solution was magnetically stirred for half an hour to get a homogenous 

clear solution. Ammonia solution was then added slowly to maintain the pH 7. The solution 

was then continuously stirred and heated simultaneously at 70°C until it turns to gel. The 

obtained gels were kept for heating at 200°C -250°C until it swells up and burnt in presence of 

air to get the dried powders. Finally, the prepared powders were sintered at 1200°C for 7 hours 

in a muffle furnace. The powders of YIG and MgCdCoFe were ground finely by using a mortar 
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pestle. These fine powders were used to prepare the composites. The powders of the synthesized 

YIG and MgCdCoFe were weighed according to the weight per cent and then blended by facile 

mechanical/ physical blending for 45 minutes with the help of a mortar pestle to prepare the 

composites of YIG(x)/MgCdCoFe(1-x) with wt%, x = 0.3, 0.6 and 0.9.   

3.2.8 Synthesis of Pr3+ substituted gadolinium garnet ferrite (GdIG) 

Praseodymium doped Gadolinium iron garnet (PrxGd3-xFe5O12 for x=0.5,1.0 and 1.5) was 

prepared using sol- gel auto-combustion method. Gadolinium (III) nitrate [Gd (NO3)3.6H2O], 

ferric (III) nitrate [Fe (NO3)3. 6H2O], Praseodymium (III) nitrate [Pr (NO3)3. 6H2O] and citric 

acid (C6H8O7.H2O) of AR grade were used as precursors.  The precursors were weighed 

according to stoichiometric formula and add into 100ml of distilled water. Then the beakers 

containing salts were kept for stirring for thirty minutes in order to form clear solution. In order 

to maintain the pH approximately 7 ammonia solution was added into the solutions with 

constant stirring. Then the solution kept for stirring and heating until gel form. After that heat 

is increase to 200 − 250°C until gel swells and auto combustions starts. Finally, powders were 

obtained after proper drying of samples. These obtained samples were finely ground. The 

obtained powder was sintered in muffle furnace for 6 hours at 1200° C temperature. 

3.3 Characterization Techniques 

3.3.1 Introduction 

In order to investigate and to study the variation in structural, optical, morphological, magnetic, 

dielectric, microwave losses and miniaturization parameters of garnet ferrites (substituted or 

pure) and its composites different characterization has been caried out. Characterization 

techniques are very useful tools for the contribution of new research. X-ray diffraction (XRD), 

Field emission scanning electron microscope (FESEM), Energy dispersed x-ray (EDX), Fourier 

transform infra-red (FTIR), Ultraviolet visible (UV-Vis), Vibrating sample magnetometer 

(VSM), Impedance spectroscopy, Fluorescence spectroscopy and Vector network analyzer 

(VNA) were used for the study of different properties of the synthesized samples.  

3.3.2 X-ray Diffraction (XRD) 

For the characterization of the sample, X-Ray diffraction is a commonly used technique. X-ray 

diffractogram is generally use to study the crystallographic changes such as phase identification 

in the material. The basic principle of the characterization technique is based on the constructive 

interference that occurs in cathode ray tube and produces the monochromatic beam of X-rays 

from the crystalline sample. XRD method is non-destructive and deals with the interaction of 
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X-rays with matter. Elastic diffusion, also known as Rayleigh diffusion, occurs when a 

monochromatic X-ray beam interacts with the object and scatters in random directions with the 

same energy as the input photons. This characterizations procedure only works on crystalline 

or semi-crystallized matter. As a result, if the sample to be examined has a regular arrangement 

of atoms, dispersed light is oriented in specified directions that is determined by the X-ray 

wavelength, crystal lattice dimensions, and orientation. 

X-rays are the bundle of electromagnetic energy, that are originates from electron clouds of 

atoms. For the production of X-ray, a high-speed electron from the cathode strikes on the atom 

of anode. After bombardment, an electron from the cathode got ejected and a vacancy is created. 

The electron presents in higher shell jump from its shell to lower shell in order to fill the 

vacancy, and therefore while jumping the X-rays photon of particular energy releases. When 

this X-ray is bombarded on the sample the atoms scatter the incident ray. While interacting with 

the regular array of electrons in the atom, arrays of spherical waves produce. Due to destructive 

interference a large number of waves got cancel in major of the directions. On the other side in 

some directions some waves added up constructively as explained by Bragg’s law mentioned 

as follow: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

Where ‘d’ is spacing between diffraction planes, ‘𝜆’ is the wavelength of X-ray and ‘𝜃’ is angle 

of incidence. All the attainable diffraction direction of the lattice are scanned by the angles 2θ. 

Hence the XRD spectra is recorded in the form of diffraction peaks representing the definite 

miller indices values (hkl). The sample identification is done with the help of diffraction peaks 

that are transform to d-spacing, and every material has its unique d-spacing.  

3.3.3 Fourier Transforms Infrared Spectroscopy (FTIR) 

The technology of FTIR spectroscopy was used to investigate the interactions between infrared 

and sample. It is the most recently developed form of dispersive spectrometer and is favored 

over the others. Its excellent precision, accuracy, speed, increased sensitivity, ease of use, and 

sample non-destructiveness all contribute to its success. Infrared spectroscopy technology is 

based on the atomic vibrations of a molecule that absorbs only specified frequencies and energy 

of infrared radiation. Because various compounds have different infrared spectrums, FTIR 

could be used to detect and classify them. Its work is to investigate the vibrational properties of 

molecules in matter. This method can be used to identify the various functional groups and 

residues present in a sample. The IR region, which extends from (0.7-1) to (200-350) μm and 

can be categorized into three ranges that are as follow: Near IR 13000 -4000 cm-1 400-10 cm-1, 
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Mid IR between 4000-400cm-1 Far infrared between 400-10 cm-1. The far-infrared has low 

energy so it is used to study the fundamental and rotational vibrations. Mid infra-red having 

moderate energy is used to study coupled rotational – vibrational structure. Far infra-red has 

high energy so it is used to for the excitement of overtone vibrations. For the characterization 

purpose mid-infrared spectrum is used. Infrared radiation is passed through the material to be 

absorbed by the molecules it contains in FTIR spectroscopy. The vibration frequencies of the 

molecules must be equal to those of radiation so that matter can absorb energy. When light 

strikes a sample, one part of it is reflected, another is absorbed, and the third is transmitted. The 

exact frequencies of energy absorbed by the specimen match to the vibrational energy of the 

functional group in the sample. A detector collects the transmitted light that carries the sample's 

molecular information. 

Figure 3.2 represent the basic principle of FTIR technique. The mid-infrared frequencies in 

FTIR are measured by the interferometer with in few seconds. The interferometer is used to 

analysis the energy that is transmitted through the material. The interferometer contains a beam 

splitter, stable mirror and moving mirror. that split the falling IR radiation in two parts. One 

beam is set so that it can retains fixed path length and create a path difference for the other beam 

that is varying according to moving mirror. These two beams interfere constructively and a 

beam is emitted out from the interferometer which is known as interferogram. The emitted beam 

consists of all the information about the sample. With the help of mathematical technique 

software name as Fourier transformation, all the information is decoded from the individual 

frequencies. Nicolet FTIR interferometer IR prestige-21 with model-8400S was used for FTIR 

spectrometer.  

 

Figure 3.2 Principle of FTIR technique 



35 
 

 

 

Figure 3.3 Working of FTIR technique 

3.3.4 Ultraviolet-visible (UV-vis) Spectroscopy 

This method is mostly used to identify chemical species in a sample. This approach is unique 

in that it studies atoms' electronic transitions. Generally, excitation of electron from lower 

energy state to higher energy state has been observed when the atoms or molecules absorb the 

ultraviolet (UV) and visible radiations. The quantum energy levels of atoms implies that only 

that radiation is absorbed that have specific amount of energy and is capability to make 

transition from one state to another. The basic principle of the spectroscopy is accordance to 

Beer-Lambert’s law. According to this law (Equation 3.1) the absorbance (α) is directly 

proportional to the path length of the absorbing medium (b) and quantity of the sample (c).  

𝛼 = 𝑙𝑜𝑔10 (
𝐼0

𝐼
) = 𝜀𝑏𝑐                                                                                                                       (3.1) 

Herein I0 represents the intensity of the reference beam, I represent the intensity of the beam of 

sample and 𝜀 is proportionality constant. The UV radiation have energy between 200 to 400 nm 

which is more enough capable of electronic excitations with in molecular orbitals (ΔE). ΔE is 

the energy difference between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO). Which means if the value of ΔE is small than the energy 

requires for the excitation of an electron will also be small. The incident photon must have ΔE 

greater than or equal to the energy of the excited electron only than it can get absorb and able 

to excite the electron.  
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This method makes use of monochromatic radiation, which can be UV, visible, or near infrared. 

When radiation strikes a sample, it can cause the molecule to undergo an electronic transition. 

The colour of a material is linked with its electronic structure. This spectroscopy allows for the 

evaluation of all electronic transitions as well as the determination of certain sample properties 

such as band gap energy, which allows for the classification of the sample as an insulator, 

semiconductor, or conductor. When light (energy) falls on a sample, it is usually absorbed. The 

absorbed energy encourages electrons to move from the ground state to excited state orbital or 

to anti-bonding orbitals. Figure 3.4 represents the all-possible transitions, when photon get 

absorb (σ-σ*, π-π*, σ-π*, π-σ*, n-σ*, n-π*). But in UV- vis spectroscopy σ-σ*, π-π*, σ-π*, n-σ*, n-

π* transitions are possible, whereas σ-σ* and n-σ* transition requires high energy and π-π* and 

n-π* require less energy. 

 

 

                         Figure 3.4 All possible transitions after absorption of photon. 

3.3.5 Field Emission Scanning Electron Microscope (FESEM) 

FESEM is a useful electron microscopic technique for analyzing the micrographs and 

examining structural information of micro-structured materials in high resolution specimens 

almost 10 times to 300,000 times with depth. FESEM rules over scanning electron microscope 

(SEM) in terms of high resolution that is three to six times better. More-over, smaller 

contamination spots can be investigated using electron accelerating voltages tuned with Energy 

Dispersive X-ray Spectroscopy (EDX) The interaction of electron beams with a target emits a 
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variety of radiation, including X-rays. An EDX detector is worked to separate the characteristic 

X-rays of different elements into an energy spectrum, which is then examined with software to 

calculate the number of individual elements in the sample.  

The basic principle of FESEM is to scan the samples with the help of electron rather than a of 

light. This method is based on the interactions between electrons and matter. Electrons are 

generated by electron gun or field emission source and further accelerated with the help of field 

gradient. To make the beam more focused it is pass through electromagnetic less, and then it 

allows to fall on the samples. Various sorts of electrons are emitted from the sample as a result 

of this focusing. A detector captures the secondary electrons, and an image of the sample's 

surface is formed by comparing the intensity of the secondary electrons to the intensity of the 

scanning primary electron beam. At last, the image is then displayed on a computer monitor.  

Indeed, electrons are emitted by an X-ray tube are utilized to evaluate object size and 

morphology. Backscattered electrons and secondary electrons, X-ray, heat, and even 

transmitted electrons are all produced when incident electrons strike the material's surface. 

However, secondary and backscattered electrons, in particular, are responsible for the majority 

of information about the sample's surface shape (topological contrast). The test specimen is first 

earthed to prevent the collection of spatial charge, which could ruin FESEM micrographs. The 

electron beam scans the specimen's surface, then displays the particles contained within as a 

reaction. 

 

                                             Figure 3.5 Working of FESEM technique 
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3.3.6 Impedance Analyzer 

An impedance analyzer is a component of electrical devices that examines impedance and 

admittance. When voltage is provided to a circuit or device, the overall opposition offered to 

the flow of periodic current (AC test signal) is called impedance. The real and imaginary 

components are part of the periodic current. The impedance can be written as Equation 3.2 

when the connection is made in series. 

𝑍 = 𝑅 + 𝑗𝑋                                                                                                                                       (3.2) 

Where X is the reactance (which is the imaginary component of impedance), R is the resistance 

(which is the real component of impedance), and j is an imaginary number. By plotting the 

resistance on the x-axis and the reactance on the y-axis, the calculations of the impedance can 

be done. In general, the device under test (DUT) has been provided with AC voltage, and 

impedance (Z) and capacitance (C) are used to assess the DUT's response. The angle (θ) formed 

by the impedance (Z) with the x-axis is also measured. Various dielectric parameters such as 

real part of permittivity (ε), imaginary part of permittivity (ε’), dielectric tangent loss (tanδ), 

and AC conductivity can be calculated using the acquired data such as impedance (Z), 

capacitance (C), and angle (θ). 

3.3.7 Vibrating Sample Magnetometer (VSM) 

A VSM can be used to determine the material's magnetic characteristics. Simon Forner 

discovered this approach in 1955. The basic principle is based on Faraday’s law of 

electromagnetic induction. According to the law a change in magnetic field generates an electric 

current. Magnetic characteristics such as coercivity (Hc), remanence (Mr), saturation 

magnetization (Ms), and squareness ratio (Mr/Ms) can be calculated using this technique. 

The experimental sample is placed in a sample holder, which is then sandwiched between two 

sets of pick-up coils connected to an electromagnet. Because of the uniformity of the 

electromagnet's magnetic field, magnetization will be induced in the sample. The sample 

holder, carrying the sample inside, is designed to vibrate mechanically in a sinusoidal pattern. 

When a vibrating component produces a change in the magnetic field of the sample, Faraday's 

law of electromagnetic induction generates an electric field corresponding to the magnetization. 

Variations in magnetic flux cause a voltage in the pickup coils that is proportional to the 

sample's magnetization. These changes are converted into a graph of magnetization (M) against 

the applied magnetic field by software in a computer connected to the VSM equipment (H). 
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                                             Figure 3.6 Principle of VSM technique 

3.3.8 Vector network analyzer                                                           

The VNA is a tool for determining the network parameters of an electrical network in radio 

frequency range. When a signal travels through a device under test, it employs the principle of 

measuring transmitted and reflected waves (DUT). The S-parameters, which reflect the 

distribution properties of the cell (DUT), in module and phase, over a wide frequency range, 

can be obtained using the VNA instrument. The S-parameters (S11, S22, S12, S21) in reality, 

represent the electromagnetic energy distribution and connect incoming and outgoing waves. 
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                                            Figure 3.7 Working of VNA technique 

 

A brief detail of the samples prepared and characterized in the presented thesis is as per the 

table below:  

              Sample           Study Purpose           Characterization  

Gd3Fe5-xAlxO12 (x=2) Temperature Variation 

 900°C, 1000°C, 1100°C 

XRD, FTIR, FESEM, VSM 

(Gd3Fe5O12)x/(MgFe2O4)1-x Composition Variation 

 x=0, 0.5, 1.0 

XRD, FESEM, EDX, 

Impedance Analysers, VSM 

(Gd3Fe5O12)0.7/(MgFe2O4)0.3 Temperature Variation 

900°C, 1300°C 

XRD, FESEM, EDX, 

Impedance Analysers, VSM 

Y0.2Bi0.2LaxGd2.6-xFe5O12 Substitution Variation 

 x=0, 0.2, 0.4 

XRD, FESEM, EDX, VSM 

(YIG)x-(ErIG)1-x Losses Study for Antenna     

x=0.5 

XRD, FESEM, EDX, 

Impedance Analysers 

(YIG)x-

(Mg0.4Cd0.4Co0.2Fe2O4)1-x 

Losses and Miniaturization 

Study for Antenna 

 x=0.3, 0.6, 0.9 

XRD, FESEM, EDX, VSM, 

VNA 

PrxGd3-xFe5O12 Substitution Variation 

X=0.5, 1, 1.5 

XRD, FESEM, UV, 

Fluorescence Spectroscopy 
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                                                             Chapter 4 

Results and Discussions 

4.1 Al3+ substituted gadolinium iron garnet (Gd3Fe5O12) 

4.1.1 XRD  

The XRD pattern of Gd3Al2 Fe3 O12 sintered at different temperature range (900°C, 1000°C, 

1100°C) is as shown in Figure 4.1. The XRD pattern of powder sample sintered at 900°C 

showed that there is presence of garnet ferrite phase with some extra phases mainly due to 

GdFeO3(orthoferrite) and γ-Fe2O3(maghemite), indexed to JCPDS no. of 77-1888, 47-0067 and 

33-0664 respectively. Further increasing sintering temperature to 1000°C leads to form more 

garnet phase with orthoferrite phase, also the intensity peak with hkl value (420) increases and 

became sharper. The impurities obtained in the sample is due to that these temperatures are 

uncapable to provide enough energy to excite reaction between the materials. Another reason 

of formation of orthoferrite may be diffusion process which might not be completed properly 

[110]. Further rising temperature to 1100°C leads to formation of higher amount of garnet phase 

with very little amount of orthoferrite phase, with sharper peak at maximum intensity value. 

This orthoferrite phase still remains at this temperature range might due to stoichiometry 

modification, that is presence of Al+3 in tetrahedral site of garnet phase. 

20 25 30 35 40 45 50 55 60 65 70 75 80

1900

3800

5700

7600

0

2500

5000

7500

0

2500

5000

7500

20 25 30 35 40 45 50 55 60 65 70 75 80

 

In
te

ns
it

y(
a.

u.
)

()

S

G

S

G

G

G

M

G

G
G

G

G

G

G

G
S

G

 

G
G

G

S

G

G

G

G

G G

G

G

G

G G
SG

G
G

1000C

1100C

 

 

G G

G

S

G

G

G

G

G G

G

G
G

G

G

G

G

G GG

  900C

G-Pure Phase

S-FeGdO
3

M-Fe
2
O

3

 

Figure 4.1. XRD pattern of Gd3Al2 Fe3O12 at different sintering temperatures 
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The crystallite size, full width half maxima (FWHM), peak position, lattice constant, micro 

strain and dislocation density were calculated from XRD data and given in Table 4.1. The 

crystallite size of the sample sintered at different temperatures was calculated by using Scherrer 

Equation (4.1) [34]. 

  𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                    (4.1)                                                  

Where D is crystallite size, K=0.9(Scherrer constant), 𝜆=0.15406 nm (wavelength of X-ray 

sources), 𝛽= FWHM radians, 𝜃= peak position (radians). FWHM show decreasing trend with 

increase in temperature. This decrease in FWHM value is the sign of growth in grain, as well 

as the crystallite size increases with increase in temperature [111]. At higher temperature 

motion of the atom increases which further increases the growth of grain and with this 

crystallinity of the sample enhances. With temperature, crystallite size increases may be 

attribute to coalescence process [112]. The crystallite size corresponds to maximum intensity 

peak (420) found to be maximum (39 nm) for 1100°C. Akhtar et al., have reported that Ce 

substituted GdIG samples have crystallite size in range 20.1 to 38.4 nm, with substitution 

crystallite size decreases [98]. Sattar et al., have reported that Gd substituted YIG prepared via 

standard ceramic method have crystallite size in between 113nm to 150nm [34]. As the sample 

is garnet ferrites, and structure of garnet ferrite is cubic so lattice constant of the samples was 

calculated by using Equation (4.2) [113]. The calculated value of lattice constant is near to 

cubic YIG as reported by Azis et. al [114] and Praveena et. al [37]. 

 
1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2                                                                                                                               (4.2)                                                 

Where ‘d’ is interplanar spacing, a is lattice constant, miller indices (hkl) value used correspond 

to higher intensity peak that is (420). The interplanar spacing was calculated using Bragg’s 

Equation (4.3). 

 𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
 , 𝑛 = 1                                                                                                      (4.3)                          

Lattice constant value goes on decreasing with increasing temperature, the change is very much 

little i.e., the difference of only 0.01. Temperature do not affect lattice constant to greater extent.  

Micro strain and dislocation density of the samples was calculated by using Equation (4.4) and 

Equation (4.5) respectively. 

 𝜀 =
𝛽

4 tan𝜃
                                                                                                                                          (4.4)                             
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 𝛿 =
1

𝑑2                                                                                                                                                (4.5)                         

Here 𝜀 is micro strain and 𝛿 is dislocation density. Both micro strain and dislocation density 

values were found to be decreased from 900°C to 1000°C and become maximum at temperature 

(1100°C). Due to inward contraction of the atoms present at surface there is decrease in micro 

strain and maximum micro strain at 1100°C maybe due to expansion of atoms present at the 

surface of crystal. Also, dislocation density firstly decreases from 900°C to 1000°C and then 

became maximum at 1100°C.   

 

 

 

 

 

 

 

4.1.2 FTIR 

FTIR spectra of samples sintered at different temperature is as shown in Figure 4.2. Generally, 

in garnet spectrum the Fe-O stretching vibrations is seen in IR region. In region 550-650 cm-1 

the Fe-O vibration of FeO4 tetrahedra takes place. The peaks obtained at 575, 660 cm-1 is 

corresponded to formation of garnet phase. This result is with good agreement to XRD. At the 

range of 500-900 cm-1 the strongest bands have been observed. These bands are corresponded 

to intrinsic stretching vibration in the ions of metals and ions of oxygen present throughout the 

length of the octahedral and tetrahedral site [115, 116]. The band present at 1513 cm-1 is 

corresponded to stretching vibration due to NO3. Also, the peaks present at 660 cm-1 and 2360 

cm-1 is corresponded to the stretching band of ions of Fe2O3. However, there is peak at 3390 

which is corresponded to O-H stretching bond, which might be due to presence of water 

molecule in sample. The peak corresponded to 1350 cm-1 found at sintering temperature 900°C 

and 1000°C is due to bending of O-H bonds. This deformation of bonds represented the 

absorption of water at the surface of sample and it has been seen that at 1100°C it become very 

weaker [117, 118]. 

Table 4.1 The hkl, peak position, FWHM, Lattice constant (a), crystallite size (D), dislocation 

and micro strain of Gd3Al2Fe3O12 at 900°C, 1000°C and 1100°C 

 Temperature(°C)   hkl   Peak position(°)  FWHM(°)  a(Å)    D (nm)      𝛿      𝜀 

 

      900                   420      32.41                   0.28       12.34     28.9 nm   1.32   3.51 

     1000                  420      32.44                   0.23       12.33     36.2 nm   0.89   3.07 

     1100                  420      32.48                   0.21       12.32     39.0 nm   2.06   3.83 
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Figure 4.2 FTIR spectra of Gd3Al2Fe3O12 sintered at 900 °C, 1000 °C and 1100 °C 

4.1.3 FESEM 

The morphology of the samples sintered at different temperature is as shown in Figure 4.3. For 

each sample two micrographs are given at different magnification range in order to view both 

far and closer view of the sinterted samples. From microgrphs it is clear that with rise in 

temperature there is evolution in morphology. Micrograph (a) for sample sintered at 900°C 

reveals that elongated shape is present with agglomeration and large number of pores. As the 

sintering temperature increase further to 1000°C the micrograph (b) represents that the grain 

become irregular and rounded. At 1100°C the micrograph (c) obtained reveals that at this 

temperature particles come very closer to each other and pores almost vanishes. The spherical 

shaped grains with smooth surface obtained. The pores decrease at this temperature and at very 

slower rate get removed by diffusion of vacancies from pores towards the boundaries of grain 

[115]. From the obtained micrographs it may be trusted that mass transport mechanism initiated 

with atomic surface diffusion at relatively low temperature and carry on by occurring grain 

boundaries diffusion which results in the formation of necking, growth in contact, elimination 

of pores, and growth of particle size [118]. 
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The average grain size of the samples increases with increase in sintering temperature which 

was also reported by Ramesh et al., [119] and Mousavi Ghahfarokhi et al., [120], and is 

calculated using line intercept method given in Equation (4.6) [121] and is given in Table 4.2. 

 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =
1.5 𝐿

𝑚𝑛
                                                                                                              (4.6)                                                                                      

 Where m, n and L represents magnification, line intersecpt and length of line drawn on 

micrograph of sintered sample respectively. The grain size distribution of samples is 

represented by histogram given in Figure 4.4.The distribution of grain size of sample sintered 

at temperature 900°C is symmetric (Gaussian) at 75nm with grain size ranges from 25-450 nm, 

peaking at 80 nm. For sample sintered at 1000°C the distribution of grain size is symmetric 

(Gaussian) and peak ranges 10-125nm, the maximum number of grains lies between 32-72 nm. 

Similarly, for sample sintered at 1100°C the grain size ranges from 13-73 nm and maximum 

number of grains lies between 26-48nm. It can be said that one ferrite affects the growth of 

other ferrite which further limits the grain boundaries motions. 

 

                                           (a)                                      (b) 
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                                   (c)                                   (d) 

Figure 4.3 FESEM micrographs of (a) x=1.0 (GdIG), (b) x=0.5, (c) x=0.75 and (d) MgFe2O4 
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Figure 4.4. Size distribution of Gd3Al2Fe3O12 from FESEM images sintered at temperature (a) 

900°C (b) 1000°C (c) 1100° 

 

 

 

                                                        

4.1.4 VSM 

The magnetization-field (M-H) curves of samples sintered at different temperature is shown in 

Figure 5. Smooth BH loop signifies the presence single phase structure of Al substituted garnets 

with strongest coupling interaction. The value of saturation magnetization (Ms), coercive field 

(Hc), remanence (Mr) squareness ratio (Mr/Ms) of the sample sintered at different temperature 

are given in Table 4.3. It has been concluded that Ms for sample sintered at 900°C is maximum 

and that for sample sintered at 1000°C is minimum. This decreasing in value of Ms can be 

explained on the basis that as the temperature increases the chance of substitution of non-

magnetic Al is more, which further weaken a-d super exchange interaction [100].  Both value 

of Hc and Mr is maximum for sample sintered at 900°C. The value of Hc goes on decreasing 

with increase in temperature which was also reported by Su et al., [122], and value of Mr firstly 

Table 4.2 Average grain size at sintering temperature 900°C, 1000°C and 1100°C 

Sintering temperature (°C) 

Grain Size(nm)                        

900          1000          1100 

  4             6                 13 
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decreases from 900°C to 1000°C and increases little at 1100°C. This change in Hc and Mr can 

be explained by change in microstructure [122]. The sample sintered at 1100°C is the softest 

ferrite because of least value of Hc. As, it revealed from FESEM (Figure 4.3) that with increase 

in sintering temperature grain size also increased. The presence of multi-domain structure is 

more probable in larger grains and reversal of magnetization attained by displacement of 

domain walls is easier than by spin rotation [123]. The value of squareness ratio of sample 

sintered at different temperature ranges between 0.007-0.055 which is less than 0.5 signifies 

about superparamagnetic nature of the sintered samples, and also signifies about the presences 

of multi-domains in the structure. The anisotropy constant (K) and Bohr magnetization value is 

calculated by Equation (4.6) and Equation (4.7) respectively and tabulated in Table 4. 3. The 

magnetic properties get altered by intrinsic as well extrinsic properties and it has been found 

that also, sintering temperature can tailor magnetic variations [124].  

  𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =
𝐻𝑐×𝑀𝑠

0.96
                                                                                                (4.6)                                  

  𝐵𝑜ℎ𝑟 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛(𝜇𝐵) =
M×Ms

5585
                                                                                          (4.7)                                   

The anisotropy constant decreases with increase in temperature might be due to the chance of 

presence of Al ion in tetrahedral site is more at higher temperature which further decrease the 

spin orbital interaction between ions of iron [125, 126]. Ansari et al., have reported that 

anisotropy constant of CoFe2O4 increases with particle size, which implies that surface 

constituents do not play major role. Calculated anisotropy constant decreases with increase in 

grain size. 

Further in order to check the microwave operation frequency at which these sintered samples 

can be operated, which is depend upon saturation magnetization of nano ferrites and can be 

calculated using Equation (4.8) [127, 128] and value is given in Table 4.3.    

𝜔𝑚 = 8𝜋2𝛾𝑀𝑠                                                                                                                                  (4.8) 

Where, 𝜔𝑚 is microwave operating frequency, 𝛾 is gyromagnetic ratio of ferrites in microwave 

region and is equal to 2.8MHz/Oe, and 𝑀𝑠 is saturation magnetization. The value 𝜔𝑚 for all 

sintered samples lie in Ultra high frequency range. 
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Table 4.3. Hc, Mr, Ms, anisotropy constant(K), Bohr magneton, SQR and ωm calculated from 

BH loop at 900°C, 1000°C and 1100°C 

temperature(°C)    Hc(Oe)   Mr(emu/g)   Ms(emu/g)  M     K (erg/cm3)  Bohr Magneton(μB)  SQR     𝜔𝑚 

900                         491.8      0.19            3.46           1.076    551.3             0.175                    0.055   764 

1000                       137.5      0.02            2.61           1.092    156.5             0.178                    0.007   576 

1100                       62.9        0.08            2.46           0.714     46.9              0.116                    0.032   543 
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Figure 4.5 The magnetization-field (M-H) curve of Gd3Al2Fe3O12 sintered at 900 °C, 1000 °C 

and 1100 °C 
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 Figure 4.6 Dependence of anisotropy constant on sintering temperature 
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Figure 4.7 Dependence of Hc on sintering temperature 
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4.2 Synthesis of gadolinium iron garnet, magnesium spinel ferrite and their composite 

(GdIG/MgFe2O4) 

4.2.1 XRD  

The XRD patterns of garnet ferrite (Gd3Fe5O12) and spinel ferrites (MgFe2O4) are shown in 

Figure 4.8. From the XRD pattern of both gadolinium garnet ferrite (GdIG) and magnesium 

spinel ferrites (MF), it has been clear that the single-phase is formed, which was confirmed 

from the JCPDS no. 720141 for GdIG and 711232 for MF. A little amount of secondary phase 

(JCPDS no. 47-0067) has been observed in the samples. Figure 4.8 also represents the XRD 

pattern of composites of GdIG(x)/MF(1-x) with x (wt%) 1 (Pure garnet ferrite), 0.5 and 0.75. 

It has been observed from the pattern that at x = 0.5 both garnet and spinel phases are present 

with sharper peaks corresponding to hkl values of (420) and (311) respectively. This ensures 

that two independent phases of both ferrites exist in the composite without any chemical 

reaction [129]. But by a further increase in the amount of GdIG in composites that is at x= 0.75, 

many peaks of MF got surpassed, and the intensity of the peaks also decreases. The intensity 

and number of peaks formed in XRD are dependent on the number of corresponding phases 

present in the sample [130]. This decrease in intensity of the characteristic peak of MF implies 

that MF starts absorbing on the surface of GdIG and also indicates that the adhesion force 

between both ferrites at x= 0.75 is very strong. Figure 4.9 represent the refined XRD pattern 

of the samples done by using Rietveld Refinement.     

Table 4.4 represents the values of crystallite size, lattice constant, micro strain, of pure GdIG 

i.e., x= 1.0, MF and GdIG(x)/MF(1-x) composites at x= 0.5 and 0.75. The average crystallite 

size of the composites was calculated by using Scherrer Equation (4.9). 

 𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                    (4.9)                                             

Where D is crystallite size, K is Scherrer constant with value 0.9, 𝜆 is the wavelength of X-ray 

sources with value 0.15406 nm, 𝛽 is full-width half maxima (FWHM) (in radians). The value 

of 𝛽 was calculated from given XRD data using origin software. Where 𝜃 is the peak position 

(radians) and its value was also calculated from given XRD data using origin software. It has 

been seen that the average crystallite size of composites was found to be in the range of 33 -55 

nm. The average crystallite size of GdIG composite first increases from x = 1.0 to x = 0.5 and 

then decreases at x = 0.75.  At x = 0.5 both GdIG and MF are present in equal quantity and the 

increase in crystallite size reveals that MF is contributing towards the change in crystallite size 
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of GdIG. Further decrease in crystallite size at x = 0.75 is due to the dominance of GdIG on 

MF. Here MF present in lesser amount. Also, a decrease in crystallite size at x = 0.75 can be 

correlated with peak broadening, which can be clearly seen from Figure 4.9. The average 

crystallite size of the Pure GdIG (x = 1) is least and that for composite x = 0.5 (50% GdIG and 

50% MF) is largest due to nanocomposites [131]. Reason for the lesser value of crystallite size 

at x = 1% is that D is inversely proportional to 𝛽  and 2 𝜃 and it has been found that the value 

of 2𝜃 for x = 1% is largest which implies that the value of D is small.  

As the structure of both garnet ferrite and spinel ferrite is cubic so lattice constant for the 

composites was calculated using Equation (4.10). 

  
1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2                                                                                                                             (4.10)                                                  

Where a is lattice constant, hkl are the miller indices which is taken corresponded to maximum 

intensity peak, d is interplanar spacing calculated by using Bragg’s law (Equation 4.11). 

𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
 , 𝑛 = 1                                                                                               (4.11)                                    

The lattice constant for GdIG and MF single phase is well-matched with the literature. The 

lattice parameter of composites of GdIG increases slightly due to the effect of strain at the 

interface between GdIG and MF [132]. The modification that came due to the strain effect at 

the interface of composites also brings changes in the physical properties of composites. The 

variation in lattice constant is also because of dissimilarity in reciprocal solubility of soft ferrites 

phases. The micro strain of the GdIG and its composites is calculated using Equation (4.12). 

  𝜀 =
𝛽

4 tan𝜃
                                                                                                                                       (4.12) 
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            Figure 4.8 XRD spectra of MgFe2O4, (Gd3Fe5O12) x=1.0, x=0.5, x=0.75 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Refined XRD patterns of prepared samples a) Gd3Fe5O12, b) (Gd3Fe5O12)0.5/ 

(MgFe2O4)0.5, c) (Gd3Fe5O12)0.75/(MgFe2O4)0.25, and d) MgFe2O4 
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Table 4.4 Crystallite size, lattice parameter (a), and micro strain calculated for GdIG and its 

composites 

 

4.2.2 FESEM 

Figure 4.10 shows the morphology of pure GdIG (x = 1.0) and its composites. The micrograph 

(a) shows the presence of the spherical structure of GdIG. The micrographs of GdIG composites 

(b) and (c) show the presence of agglomeration of grains. Micrograph (d) shows the presence 

of rough cube-shaped grains of MgFe2O4 (MF). The agglomeration increases with an increase 

in GdIG in the composites i.e., at x=0.75 (GdIG is 75% and MF is 25%) i.e., here agglomeration 

is more. This is related with magnetic attraction in nanoparticles, which is due to the 

contribution of soft ferrite garnet [133, 134]. The grains of spinel ferrite (MF) seemed to be 

distributed over the micrographs for both composites. The micrograph shows some big and 

small grains, which indicates the presence of both GdIG and MF in composites. The cube (MF 

grains) like grains seemed to be present on the surface of some spherical grains (GdIG grains). 

This implies that the grains of MF get absorbed on the surface of GdIG in their composites. 

This adsorption of spinel ferrite (MF) on garnet ferrite (GdIG) is because of similarity in the 

structure [135]. 

Composition           Garnet%-Spinel%          Crystallite Size    Lattice Parameter(a)   Micro Strain  

    Code 

    x=1. 0                 Garnet only (GdIG)            33.1 nm                   12.45                        0.5  

    x=0.5                       50%-50%                       54.7 nm                   12.48                        2.28  

 

    x=0.75                     70%-25%                       45.7 nm                   12.50                        2.25 

 

    MF                           MgFe2O4                       26.7nm                     8.37                           -  
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                                           (a)                                            (b) 

                                            (c)                                            (d) 

 

Figure 4.10 FESEM micrographs of (a) x=1.0 (GdIG), (b) x=0.5, (c) x=0.75 and (d) MgFe2O4  
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Figure 4.11 The Histograms representing size distribution of (a) x=1.0, (b) x=0.5, (c) x=0.75 

and MgFe2O4          
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4.2.3   EDX     

The EDX spectra with chemical composition of the prepared composite is as shown in Figure 

4.12. It has been observed that the desire amount of the elements is present in the composites, 

with no extra sign of other elements. This implies that synthesized method and temperature is 

efficient. It has been observed that with change in composition of composites the change in 

chemical composition in EDX spectra is also observed.  

 

                         

4.2.4 Impedance Analyser  

The amount of resistance produced in presence of an electric field in a vacuum is known as 

permittivity. The complex permittivity (ε*) has two parts i.e., real (ε’) and imaginary (ε”) as 

given in Equation (4.15) [134] and which are further related with impedance (Z*) as given in 

Equation (4.16). The real part and imaginary part of complex permittivity can be calculated 

from impedance value and is given in Equation (4.17) and Equation (4.18) respectively [137-

143]. 

  ε∗ = ε′ + ε"                                                                                                          (4.15)                                  

Figure 4.12 EDX spectra of composites (a) x=0.5 and (b) x=0.75 
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  ε∗  =
1

𝑗𝜔𝐶0𝑍∗                                                                                                                                  (4.16)              

𝐶0 = (
𝜀0 𝐴

𝑡
) 

Where C0 is geometrical capacitance, 𝜀0 is the permittivity of free space having value 8.85* 10-

12 F/m, A is the area of pellet, t is the thickness of pellet measured using a vernier calliper.  

  𝜀′ = 𝑍"/2𝜋𝑓𝐶0(𝑍′2 + 𝑍"2)                                                                                                      (4.17)                           

  𝜀" = 𝑍′/2𝜋𝑓𝐶0(𝑍′2 + 𝑍"2)                                                                                                     (4.18)                              

Where f is frequency, 𝑍′and 𝑍" are real and imaginary parts of the impedance, these values are 

already given in the data of electro-chemical spectroscopy. 

The dielectric constant (ε’) versus frequency variation for the composites and GdIG and 

MgFe2O4 is as shown in Figure 4.13. Figure 4.13 has two parts (a) and (b) which rep the 

variation of ε’ at different frequency ranges. Figure 4.13 (a) represents the variation from 1MHz 

to 10MHz (106 to 107) range (higher frequency range) and (b) represents a variation from 1Hz 

to 100KHz (102 to 105) range (lower frequency range. The dispersion of the dielectric curve 

can be explained using the theory given by Koop's [144] which is based on the model of 

Maxwell-Wagner which explains about in-homogeneous double structure [145]. The structure 

of dielectric material was assumed to be formed by a double layer as stated by the model. 

Materials are well conducting in the first layer (grains) and materials are poor conductors in the 

second layer (grain boundaries). These layers are separated by each other. At higher frequency, 

grains of ferrites were effectual whereas, at a lower frequency, grain boundaries are more 

effectual. In garnet ferrites only Fe+3 ions are present and in spinel ferrite both Fe+3 and Fe+2 

ions are present. This means that in composites Fe+3 is dominant as compared to Fe+2. These 

two ions offer dipolar to the ferrite's composites. The grains and grain boundaries are present 

in higher amounts in the ultrafine region as compared to the bulk, due to this, a complex 

phenomenon arises. Also, there is additional probability in nanomaterials to have a larger 

dielectric constant as individual grains have a larger surface area which further provides large 

polarization at the surface. The dielectric properties for ferrites can be more accurately 

determined by this surface polarization in a low-frequency region rather than ionic or electronic 

polarization.  
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It has been observed that GdIG (x=1) show almost constant value for ε’ from 1Hz to 100KHz 

(lower frequency region) shown in Figure 4.13 (b) which means it is showing frequency-

independent behaviour whereas, in high frequency (Figure 4.13 (a)) region its value varies 

slightly. By the addition of MF to GdIG i.e., at x = 0.5 gives the maximum value of ε’ near 

1MHz and there is a decrease in value of ε’ after this frequency range i.e., up to 10MHz. It 

shows more prominent decrease than x = 1 and x = 0.75. Further at x=0.75 i.e., on increasing 

GdIG ratio more, the values of ε’ shows no variation with frequency from 1Hz to 1MHz. In the 

higher frequency region, it (x=0.75) follows the same trend as x=1. It has been observed that a 

large value of dielectric constant ∼612 is obtained for x = 0.5 at 1MHz. It has been noticed that 

values of dielectric constant decrease by decreasing MF content (spinel ferrite) in GdIG i.e., at 

x=0.75, here the value of dielectric constant become almost independent of frequency up to 

1MHz such variations have also been observed in pure GdIG.  At a higher frequency, the value 

of the dielectric constant decreases which is a very obvious behaviour of ferromagnetic 

materials. In ferrites, the polarization mechanism can be understood similarly as conduction 

phenomena. As the Fe+3 ions and Fe+2 ions of composites exchange their electrons, the electron 

tends to displace in the direction of the field which is applied and hence polarization occurs. 

The decrease observed in the dielectric constant can be attributed to the fact that these charge 

caring ions need some fixed time to align themselves in the direction of the applied AC field. 

The charges get disabled to align themselves in the applied field due to the high reversal 

frequency [146]. Here the applied frequency increases continuously and at some points, 

polarization has started to proceed so that no reverse field opposes their motion, but unable to 

provide any contribution to polarization and further there is no dielectric constant. So, in 

general, grain boundaries defect, oxygen vacancies, presence of Fe+2 enhances the dielectric 

constant at lower frequencies whereas when polarization and applied field lags out there is a 

decrease in dielectric constant at higher frequency. 

The imaginary part (ε”) of dielectric constant for the composites, GdIG and MgFe2O4 is as 

shown in Figure 4.14. Further variation of ε” is also measured in 106 to 107 and 102 to 105 range 

as given in (a) and (b) of Figure 4.14. It can be seen that in lower frequency range GdIG (x=1), 

x=0.5, x=0.75 shows no variation in ε”. This implies that GdIG and its composites are 

independent of frequency in a lower frequency range. Whereas with the addition of MF in GdIG 

i.e., at x=0.5 the value of ε” decreases near 1MHz and then increases near 7MHz. The value of 

ε” is maximum for x=0.5 near about 7 MHz.  
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The dielectric tangent loss of samples is as shown in Figure 4.15 and is calculated using 

Equation (4.19). Dielectric loss is simply the loss of the energy induced by the applied field. It 

has been observed that for all composites the losses are almost zero in the high-frequency region 

(up to 5MHz) and not getting affected by frequency. But near 6 MHz variations in losses are 

there. The value of loss tangent is least for x=0.75 composite and become maximum for x=0.5 

composite at this frequency range. Whereas in the low-frequency region as shown in Figure 

4.15 (b), x=0.75 composite has a larger value of dielectric loss tangent nearly at 1Hz frequency 

which further decreases with an increase in frequency.  For x=1 no such variation in the value 

of dielectric loss in the lower frequency region is there. The dielectric loss is caused by the 

resonance obtained at the walls of the domains. And also, when charge carries transport from 

grain-grain boundaries of ferrites and direction of polarization changes in presence of applied 

field which cause dissipation in energy [147]. These domain wall motions are restricted at the 

higher frequency where magnetization causes the change in rotation so the losses are low at 

higher frequencies [148].  

 tan 𝛿𝜀 =
𝜀"

𝜀′                                                                                                              (4.19) 

                                        

Figure 4.13 representing variation of dielectric constant (ε’) of MgFe2O4 and x=1.0,0.5,0.75 

at (a) 1MHz to 10 MHz (b) 1Hz to 100KHz frequency 
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Figure 4.14 represent variation imaginary part (ε") of dielectric constant with frequency for 

MgFe2O4 and x=1.0,0.5,0.7 at (a) 1 MHz to 10 MHz (b)1 Hz to 100KHz frequency range 

 

Figure 4.15 The variation of dielectric tangent loss with frequency for MgFe2O4 and x=1.0, 

0.5, 0.75 at (a) 1 MHz to 10 MHz (b) 1Hz to 100 KHz 
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4.2.5 VSM 

Figure 4.16 represents the magnetization vs applied field curve (M-H) of MgFe2O4 (MF), GdIG 

(x = 1) and their composites (x=0.5,0.75). The S-shaped curves signify the superparamagnetic 

nature of the samples. Single-phase magnetic nature has been observed by the addition of MF 

to GdIG. This suggests the exchange coupling between these two ferrites, which give rise to 

magnetization switching between the phases of ferrites present in composites. The magnetic 

parameter coercivity (Hc), retentivity (Mr), saturation magnetization (Ms), squareness ratio 

(SQR) deduces from the M-H curve and the value of anisotropy constant (Keff), magneto 

crystalline anisotropy (Ha), microwave operation frequency (ωm) is tabulated in Table 4.5. The 

value of Keff, Ha, and ωm have been calculated using Equation (4.20), Equation (4.21) and 

Equation (4.22) respectively. 

 𝐾𝑒𝑓𝑓 =
𝐻𝑐×𝑀𝑠

0.96
                                                                                                                             (4.20)                                                                                                                         

 𝐻𝑎  =
2𝐾𝑒𝑓𝑓

𝑀𝑠
                                                                                                                                (4.21)                                                                                                       

  𝜔𝑚 = 8𝜋2𝛾𝑀𝑠                                                                                                                     (4.22)                                                                                                      

It has been observed that Ms value is least for x=1 (GdIG), maximum for x=0.5 (GdIG 50% and 

MF 50%) and moderate for x=0.75. The larger value of Ms is attributed to the addition of MF 

in GdIG, which is due to disorder in spin, morphology at the surface and anti-phase disorder 

[149]. The single-phase magnetization curve of ferrites is present despite two-phase 

nanocomposite which shows exchanged couple which is the reason for the enhancement in the 

value of Ms. If such behaviour of curve is not present then there is superimposition between the 

two curves of ferrites, and at interphase, the spin arrangement is non collinearly, which tends 

to reduce the value of Ms [150].  Hc is maximum for x=1, and by the addition of soft ferrite 

(MF) in soft ferrite (GdIG) in nanocomposites, the value of Hc decreases for x = 0.5, 0.75. As 

by the addition of MF in GdIG, dipolar interaction becomes very important. Due to dipolar 

interaction nucleation field reduces and further permit the reversal of domain in the soft ferrite 

phase in order to nucleate easily in presence of a low field so as a result of which value of Hc 

decreases [151, 152]. The lower value of coercivity for composites signifies that the composites 

have soft nature. This means that composites easily get magnetized as compare to parent 

ferrites. While the trend observed of Mr can be understood by magneto crystalline anisotropy 

(Ha) [153]. The value of Ha is larger for GdIG (x = 1), which means it is very difficult to reverse 

magnetization by providing a low field. But by the addition of soft ferrite in GdIG, the value of 
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Ha decreases. The ability of alignment of magnetization of ferrites in direction of applied field 

increases if dipolar interaction is more that it totally suppresses exchange-coupled interaction 

and hence Mr increases. The value of SQR for GdIG and its composites lies in the range 0.15 

to 0.24 which is less than 0.5 signifies that all the samples have multi-magnetic domain 

structures. From the value of ωm (microwave operating frequency), it is clear that only GdIG (x 

= 1) can be operated in 284 MHz range but with the addition of MF into GdIG, this microwave 

operation frequency jumps into the GHz range i.e., for x=0.5 nanocomposites can provide 

operation in 3.5 GHz range whereas for x=0.75 the range lies at 2.5 GHz. This implies that 

these nanocomposites can be operated at the S-band. 

Table 4.5 Hc, Mr, Ms, anisotropy constant, magneto crystalline anisotropy, SQR and ωm 

calculated from MH for x=0, 0.5, 0.75 and MgFe2O4 

 

-25000-20000-15000-10000 -5000 0 5000 10000 15000 20000 25000

-40

-30

-20

-10

0

10

20

30

40

-800 -600 -400 -200 0 200 400 600 800

-40

-30

-20

-10

0

10

20

30

M
 (

em
u

/g
)

 H (Oe)

 x=1

 x=0.5

 x=0.75

 MgFe2O4M
 (

em
u

/g
)

 H (Oe)

 x=1

 x=0.5

 x=0.75

 MgFe2O4

 

Figure 4.16 Magnetization hysteresis loops x=1, x=0.5, x=0.75 and MgFe2O4 composites 

 

Composition    Hc (Oe)    Mr (emu/g)    Ms(emu/g)     M       Keff (erg/cm3)           Ha          SQR           ωm 

 

    x=1.0            444.5         0.19              1.29             0.025        597.3                  926        0.15       284 (MHz)       

    x=0.5            65.4           3.82              16.2             0.325        1103.6                136        0.24       3.5 (GHz) 

    x=0.75          73.7           2.68              11.63           0.233        892.8                  153        0.23       2.5 (GHz) 

    MgFe2O4      220.2         10.5              31.04            0.6           7119                    458        0.34       6.8 (GHz)  
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4.3 Gadolinium iron garnet, magnesium spinel ferrite and their heat-treated composite 

(GdIG/MgFe2O4) 

4.3.1 XRD 

The XRD pattern for composite of gadolinium iron garnet (GdIG) and magnesium iron ferrite 

(MF) with weighted ratio of GdIG (75%)/MF (25%) is represented in Figure 4.17. Figure 4.17 

(a) and (b) represent the XRD pattern of composite treated at 900°C (GM9) and 1300°C 

(GM13). It can be concluded from the patterns that peaks of both GdIG and MF are present in 

composites with no other phases. Which was confirmed from the JCPDS no. 720141 for GdIG 

and 711232 for MF. Also, it has been observed that with variation in temperature, both phases 

are present independently in composite. With increase in temperature the intensity of the major 

peak decreases and same happens for other peaks. This decrease in intensity might be due to 

presence of strong adhesion force between soft ferrites in composites at high temperature. The 

calculated value of crystallite size, lattice constant and micro strain for highly intense peak of 

GdIG and MF are tabulated in Table 4.6. 

The crystallite size for sample GM9 and GM13 is calculated using Scherrer’s Equation (4.33). 

 𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                   (4.33)                                 

In the equation D represent the crystallite size, 𝜆 represents the wavelength of X-ray source 

having values 0.15406 nm, K represents Scherrer constant having value 0.9, 𝛽 is the full width 

half maxima (FWHM) which is computed from given XRD data. 𝜃 is the peak position which 

is also computed from XRD data. The values of 2𝜃 and 𝛽 are taken corresponding to major 

peaks of GdIG and MF, and are tabulated in Table 4.6. It has been noticed that the crystallite 

size decreases with increase in temperature. Which can be linked with broadening of peak. Also, 

crystallite size varies inversely to 𝛽  and 2 𝜃 and for sample GM13 value of 𝛽 is larger and 

therefore crystallite size is lesser.  

Because structure of both garnet ferrite and spinel ferrite is cubic so lattice constants for the 

composites GM9, GM13 were calculated using Equation (4.34). 

 
1

𝑑2
=

ℎ2+𝑘2+𝑙2

𝑎2
                                                                                                                             (4.34)                                             

Where a is lattice constant, hkl is the miller indices which is taken corresponded to maximum 

intensity peak, d is interplanar spacing calculated by using Bragg’s law Equation (4.35). 



65 
 

 𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
 , 𝑛 = 1                                                                                                    (4.35)                                             

The value of “a” for GdIG and MF in the composites slightly increases with increase in 

temperature. The lattice parameter of composites of GdIG increases slightly due to effect of 

strain, acting at interface between GdIG and MF [154]. Micro strain for GdIG and MF is more 

at higher temperature and is calculated using Equation (4.36). 

  𝜀 =
𝛽

4 tan𝜃
                                                                                                                                     (4.36)    

                                     

Table 4.6 calculated 2θ, β, hkl, crystallite size(D), lattice parameter(a), micro stain for 

differently sintered samples 

Composite                             Sample Code    Ferrite     2θ     β(°)    hkl    D(nm)   a (Å)  Micro Stain 

 

(Gd3Fe5O12)x-(MgFe2O4)1-x    GM9            GdIG     32.05   0.19    440    43.5    12.47    2.9 

x = 0.75 at 900°C             

                                                                       MF        35.3     0.49    311    16.8     8.4       6.8          

 

 

(Gd3Fe5O12)x-(MgFe2O4)1-x     GM13          GdIG    32.01    0.21    440     39      12.49    3.2 

x = 0.75 at 1300°C 

                                                                        MF       35.4     0.54     311    15.3     8.44     7.4 
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                          Figure 4.17 XRD pattern of (a) GM9 and (b) GM13 sample 

 

4.3.2 FESEM 

For better understanding of effect of temperature on microstructure of composite treated at 

different temperatures, FESEM was used. Figure 4.18 represent the micrograph of GM9 and 

GM13 samples. It is clear from the micrographs that two different sizes of grains are present. 

These grains are corresponded to GdIG and MF. On very deep view it was examined that GdIG 

grains are present in larger amount as compare to MF in both samples. We have observed the 

spherical shaped grains for GdIG and roughly cubical shaped grains for MF. In both the 

micrograph (a) of sample GM9 and (b) of sample GM13 agglomeration of grains is present. 

But this agglomeration increases with increase in temperature i.e., more agglomeration is 

observed for GM13. This can be related to magnetic attraction in nanocomposite, made up of 

soft ferrite [147]. Micrograph (a) shows low densification with porosity. Whereas micrograph 

(b) shows larger densification of GdIG grains, which seemed to be connected with each other 

with very less porosity. This significant change with temperature proves that temperature 
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influences the grain growth. As a conclusion it can be said that temperature has great role in 

formation of better microstructure. This better microstructure further effects the dielectric and 

magnetic properties of composites [155]. 

The gausian distributed histogram which represent size distribution of the composites is as 

shown in Figure 4.19. The particle size of the composites come out be 48 nm and 700 nm for 

GM9 and GM13 respectively. This means that particle size increases with increase in 

temperature.  

   (a)                                                                   (b)        
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Figure 4.18 Micrographs of (a) GM9 and (b) GM13 

 Figure 4.19 Histogram representing the particle size distribution of (a) GM9 (b) GM13 
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4.3.3 EDX 

Figure 4.20 represent the EDX spectra and Figure 4.21 represent elemental mapping of 

composites. From EDX analysis it is clear that all the required elements and desired 

composition is present in formed samples. There are no extra traces of other elements. This 

implies that preparation method is efficient. In EDX spectra some characteristic peak is 

appearing close to 2KeV, which is un identified.  The reason for the presence of such peak is 

EDX underestimates the real content of residual impurities. This is due to the surface sensitivity 

of the FESEM/EDX analysis. From Figure 4.20 (a-b) it can be analyse that all the elements are 

spread over entire region for GM13 sample, whereas for GM9 sample the elements are not 

dispersed homogenously. This might be due to high temperature which provide better 

microstructure. The weight percent and atomic percent for elements are also tabulated in Table 

4.7 and Table 4.8. 

 

 

 
Figure 4.20 EDX spectra of (a) GM9 and (b) GM13 sample 
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                Figure 4.21 Images of elemental mapping of (a) GM9 and (b) GM13 
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Table 4.7 and Table 4.8 represent experimental value of wt% and atomic % for elements present 

in GM9 and GM 13 samples 

              GM9                                                                  GM13                                                                                                      

                           

 

 

 

 

 

4.3.4 Impedance Analyser 

To understand the influence of temperature on dielectric behaviour of samples, impedance 

analyser technique has been caried out. Figure 4.22 represent the variation of dielectric constant 

with frequency ranges from 1Hz to 10MHz for the sample sintered at different temperatures. 

Dielectric constant can be understood as, it is an ability of material to store electric charge in 

presence of electric field. The dielectric constant for samples is calculated using Equation 

(4.37). 

 𝜀𝑟
′ =

𝜀′

𝜀0
                                                                                                                                          (4.37)                                                     

Where 𝜀′ is real part of complex permittivity and 𝜀0 is permittivity of free space. Stress must 

be given on the point that dielectric constant is affected by some factors like methods of 

preparation, distribution of cations, homogeneity in structure, size of the grain and sintering 

temperature [156]. It has been seen from Figure 4.22 (a) and (b) that, dielectric constant 

fluctuates at lower frequency, whereas at high frequencies ranges, dielectric constant has 

negative value. The dispersion in dielectric constant value with frequency is because of 

Maxwell-Wagner sort of interfacial polarization which is accordance to the theory of Koop’s.  

Both samples have large values of dielectric constant at different frequency. The reason can be 

that in nanomaterials the surface area of individual grains is large which further increases 

surface polarization and hence increase in dielectric constant. At lower frequency temperature 

is playing its role to enhance the value of dielectric constant. This temperature dependence of 

dielectric constant can be described on the basis of thermal energy [157]. Production of thermal 

Elements      Wt% Atomic% 

  O 17.94  50.42 

  Mg           3.42  6.32 

  Fe 40.02  32.22 

  Gd 38.62  11.04 

 Total        100.00 100.00 

Elements Wt% Atomic % 

  O 20.45     52.78 

  Mg 3.70     6.28 

  Fe 44.11     32.61 

  Gd 31.74     8.33 

 Total 100.00    100.00 
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energy is large at higher temperature. This large thermal energy further contributes to increase 

the mobility of ions and also enhances the hopping rate. But at lower temperature this thermal 

energy is not that much capable to increase the rate of mobility of ions. Therefore, at higher 

temperature dielectric polarization increases.  The negative value of dielectric constant at higher 

frequency has been seen for both the samples implies that at higher frequency ions tries to align 

in the direction of applied field but lags behind, even though temperature treatment is also 

disable to align them.  

 

 

The variation in tan 𝛿𝜀 with frequency for both the samples is as shown in Figure 4.23. The 

loss in energy induced by applied field is dielectric loss. The dielectric loss tangent (tan 𝛿𝜀) is 

calculated using Equation (4.38). 

tan 𝛿𝜀 =
𝜀"

𝜀′                                                                                                                                     (4.38)                                        

 Here 𝜀" is the imaginary part of the complex permittivity.  
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Figure 4.22 Dispersion in dielectric constant with frequency (100Hz to 10 MHz) for (a) GM9  

and (b) GM13 sample 
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From Figure 4.23 (a) and (b) it can be seen that at lower frequency range i.e., from 1Hz to 100 

KHz the value of tan 𝛿𝜀 is almost zero that is independent of frequency. The sample GM9 

treated at lower temperature show least value of tan 𝛿𝜀 at high frequency range. Whereas the 

sample GM13 treated at higher temperature has larger value of tan 𝛿𝜀 as compare to GM9. This 

variation of tan 𝛿𝜀 with frequency and further by different sintered sample can be explained by 

space charge conduction. The space charge conduction is associated with movements of defects 

like vacancies of oxygen to the interface of the dielectric electrode [158]. In general, the 

dielectric loss increases with decline in relaxation time. So, as the temperature increases, the 

relaxation time decreases and hence tan 𝛿𝜀 increases [159].  
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Figure 4.23 Variation of dielectric loss tangent with frequency (100Hz to 10 MHz) for (a) GM9 

and (b) GM13 sample 

In order to understand exact reason for the dependency of dielectric constant on temperature, 

the Nyquist plots for both samples are given in Figure 4.24. As it can be seen from the plot that 

arc is present in both the samples. In general, the arc present on the side of lower frequency is 

because of grain boundary conduction and that present on the side of high frequency is because 

of grain conduction. But from Figure 4.24 (a) and (b) it is clear that only one arc is present for 

entire frequency range for both samples sintered at different temperatures. The change in arc 

for both the sample sintered at different temperature has been observed. Which reveals that the 
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temperature affects the diameter of the arc of both the samples. This evolution in the arc with 

temperature gives computable information about the grain boundary and grain resistance. With 

increase in temperature i.e., for sample GM13, it can be observed from plots that the arc at 

higher frequency range is diminishes. This means that the contribution is due to bulk of grain 

not from grain boundaries.  

Further, complex impedance fitting of the plots has been done by using ZSimpwin Software. It 

has been seen properly that the experimental values are in good match with calculated values 

(obtain after fitting) for both the samples. The ideal equivalent circuit consist of both capacitor 

(C) and resistor (R) is best to examine experimental impedance plot [160-162]. The circuit used 

is as shown in Figure 4.25. In this circuits there are series of two sub circuit, one corresponds 

to grain effect and other to grain boundary effect. Let us assume grain resistance (Rg), grain 

boundary resistance (Rgb), grain capacitance (Cg) and grain boundary capacitance. The complex 

impedance (Z*) for the circuit is given by Equation (4.39) [156] which is related to real (Z’) 

and imaginary (Z”) part of impedance. This real and imaginary part is further related to Rg, Rgb, 

Cg and Cgb which is as given in Equation (4.40) and Equation (4.41). 

 𝑍∗ =
1

𝑅𝑔
−1+𝑗𝜔𝐶𝑔

+
1

𝑅𝑔𝑏
−1+𝑗𝜔𝐶𝑔𝑏

= 𝑍′ + 𝑍",                                                                               (4.39)                                               

Here 

 𝑍′ = 
𝑅𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝑅𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
                                                                                                (4.40)                                         

 𝑍" = 
𝜔𝑅2

𝑔𝐶𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝜔𝑅2
𝑔𝑏𝐶𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
                                                                                                (4.41)                                    

From above mention equations we can accurately find that either contribution is from grain, 

grain boundary or either because of both. For the arc, the higher value of frequency or peak 

frequency is large for grain as their capacitance and resistance value is small and smaller for 

that of grain boundary [163]. So, in impedance plot the arc present on the side of higher 

frequency is correspond to grain and that present on lower frequency is correspond to grain 

boundary.  The value of Rg, Cg, Rgb, Cgb obtain from fitting of plot is given in Table 4.9. The 

value of Rg decreases with increase in temperature, whereas the value of Rgb increases with 

temperature. Variation in the value of Cg is large as compare to Cgb. This implies that, the 

increase in value of εˈr (dielectric constant) is totally due to grain (Cg).  
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Table 4.9 value of Rg, Cg, Rgb and Cgb calculated from complex impedance fitting for GM9 and 

GM13 
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                     Figure 4.24 The impedance plot for (a) GM9 and (b) GM13 samples 

Sample         Rg                 Cg                       Rgb                       Cgb 

GM9         293.5 Ω         0.504 μF          64.7 M Ω             15.33 pF  

GM13       1.78 E-22 Ω   5.5 E4 F          2 E18 M Ω           12.43 pF 
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      Figure 4.25 Equivalent Circuit                       

4.3.5 VSM 

The magnetization versus applied field (M-H) plot for both the samples sintered at different 

temperatures is as shown in Figure 4.26. For both the samples the curve obtained is almost 

smooth. This smoothness of curve increases with increase in temperature. The curves are S 

shaped, which suggests the superparamagnetic nature of samples. From M-H loop the values 

of important magnetic parameters like coercivity (Hc), retentivity (Mr), saturation 

magnetization (Ms) and squareness ratio (SQR) are calculated and are given in Table 4.10. The 

values of anisotropy constant (Keff), anisotropy field (Ha) and microwave frequency are 

calculated using Equation 4.42, Equation 4.43 and Equation 4.44 [164] and tabulated in 

Table 4.10. 

𝐾𝑒𝑓𝑓 =
𝐻𝑐×𝑀𝑠

0.96
                                                                                                                       (4.42)                                               

𝐻𝑎 =
2𝐾𝑒𝑓𝑓

𝑀𝑠
                                                                                                                                  (4.43)                                                 

 𝜔𝑚 = 8𝜋2𝛾𝑀𝑠                                                                                                                     (4.44)                                            

It has been seen that the value of Ms varies for both samples, i.e., with increases in temperature 

the value of Ms increases. But Hc decreases with increase in temperature. The lesser value of 

Hc suggests the superparamagnetic nature of sintered composites. It can be clearly seen that 

both Hc and Ms are depending on temperature. The variation in temperature brings 

microstructural changes [165] which further effect the magnetic properties of the samples. 

Microstructure plays a very vital role at high temperature. As with increase in temperature grain 

size increases and porosity in samples decreases [166]. In present work, with increase in 

temperature grain size increase and therefore decrease in porosity. But lesser value of Ms at 

lower temperature (for GM9) might be due to presence of pores. The magnetic circuits present 
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between grains breakout due to presence of pores, and therefore porosity in sample increases. 

The decrease in Hc with temperature is obvious and can be explained by Equation (4.45).  

𝐻𝑐 =
0.96 𝐾1

𝑀𝑠
                                                                                                                                   (4.45)                                      

Where K1 is the constant. It is clear from above equation that Hc varies inversely to Ms. 

Therefore, decrease in value of Ms has been observed. The decrease in Keff is obvious with 

increase in temperature.  The SQR value for both samples is 0.3 and 0.07 which is less than 0.5 

signifies that the samples have multi-magnetic domain structure. Whereas calculated values of 

𝜔𝑚 for both the samples suggest that the value increases from 1 GHz (for GM9) to 2 GHz (for 

GM13) with increase in temperature. 

Table 4.10 Hc, Mr,Ms, Keff, Ha, SQR, and ωm value for GM9 and GM13 
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                            Figure 4.26 Magnetization hysteresis loops for GM9 and GM13 

 

 

 

Sample         Hc (Oe)       Mr(emu/g)     Ms(emu/g)     Keff(erg/cm3)        Ha         SQR            ωm 

GM9             278.2           1.5                 4.9                   1431             579.7     0.3          1GHz 

GM13           80.9              0.7                9.1                    770              168.5     0.07        2GHz 
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4.4 Y3+, Bi3+, La3+ substituted gadolinium iron garnet (GdIG) 

4.4.1XRD  

The XRD pattern of the Y0.2Bi0.2LaxGd2.6-xFe5O12 samples for x=0, 0.2, 0.4 is as shown in 

Figure 4.27. From the pattern it can be clearly seen that the garnet phase is present in majority 

for all samples. JCPDS no. 72-0141 also confirmed the presence of garnet phase in majority. 

The peaks at (321), (400), (420), (422), (521), (532), (444), (640), (642), (800), (840), (842), 

and (664) represents the diffraction pattern of garnet ferrite having cubic structure with space 

group Ia3d [167]. The occurrence of a greater number of pure phases in the samples suggests 

that the methods, temperature, and time were adequate for the samples. All of the strong peaks 

in the samples suggest that crystallisation was completed at 1200°C. The strongest peak, which 

corresponds to "hkl" value (420), has migrated somewhat towards lower 2 value with increased 

La3+ content in the samples. The greater ionic radii of La3+ (r=1.061) compared to Gd3+ (0.938) 

cause this change [168]. From obtained XRD data the values of lattice constant, crystallite size 

and micro strain for samples were calculated and are tabulated in Table 4.11. 

As structure of garnet ferrite is cubic so lattice constant for the samples was calculated using 

Equation (4.46). 

  
1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2                                                                                                                                 (4.46)                                            

Here “a” represents lattice constant, “hkl” represents miller indices, corresponds to maximum 

intensity peak, “d” represents interplanar spacing calculated by using Bragg’s law Equation 

(4.47). 

𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
  𝑛 = 1                                                                                                       (4.47)                                          

The lattice constant with addition of La3+ increases from x=0 to 0.2 and further decreases 

slightly at x=0.4. Both the samples with La3+ ion i.e., for C0.2 and C0.4 shows higher value of 

lattice constant as compare to sample which do not have La3+ ion. This behaviour of lattice 

constant can be explained on the basis of Bragg’s law. As the value of angle “𝜃” decrease the 

value of “d” increases so as the value of lattice constant increases. Larger La3+ ion substitution 

in dodecahedral site tends to distort the unit cell of cubic GdIG and therefore the value of lattice 

constant increases. The change in lattice constant is not only because of rare earth substitution 

but also depend upon condition of preparations, methodology, exerted stress and strain [169].  

By using Scherrer Equation (4.48) the crystallite size of the samples was calculated.  
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 𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                     (4.48)                              

Here “D” represents crystallite size, “K” represents Scherrer constant having value 0.9, 𝜆 

represent wavelength of X-ray sources having value 0.15406 nm, "𝛽" represents full width half 

maxima (FWHM) in radians and "𝜃" represents peak position (radians). The value of crystallite 

size is large for sample C0 (x=0). By addition of La3+ the crystallite size decreases from x=0 to 

x=0.2, and by further addition of La3+ at x=0.4 the crystallite size increases further. For sample 

C0 the value of crystallite size is maximum. This variation of crystallite size can be understood 

by the presence of secondary phase which settle at grain boundaries and further impedes the 

growth of the crystal [170]. And another cause of variation in crystallite size is presence of 

stress and strain which produces defects in lattice [171]. For sample C0 (x=0) there is less micro 

strain in lattice due to presence of Y3+ and Bi3+ ion in GdIG, with no secondary phase (Fe2O3, 

YFe2O3, etc). With increases in La3+ i.e., for sample C0.2 (x=0.2) there is decrease in crystallite 

size. This can be attributed to presence of secondary phase into the sample. For sample C0.4 

(x=0.4) the crystallite size increases this is because the crystallite size also depends upon peak 

width or we can say on FWHM (according to Equation (4.48)). For C0.4 the value of FWHM 

decrease due to which there is increase in crystallite size.  
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Figure 4.27 XRD pattern of Y0.2Bi0.2LaxGd2.6-xFe5O12 samples with (a) x=0,(b)   x=0.2 and (c) 

x=0 
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Table 4.11 Variation in 2θ, β, crystallite size, lattice constant and micro strain by changing 

La3+ in C0, C0.2 and C0.4 samples 

 

4.4.2 FESEM 

The micrograph images of samples of Y0.2Bi0.2LaxGd2.6-xFe5O12 (x=0, 0.2 and 0.4) obtained 

from FESEM are as shown in Figure 4.28(a-c). The shape of grains is roughly spherical for all 

samples. All the samples show agglomeration of grains which is due to magnetic attraction 

between ions present in samples [172]. In order to calculate grain size, line intercept method 

was used which is as given in Equation (4.49). and value is tabulated in Table 4.12. 

 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =
1.5 𝐿

𝑚𝑛
                                                                                                                        (4.49)                           

Here “L” represent length of line drawn in micrograph, “m” represent magnification given in 

micrographs and “n” represent number of intercept come under the line. The average grain of 

the samples depend upon the value of ionic radii of rare earth and doped elements, porosity, 

sintering temperature and methodology.   

Table 4.12 Calculated grain size of the sample C0, C0.2 and C0.4 

 

 

 

 

Sample                                 Sample Code    2θ (°)     β(°)     hkl      D(nm)      a (Å)    Micro Stain 

 

Y0.2Bi0.2LaxGd2.6-xFe5O12             C0            32.11      0.15    420        54             12.45      2.32 

x = 0              

 

Y0.2Bi0.2LaxGd2.6-xFe5O12             C0.2           31.87      0.24    420       33.7           12.54      3.74      

x = 0.2  

 

Y0.2Bi0.2LaxGd2.6-xFe5O12             C0.4           31.98      0.16    420        50.8           12.50      2.47 

x=0.4       

Sample                                Grain Size (μm) 

C0                                                 0.100 

C0.2                                               0.116 

C0.4                                               0.108                        
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The average grain size distribution of the samples is represent by histogram and is as shown in 

Figure 4.29 (a-c). From the size distribution curve of the sample C0 it is clear that maximum 

number of grains lie between 0.41μm to 0.58 μm range. For sample C0.2 the maximum number 

of grains lies between 0.61μm to 0.78 μm range. The maximum number of grains for sample 

C0.4 lies between 0.61 μm to 0.92 μm range. 

 

 

 

 

                                                                              

                                                

 

 

 

 

 

 

Figure 4.28 The Micrograph obtained from FESEM for (a) C0, (b) C0.2 and (c) C0.4 samples 
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Figure 4.29 Histogram representing size distribution of sample (a) C0, (b) C0.2 and (c) C0.4 
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4.4.3 EDX 

The elemental mapping of samples is as shown in Figure 4.30 (a-c). From EDX analysis it is 

clear that all the required elements are distributed properly and desired composition is present 

in formed samples. No extra traces of other elements have been observed in images. This means 

that preparation method is efficient. Y3+ is dispersed uniformly which means that very less 

chance of presence of secondary phase (YFeO2) in the samples. The mapping images also show 

the presence of La3+ for the samples C0.2 and C0.4 which properly supports the presence of La3+ 

in the samples. This means that preparation method is efficient. 
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4.4.4 UV-vis 

The optical property of the samples of Y0.2Bi0.2LaxGd2.6-xFe5O12 (x=0, 0.2 and 0.4) is observed 

by using UV-VIS spectroscopy. The absorbance versus wavelength plot is as shown in Figure 

4.31A (a-c) from the range 200 to 800 nm. The different peaks have been observed in 200 to 

350 nm range for all samples, which represent absorption. This is related to electronic transition 

between anion and cations present in Y0.2Bi0.2LaxGd2.6-xFe5O12 (x=0, 0.2, 0.4) samples.  From 

400 to 800 nm the samples show transmittance. It has also been observed from Figure 4.31 B 

(a-c) that there is shift in value of absorbance as the composition of Y0.2Bi0.2LaxGd2.6-xFe5O12 

varies. From the obtained data the bandgap analysis has been done for all samples which is as 

shown in Figure 4.32 (a-c). The band gap obtained after drawing tangent is in range 3.7 eV to 

3.9 eV.  

 

 

 

 

   

 

Figure 4.30 The images of elementary mapping of samples (a) x=0, (b) x=0.2 and (c) x=0.4 
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Figure 4.31 (A) represent the absorbance v/s wavelength graph and Figure 4.31 (B) represent 

shift in absorbance value in 300 to 370 nm wavelength for (a) C0, (b) C0.2 and C0.4 sample  
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4.4.5 Vibrating Sample Magnetometer 

The Magnetization (M) versus applied field (H) curve measured at room temperature for 

Y0.2Bi0.2LaxGd2.6-xFe5O12 samples is as shown in Figure 4.33.  Smooth S shaped curve has been 

obtained for all samples which signified about superparamagnetic nature of samples and strong 

exchange coupling between ions of garnets. The values of important magnetic parameters like 

coercivity (Hc), retentivity (Mr), magnetic saturation (Ms) and Squareness ratio (SQR) obtained 

from VSM data is tabulated in Table 4.13.  

The value of Bohr Magneton (μB), anisotropy constant (Keff), magneto-crystalline anisotropy 

(Ha) and microwave operating frequency (ωm) is calculated using Equation (4.50), Equation 

(4.51), Equation (4.52) and Equation (4.53) respectively. And the values are tabulated in 

Table 4.13. 

μB =
M×Ms

5585
                                                                                                                                    (4.50)                                          

𝐾𝑒𝑓𝑓 =
𝐻𝑐×𝑀𝑠

0.96
                                                                                                                                (4.51)                                    

𝐻𝑎 =
2𝐾𝑒𝑓𝑓

𝑀𝑠
                                                                                                                                     (4.52)                                  
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Figure 4.32 Calculated Optical band gap of (a) C0, (b) C0.2 and (c) C0.4 
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 𝜔𝑚 = 8𝜋2𝛾𝑀𝑠                                                                                                                                (4.53)                                  

Here “M” represents the molecular weight and 𝛾 is gyromagnetic ratio having value 

2.8MHz/Oe. 

The value of Hc decreases with increase in La3+ in samples. The value of Hc is lesser for sample 

C0.4 suggesting its soft nature as comparison to other samples. The decrease in value of Hc can 

be understood as, with addition of La3+ in sample leads to change in grain size which is as 

mention in Table 4.12. obtained from FESEM. It has been observed that the value of grain size 

is least for sample having no La3+ i.e., for C0, so for this coercivity is large. This effect can be 

explained as with decrease in grain size the shrinkage in magnetic domain wall occurs. This 

shrinkage further rises the magnetic hardness of the samples [173]. The value of coercivity for 

all prepared samples are less than 100 which suggest the soft magnetic nature of the samples. 

Also, it is clear that substitution is changing the value of Hc. 

The value of Ms for pure GdIG noted by Akhtar et al., was 3.56 emu/g. It has been noticed that 

with substitution of both diamagnetic Y3+ and Bi3+ in dodecahedral site increases the value of 

Ms. But according to Neel theory, diamagnetic ions additions in materials cannot increase the 

magnetization [174]. Then the reason of increase in value of magnetic saturation for C0 (x=0) 

is that, the ionic radii of Bi3+ is much larger than that of Gd3+. This substitution of Bi3+ in the 

sample leads to distort the dodecahedral site. With distortion in lattice the super-exchange 

interaction energy changes as there is change in distance and angles between cations. This 

further increase the value of magnetic saturation. With addition of diamagnetic La3+ i.e., for 

sample C0.2 (x=0.2) the value of Ms increases further for the same reason as La3+ ion has larger 

ionic radii as compare to Gd3+. But by further increase in La3+ in C0.4 sample (x=0.4) the value 

of magnetic saturation decreases. This decrease is because of secondary phases present in 

sample. The unwanted phase like Fe2O3 is more in sample C0.4. This secondary phase (Fe2O3) 

has poor ferromagnetic property and further reduces the value of Ms [175]. In general, it can be 

concluded that the magnetic properties of material depend upon intrinsic and extrinsic 

properties like composition, grain size, pores, magnetic anisotropy field, domain wall motion, 

sintering temperature, presence of impurities and reversal in magnetic moments [176].  

The value of Ha is larger for C0 (x = 0), this means it is very difficult to reverse the magnetization 

by providing low field. The value of Ha decreases by addition of La3+ in Y0.2Bi0.2Gd2.6-xFe5O12. 

This means that at very less field the magnetization can be reverse and therefore the value of 

Mr decreases. The value of squareness ratio is in the range 0.31 to 0.41 which is less than 0.5. 



90 
 

This reveals that the samples have multi-magnetic domain structure. Also, from the calculated 

value of operating microwave frequency it is clear that substituted samples with x=0 and 0.2 

can work in 558 MHz to 1.1GHz range i.e., in ultra-high frequency range. 

Table 4.13 Variation of magnetic parameters with substitution of La3+ in sample (a) C0, (b) C0.2 

and C0.4 
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   Figure 4.33 M-H loop for the samples C0, C0.2 and C0.4 

4.5 Yttrium iron garnet, erbium iron garnet and their composite (YIG/ErIG) 

4.5.1 XRD 

Structural analysis of yttrium iron garnet (YIG), erbium iron garnet (ErIG) and their composite 

has been carried out by x-ray diffraction. Figure 4.34 represent the XRD diffractograms of 

YIG, ErIG and their composite. From Joint Committee on Powder Diffraction Standards 

(JCPDS) no. 430507 (for YIG) and 230240 (for ErIG) it has been concluded that prepared 

garnet ferrites are pure without any impurities. Also, both phases of garnets are present in the 

Sample    Hc (Oe)   Mr(emu/g)  Ms(emu/g)    μB      Keff(erg/cm3)    Ha     SQR       ωm 

C0             52.05        2.00              4.93            939.6      267.32        108.3   0.41   1.1 GHz 

C0.2           40.42        1.63              4.94            935.9      208.06        84.2     0.33   1.1 GHz 

C0.4           39.14        0.80              2.53            900.8       103.16       81.5     0.31    558 MHz 
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YIG(1-x)-ErIG(x) composite. This implies that the method of preparation and sintering 

temperature are appropriate for garnet ferrites and for their composite. The values of 2 θ, Full 

width half maxima (β), miller indices (hkl), crystallite size (D), lattice parameter (a) and micro 

strain correspond to highly intense peak are tabulated in Table 4.14. 

The crystallite size for sample YIG, ErIG and YE0.5 is calculated using Scherrer’s Equation 

(4.54). 

𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                        (4.54) 

In above equation “K” represents Scherrer constant having value 0.9, “𝜆” is the wavelength of 

X-ray source with value 0.15406 nm, “𝛽” is the FWHM and “𝜃” is the peak position.  

As garnet ferrite has cubic structure so the lattice constants for the samples were calculated 

using Equation (4.55). 

 
1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2                                                                                                                               (4.55) 

In Equation 4.55 “a” is lattice constant, “hkl” is the miller indices corresponded to highly 

intense peak, “d” symbolizes interplanar spacing calculated by using Bragg’s law Equation 

(4.56). 

𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
 , 𝑛 = 1                                                                                                     (4.56) 

Micro strain is calculated using Equation 4.57. 

𝜀 =
𝛽

4 tan𝜃
                                                                                                                                       (4.57) 

From Table 1 it can be concluded that there is no such variation of crystallite size of parent 

YIG, ErIG and YE0.5 composite this might be due to the fact that crystallite size depends upon 

the values of “𝛽” and “𝜃”. 
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                          Figure 4.34 XRD pattern of YIG, ErIG and ErIG(x)-YIG(1-x) 

 

 

4.5.2 FESEM 

The morphology of the samples has been studied with the help of FESEM analysis. Figure 4.35 

(a-c) represents the micrographs of the samples. It has been observed from micrographs that all 

the three samples have spherical shaped grains. It can be seen from the micrographs of YIG and 

ErIG that there is presence of pores. But the composite of both garnets (YE0.5) shows 

agglomeration. This agglomeration is due to magnetic attraction in nanocomposite, made up of 

soft ferrite [133]. 

Table 4.14 Calculated crystallite size (D), lattice parameter (a) and micro strain calculated for 

YIG, ErIG and YE0.5 

Sample                             Sample Code     2θ(°)      β          hkl    D(nm)   a      Micro Strain 

Y3Fe5O12                                     YIG        32.4      0.22       420   38.2    12.41         3.3 

Er3Fe5O12                                    ErIG       32.3      0.21       420   39.4    12.40          3.2 

Er3Fe5O12 (x)/ Y3Fe5O12 (1-x)    YE0.5     32.4      0.22       420   38.2    12.41          3.3 
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The gausian distributed histograms representing size distribution of the samples are as shown 

in Figure 4.36 (a-c). The histograms were obtained using ImageJ software. Around 150 grains’ 

diameter were selected to estimate size distribution of the samples [177, 178]. After that by 

using Origin Pro software gussian fitting was done.  From histogram of sample YIG it has been 

found that the maximum number of grains lie between 0.30 μm to 0.59 μm. For ErIG sample 

the maximum number of grains lie between 0.6 μm to 1.1 μm . For YE0.5 sample the maximum 

number of grains lie between 0.3 μm to 0.51 μm. The grain size of the samples is calculated by 

using line intercept method, which is as given in Equation 4.57 and value is given in Table 

4.15. Where “L” is the length of line, “n” is number of intercepts of grain and “m” is 

magnification of micrographs. 

 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =
1.5 𝐿

𝑚𝑛
                                                                                                                        (4.57)                              
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Figure 4.35 Micrograph of (a) YIG, (b) ErIG and (c) YE0.5 samples 
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4.5.3 Impedance Analyzer 

The dielectric parameters of the samples were obtained by pressing samples into disc shaped 

pellets and applying conducting silver paste on both sides. Figure 4.37 represents the equivalent 

circuit in which parallel-plate capacitor was used to analyse the dielectric parameters. This 

capacitor was filled with the pellets having dielectric constant ε’, area A and diameter d.  

Table 4.15 Calculated grain size for YIG, ErIG and YE0.5 samples 

Sample                                     Grain Size (μm) 

YIG                                                     0.30 

ErIG                                                    0.12 

YE0.5                                                    1.0                       
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Figure 4.36 Size distribution histogram of (a) YIG, (b) ErIG and (c) YE0.5 samples 
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       Figure 4.37 Parallel-plate capacitor used to analyse dielectric parameters 

Dielectric Constant 

Dielectric materials consist of complex permittivity. The complex permittivity (ε*) consist of 

real (ε’) and imaginary part (ε”) part. The real part signifies about the energy stored in dielectric 

material in presences of electric field. The imaginary part signifies about the loss in energy to 

AC field. Figure 4.38 represent the variation of dielectric constant (ε’) with frequency for all 

prepared samples. It has been observed that the value of dielectric constant decreases with 

increase in frequency and at higher frequency it become constant for all samples. This is 

obvious nature of ferrites and have studied many researchers [179].  This dielectric curve 

dispersion with frequency can be understand by using theory given by Koop’s, which is based 

on the model of Maxwell-Wagner. This theory explains about in-homogeneous double layer 

structure of dielectric material. First layer is conducting (grains) and second layer is insulator 

(grain boundaries). According to theory grain boundaries are effective at lower frequencies and 

grain are effective in higher frequency.  Although in superfine region, grain and grain 

boundaries are present in large amount as contrast to bulk region, due to which phenomena 

becomes complex. The value of dielectric constant is directly proportional to the value of grain 

boundaries. Due to which at higher frequency the values of dielectric constant do not vary.  

 It has been observed from Figure 4.38 that YIG has lower values of dielectric constant as 

comparison to ErIG. The value of ε’ for YIG was decreased from 14.2 at 100 Hz to 8 at 120 

MHz. Whereas Musa et al., have reported that Al-YIG (x=0.2) sample gave the value of ε’ in 

between 49.03 to 8.08 at 40 Hz to 1MHz [102]. Aakansha et al., have reported the value of ε’ 

is 11.88 for YIG at 1MHz [99]. The value of ε’ for ErIG was obtained in between 96 at 100 Hz 

to 13 at 120 MHz. The larger values of dielectric constant of YIG can explained on the basis of 

grain size. From FESEM analysis it has been observed that YIG has larger grain size as compare 

to ErIG. The sample with finer grain gives rise to higher dielectric constant because of larger 
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ratio of surface area to volume. The composite Y3Fe5O12 (1-x)/ Er3Fe5O12 (x) (x=0.5) gives 

moderate values of dielectric constant between 53 at 100Hz to 10 at 120MHz. Which implies 

that with incorporation of one soft ferrite into other soft ferrite influence the dielectric constant 

value. It can be concluded that the trend of curve of parent garnet ferrite produces the trend of 

their composites. The value of dielectric constant obtained by Shi et al., for Cu/YIG composite 

was near 50 at 1MHz, and 5 for YIG [180]. Factors like distribution of cations, structural 

homogeneity, synthesis methods, sintering temperature and size of the grain effects dielectric 

constant [156].  

 

Figure 4.38 Variation of dielectric constant with frequency for YIG, ErIG and YE0.5 samples 

 

Dielectric Loss 

Figure 4.39 represent the dielectric loss (ε”) in samples. It is clear from figure that ErIG is 

showing higher values of dielectric loss. It is observed that dielectric losses value firstly 

decreases up to 1KHz and then there is a rise in value near 1KHz to 10.5KHz for all sample. 

As the frequency increases the value of ε” start becoming almost constant or independent of 

frequency. Generally, the reason of dispersion can be clear by Iwauchi explanation. Which 

explains about the strong relation between dielectric nature of ferrites and conducting 

phenomena. The conducting phenomena in ferrites is due to hopping of electrons between ions 

of Fe2+ and Fe3+. When hoping frequency becomes equal to external applied field then 
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maximum losses occurs in ferrites [181]. But in case of garnet ferrites there is no Fe2+ ions 

present. So, in our case the dielectric losses are due to internal friction which opposes the 

movement of all dipoles and hence losses are there in form of heat.  
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Figure 4.39 Variation of dielectric loss with frequency for YIG, ErIG and YE0.5 samples 

Dielectric Tangent Loss 

Dielectric tangent loss is the measure of loss of energy from externally applied field. This loss 

occurs due to domain wall resonance. The dielectric tangent loss in ferrites contributes largely 

in entire core loss and power loss. Figure 4.40 represents the dielectric loss tangent in materials. 

When dielectric tangent loss is less than the core loss is also less [182]. Figure 4.41 represent 

dielectric tangent loss for samples. The resonance peak has been observed for all samples with 

shifting in maxima beyond 10.5 KHz frequency. The reason of resonance frequency is that 

when natural frequency occurs the ions oscillate but as natural frequency approaches value of 

applied frequency, maximum power loss occurs and hence resonance in loss occurs. After that 

there is sharp fall in tangent loss at higher frequency. The values of losses for the LE0.5 

composite are lesser than ErIG and are near to YIG at higher frequency. The value of tanδ∼0.05 

for YE0.5 composite at 1 MHz. Whereas YIG and ErIG has tanδ∼0.02, 0.06 at 1MHz. The 

lower value of tangent loss is because of larger value of real part of dielectric constant (ε’). It 

has been observed that ErIG has lower value of grain size but has high tangent losses as 

compared to YIG and YE0.5. This can be related with higher conductivity (explained in section 

4.4.5) due to conduction of oxygen vacancies and this conduction is the reason of high tangent 
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losses [183]. Kotnala et al., have studied the dielectric properties of hexaferrite/spinel ferrite 

composite and found larger value of tanδ∼ more than 20 at 100Hz and lower value of tanδ 

near 1 at 1MHz [129]. Paiva et al., have studied the dielectric properties of YIG/CTO 

composite and found that the value tanδ in between 0.2 to 0.1 [184]. Qureshi et al., have 

observed that for YIG/PMMA composite the value of tanδ lies in range 0.03 to 0.06 at 1MHz 

[89]. The lower value of dielectric loss tangent of YE0.5 implies that the material is 

suitable for microwave devices.  

 

                        Figure 4.40 represents the dielectric loss tangent in materials 
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Figure 4.41 Variation of dielectric tangent loss with frequency for YIG, ErIG and YE0.5 

samples 
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Electric Modulus 

Complex electric modulus is described as inverse of complex permittivity. Electric modulus 

(M) is related to real part (M’) which is resistive and imaginary part (M”) which is reactive 

constituent of electric modulus and is given in Equations (4.58), (4.59) and (4.60) [185]. 

 𝑀 = 𝑀′ − 𝑗𝑀"                                                                                                                   (4.58)   

 𝑀′ =
𝜖′

(𝜖′)2 +(𝜖")
2                                                                                                                  (4.59)   

𝑀" =
𝜖"

(𝜖′)2 +(𝜖")
2                                                                                                                   (4.60) 

Figure 4.42 (a-b) represent real and imaginary part of complex electric modulus for all samples. 

It has been observed that YIG has higher value of real and imaginary part and ErIG has least 

values. Whereas YE0.5 composite have moderate values of real part and imaginary part. But 

YE0.5 gives least values of M” between100KHz to 1.5MHz.  It has been noticed that at lower 

frequency range the value of real part (resistive) is low and with rise in frequency the values of 

M’ also increases. And beyond 10 MHz there is a fall in value of M’. The electric modulus 

variation depends upon change in applied field and mobility of charge carriers. 

 

 

Figure 4.42 (a-b) represent real and imaginary part of complex electric modulus for YIG, 

ErIG and YE0.5 
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AC Conductivity 

Inside a material the ability of conduction is specify by a conductivity of a material. Generally 

electrical conductivity inside ferrite materials is due to hopping of electron from ion to ion of 

same element present in different valence state (e.g., Fe2+/Fe3+). From Figure 4.43 it has been 

clear that with increase in frequency AC conductivity also increases. But overall, all the three 

sample possesses very low conductivity. This low conductivity in garnet ferrites means high 

resistivity as in garnet ferrites there is no Fe2+ ion so hopping is not possible.  It has been noticed 

that ErIG give larger value of conductivity as comparison to YIG and their composite give 

moderate values up to 1 MHz. The larger value of conductivity for ErIG is because it possesses 

larger permittivity (ε’) values. The variation of AC conductivity can also be explained by 

Equation (4.61) [185]. 

𝜎𝑎𝑐(𝜔, 𝑇, 𝑟) = 𝜔𝜀0𝜀
′(𝜔, 𝑇, 𝑟) 𝑡𝑎𝑛𝛿(𝜔, 𝑇, 𝑟)                                                                         (4.61) 

Where 𝜔 is angular frequency of applied field, 𝜀0 is absolute permittivity, 𝜀′ is dielectric 

constant or relative permittivity, T is temperature, r is compositional ratio and 𝑡𝑎𝑛𝛿 is tangent 

loss. From the above equation it is clear that "𝜎𝑎𝑐" is dependent on the value of 𝜀′. Which means 

higher the value of 𝜀′ higher will be the conductivity. In case of composite the factor “r” will 

also play an important role. For YE0.5 both composition ratio “r” and dielectric constant 𝜀′ 

contributes to the value of AC conductivity. This can be a reason of higher value of 𝜎𝑎𝑐 for 

YE0.5 as compare to parent garnets at higher frequency.  
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 Figure 1.43 Variation of ln (AC conductivity) with log f for YIG, ErIG and YE0.5 samples 
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4.5.4 VSM 

The smooth S shaped magnetization versus applied field loop (M-H) for samples is as shown 

in Figure 4.44. Such shape of curves implies the superparamagnetic nature of the samples. 

Important magnetic parameters such as magnetic remanence ‘Mr’, coercivity ‘Hc’, magnetic 

saturation ‘Ms’ and squareness ratio (SQR) are calculated from M-H loop and tabulated in 

Table 4.16.  The value of anisotropy constant (Keff), magneto crystalline anisotropy (Ha), 

microwave operation frequency (ωm) was calculated using Equation (4.62), (4.63) and (4.64) 

and tabulated in Table 4.16.     

  𝐾𝑒𝑓𝑓 =
𝐻𝑐×𝑀𝑠

0.96
                                                                                                                      (4.62)                                                                                     

 𝐻𝑎 =
2𝐾𝑒𝑓𝑓

𝑀𝑠
                                                                                                                           (4.63) 

  𝜔𝑚 = 8𝜋2𝛾𝑀𝑠                                                                                                                    (4.64) 

It has been observed that YE0.5 composite give least value of coercivity (161.8 Oe) as compare 

to individual garnet ferrites. Which depict more soft nature of composite as compare to YIG 

and ErIG. Jung et al., have reported the value of Hc equals to 26 for the composite of Ce: YAG-

YIG (in ratio 0.5:0.5) [186].  The reason for this is larger grain size of YE0.5 (1μm). As the size 

of grain increases, the single domain structure changes to multi-domain structure. Therefore, 

domain wall effect dominates. This domain wall effect requires very less field to magnetize and 

as a result coercivity decreases. The value of magnetic saturation is large for YE0.5 composite 

(20.35 emu/g) as compare to YIG and ErIG. The reason for larger value of Ms is larger grain 

size [186] of composite. YIG and ErIG has lower grain size and due to this surface effect 

dominate. The surface layer is un-reactive and has less magnetization. Paiva et al., have found 

that the value Ms is 13.2 emu/g for YIG0.75/CTO0.25 composite [184]. The value of squareness 

ratio for samples is less than 0.5 suggest about the multi-domain structure. The calculated value 

of microwave operating frequency is large for YE0.5 composite is 4.5 GHz whereas for YIG 

and ErIG is 3.6 and 3 GHz respectively. This suggest that composite of YIG and ErIG i.e., 

(YE0.5) provides better magnetic properties.   
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Figure 4.44 Magnetization versus applied field graph for YIG, ErIG and YE0.5 samples 

 

 

4.6 Yttrium iron garnet, Cd3+- Co3+ substituted magnesium ferrite and their composite 

YIG/MgCdCoFe 

  4.6.1 XRD  

The XRD pattern of the prepared samples i.e., YIG, Mg0.4Cd0.4Co0.2Fe2O4 (MgCdCoFe) and 

YIG (x)/ MgCdCoFe (1-x) composites are shown in Figure 4.45. The obtained patterns were 

compared and matched with the JCPDS card no. 430507 for YIG and 221086 for MgCdCoFe 

respectively. Diffraction peaks in Figure 4.45 (a) and (b) reveal the pure phase formation of 

cubic garnet ferrite with space group Ia3D and cubic spinel ferrite with space group Fd-227 

Table 4.16 Calculated value of Hc, Mr, Ms, Keff, Ha, SQR and ωm for samples 

Sample         Hc (Oe)       Mr(emu/g)     Ms(emu/g)     Keff(erg/cm3)    Ha         SQR          ωm 

   YIG            189.4             3.62              16.55             3266            394.67     0.219       3.6 GHz 

   ErIG            218               3.27              13.6               3086             454.24    0.241       3.0 GHz 

   YE0.5           161.8             3.61              20.35             3430.2          337.12    0.178       4.5 GHz 
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respectively. Figure 4.45 (c-e) represents the XRD patterns of composites. The diffraction 

peaks of YIG and MgCdCoFe are present in all composites. This implies that YIG and 

Mg0.4Cd0.4Co0.2Fe2O4 exist independently without reacting with each other. However, for the x 

=0.3 composites, the highly intense peak of YIG at (420) becomes less intense implying that 

the spinel ferrite phase is dominating over the garnet ferrite phase in the composite. This 

disparity in intensity is obvious because the spinel ferrite phase is dominant for x = 0.3 

composite, whereas for x = 0.6 and x = 0.9 composites the YIG phase dominates over 

MgCdCoFe phase. The number of corresponding phases of parent ferrites in the composite 

material determines the intensity and number of diffraction peaks [188]. 

The extracted values of structural parameters like lattice constant ‘a’, micro-strain ‘ε’ and 

crystallite size ‘D’ from the diffraction patterns are tabulated in Table 4.17. Figure 4.46 

represent the shift in 2θ value of the highly intense diffraction peak with Miller indices (hkl) 

value (420) of YIG in YIG/MgCdCoFe (from x = 0.3 to x = 0.9) composites. From Figure 4.46 

and Table 4.17, it can be concluded that by incorporating spinel ferrite (MgCdCoFe) in garnet 

ferrite (YIG) the diffraction peak shift is towards the higher 2θ values. This shift in angle further 

affects the value of lattice constant ‘a’, which was calculated by using Equation (4.65) and is 

given in Table 4.17. 

  𝑎 = 𝑑(ℎ2 + 𝑘2 + 𝑙2) 1/2                                                                                                         (4.65) 

Here ‘d’ is the interplanar spacing which is calculated with the help of Bragg’s law Equation 

(4.66): 

   𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔(Å) =
𝑛𝜆

2 sin𝜃
                                                                                                                 (4.66) 

He re the order of diffraction n is equal to 1 and hkl is the Miller indices. For YIG and 

MgCdCoFe, miller indices are corresponded to the highest intensity peaks and for composites, 

it corresponds to YIG peak).  

From the above equation, we can write: 

 𝑎 =  
𝑛𝜆

2 sin𝜃
(h2 + k2 + l2) 1/2                                                                                                   (4.67) 

Equation (4.67) depicts that the lattice constant ‘a’ is dependent on the angle (θ). The decrease 

in the value of ‘a’ for YIG(x)/MgCdCoFe(1-x) (x=0.3, x=0.6 and x=0.9) composites is due to 

shift of angle towards higher side. Also, the fluctuation of the lattice constant of composite from 
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ideal YIG is due to variation in solubility between garnet and spinel ferrite [189]. The crystallite 

size ‘D’ of the composites is calculated using Scherrer’s formula (Equation (4.68)) [190]. 

  𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                                    (4.68) 

Where K, λ, β are the Scherrer’s constant (=0.9), the wavelength X-ray source (=0.15406 nm) 

and full-width half maxima (FWHM, units are radians) respectively. Here the value of ‘θ’ for 

the composites is taken to correspond to the value of ‘θ’ for YIG. From Table 4.17, it is also 

clear that the composites have a larger value of ‘D’ as compared to the parent ferrites. This is 

because of the nano dimensional particle sizes of the prepared composites [191]. With the 

addition of spinel ferrite in composite, the value of ‘D’ increases for x = 0.3 to x =0.9 composites 

from 42.1 to 51.1 nm. The value of ‘D’ is less for x = 0.3 composites, which have a higher 

content of MgCdCoFe (70%) as compared to YIG (30%). The lesser value of ‘D’ for x = 0.3 

composite may be because the spinel ferrite is enhancing the crystal growth to a further extent. 

After that, it is restricting the crystal growth of YIG in the composite due to the presence of 

stress or strain. As the MgCdCoFe content start decreasing in x = 0.6 to x = 0.9 composites, the 

crystal growth is enhanced and the crystallite size increases. The micro-strain of the composites 

has been calculated by using Equation (4.69) and is summarized in Table 1. 

  𝜀 =
𝛽

4 tan𝜃
                                                                                                                                      (4.69) 
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                                    Figure 4.45 XRD pattern of the samples. 
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                 Figure 4.46 The shift in 2θ value with variation in composition 

Table 4.17 Calculated values of 2θ, β, hkl, the crystallite size(D), lattice parameter(a) and 

micro stain (ε) 

 

Density and Porosity Study 

The value of X-ray density (Dx), bulk density (Db), Porosity (P) and relative density (Dr) was 

calculated using Equations (4.70), (4.71), (4.72) and (4.73) respectively [114] and tabulated in 

Table 4.18. 

𝐷𝑥 =
𝑀𝑍

𝑁𝐴 𝑎3                                                                                                                                            (4.70) 

Sample                                                     Sample Code   2θ(°)     β        hkl   D(nm)      a           ε    

YIG                                                                Y              32.01   0.25     420    32.1     12.49      -       

Mg0.4Cd0.4Co0.2Fe2O4                                                         M             35.39    0.22     311   36.9      8.40       -       

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x(x=0.3)    YM0.3     32.46    0.17     420    42.1     12.32    2.8      

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x (x=0.6)   YM0.6     32.36    0.16     420    50.5    12.36     2.4    

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x  (x=0.9)  YM0.9     32.35    0.16      420   51.4    12.36     2.3     
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Where ‘M’ is the molecular weight of the sample, ‘Z’ is the number of molecules per unit cell 

(for spinel and garnet ferrite Z is 8), ‘NA’ is Avogadro number (6.023 ×10-23) and ‘a’ is lattice 

constant. 

𝐷𝑏 =
𝑀

𝜋𝑟2𝑑
                                                                                                                                          (4.71) 

Where ‘M’ is the mass of the pellet, ‘r’ is the radius and ‘d’ is the thickness of the pellet. 

𝑃 = (
𝐷𝑥−𝐷𝑏

𝐷𝑥
)   × 100                                                                                                           (4.72) 

𝐷𝑟 = (
𝐷𝑏

𝐷𝑥
) × 100%                                                                                                                           (4.73) 

From Table 4.18, it is clear that all the prepared composites have good bulk and relative density. 

This indicates that the sintering temperature is sufficient for the preparation of YIG and 

MgCdCoFe. The YM0.3 composite has the least porosity and high relative density. This implies 

that the presence of 70% of MgCdCoFe enhances the densification of YIG in the composite. 

The better densification in the composite is due to good packing.   

Table 4.18 Calculated x-ray density (Dx), bulk density (Db), porosity (P) and relative density 

(Dr) for samples 

 

4.6.2 FESEM 

The morphological study is an important parameter to understand the shape and size of grains.  

The grain size and morphology of the samples further affect the magnetic, dielectric and many 

other physical properties. The morphological study was carried out with the help of FESEM 

micrographs. Figures 4.47 (a-e) represents the FESEM micrograph of the prepared samples. 

Figures 4.47 (a) and (b) represent the micrograph of YIG and MgCdCoFe samples respectively. 

It has been found that YIG has roughly spherical shaped grains. Whereas MgCdCoFe has cubic 

shaped grains. Figure 4.47 (c-e) represents the micrographs of the YM0.3, YM0.6 and YM0.9 

Sample                                                              Sample Code   Dx    Db (g/cm3)    P%    Dr (%) 

YIG                                                                        Y               5.03       4.82          4.05    96.0 

Mg0.4Cd0.4Co0.2Fe2O4                                                                     M               5.41      4.83          10.7    89.2 

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x(x=0.3)            YM0.3       5.53      5.31          3.95    96.0    

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x (x=0.6)           YM0.6       7.58      6.42          15.2    84.8 

(YIG)x-(Mg0.4Cd0.4Co0.2Fe2O4)1-x (x=0.9)          YM0.9        9.67      8.25          14.7    85.3   
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composites. It can be seen that two different morphologies of grains (spherical and cubic) are 

present in all the composites.  The composite with x = 0.3 has very less porosity as compared 

to other composites due to the stronger packing of garnet and spinel ferrites. The spherical 

shaped YIG grains have some voids or spaces, which are further occupied by the grains of 

MgCdCoFe. For a higher packing mechanism, two conditions, (a) near about 30% fine and 70% 

coarse grains and (b) two different grain sizes should be there in the samples. In the synthesized 

samples the pores can be seen from micrographs. The calculated porosity matches FESEM 

images. The grain size was calculated by putting 10 intercept lines on the micrographs with the 

help of ImageJ software. The line intercept method was followed to get the values of grain sizes 

which is mentioned in Equation (4.74) and tabulated in Table 4.19. Where ‘L’ is the length of 

line, ‘m’ is magnetization and ‘n’ is number of intersects. The grain size of the materials lies 

between 0.57µm to 0.8 µm. The YM0.9 composite has a larger grain size, whereas YM0.3 has 

the least grain size. The composites have a difference in grain sizes due to the grain boundaries 

migration between two phases having restricted solubility [136]. So generally one ferrite 

influence the growth of the other, which further restricts the grain boundaries motions.  

𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =
1.5 𝐿

𝑚𝑛
                                                                                                                  (4.74) 

Table 4.19 Calculated grain size from the micrographs of the samples 

 

 

 

 

Sample                                Grain Size (μm) 

Y                                             0.80±0.03 

M                                            0.70±0.01 

YM0.3                                    0.74±0.01 

YM0.6                                    0.88±0.01 

YM0.9                                    0.97 ±0.01                          
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Figure 4.47 FESEM micrographs of (a) Y, (b) M, (c) YM0.3, (d) YM0.6 and (e) YM0.9 samples 
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4.6.3 EDX 

To confirm the presence of all elements in the prepared nanocomposites, EDX has been carried 

out. The spectra of the two composites YM0.3 and YM0.6 are as shown in Figure 4.48 (a-b). 

From this spectrum, it has been observed that both the composites have the presence of desired 

elements without any other undesirable elements. This confirms the successful synthesis of the 

phase pure nanocomposites.  
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4.6.4 VSM 

The room temperature magnetic properties of the prepared samples were examined by using a 

vibrating sample magnetometer (VSM). The important magnetic parameters like remanence 

magnetization (Mr), saturation magnetization (Ms), coercivity (Hc), squareness ratio (SQR), 

anisotropy (Keff) and magnetic crystalline anisotropy (Ha) were calculated from the 

Magnetization versus applied field curve (Figure 4.49). These values are tabulated in Table 

4.20. Figure 4.21 depicts that all the prepared samples exhibit S-shaped M-H loop, which 

indicates the superparamagnetic behaviour. The prepared composites have single smooth M-H 

curves, this implies that the exchange coupling exists between the garnet and spinel ferrite 

[192]. The reason for the formation of a single magnetic curve is, that the mechanical blending 

method has provided the proper mixing of the two ferrites. The SQR value for all prepared 

samples is less than 0.5 and lies between 0.008 to 0.24, indicating the existence of multi-

magnetic domain structures.  

MgCdCoFe (M) has a higher value of Hc as compared to YIG (Y), because of higher magneto-

crystalline anisotropy. The composites YM0.3 have a smaller grain size, so it has larger Hc as 

compared to other composites. With an increase in grain size, Hc decreases because the single 

domain size of the grain changes to a multi-domain structure and it requires a very less magnetic 

field for magnetic alignments. The Ms values for all composites are high as compared to YIG. 

This is because with the incorporation of MgCdCoFe, a disorder in spin, change in surface 

morphology and anti-phase disorder takes place [149]. The lower coercivity of YM0.9 

composites is promising for the use in switching devices, whereas the larger coercivity of 

YM0.3 composite can be suitable for use in high-frequency device applications.   

 

   

Figure 4.48 EDX spectra of (a) YM0.3 and (b) YM0.6 composites 
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Table 4.20 Important magnetic parameters calculated from the M-H loop for samples 
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Figure 4.49 Magnetization (M) versus applied field curve for samples 

4.6.5 VNA 

Permittivity and Permeability: 

The variations of the real part of dielectric permittivity (ε') and magnetic permeability (μ') with 

frequency in the Ku-band for composites are shown in Figure 4.50 and Figure 4.51 

respectively. From Figure 4.50, it has been observed that the dielectric spectra are not showing 

dispersion behaviour (as explained by Koop’s theory) from the 12 GHz to 17 GHz range of 

frequency. The permittivity of the composites follows an oscillating trend which may be due to 

the fluctuation in the polarization of ferrites with variation in frequency. The dispersion 

behaviour of the composites occurs beyond 17GHz of frequency. The composite YM0.3 has a 

higher permittivity value as compared to YM0.6 and YM0.9. The values of ε' for composites at 

14.5 GHz frequency are given in Table 4.21. For the YM0.3 composite the value of ε' is ∼ 

19.5.  this is because of the lower porosity and high density of the composites [18].  

Sample         Hc (Oe)      Mr(emu/g)     Ms(emu/g)    Keff(erg/cm3)   Ha     SQR       

  Y                 31.2             1.3                11.4              370.2           65.1    0.05 

  M                176              10.6               44                 8075.8        367.1   0.24        

  YM0.3        99.2              5.3                41                 4207.9        206.7   0.13         

  YM0.6        61.94            7.6                40.7              2625.9        129.0   0.08 

  YM0.9        9.64              0.41              27.1              271.8          20.1     0.01
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The frequency variations of the real part of permeability (μ') of the composites are shown in 

Figure 4.51 and this study also does not exhibit frequency dispersion. Beyond 17GHz the value 

of permeability increases. From Table 4.21 it can be concluded that the composite YM0.3 has 

a higher value of μ'∼2.8 as compared to other composites. The reason for the higher value of 

permeability is lower porosity and higher densification of the composite. The permeability is 

dependent on grain size (D), saturation magnetization Ms and magneto-crystalline anisotropy 

as per equation μ∼Ms
2D/(Keff)

0.5. The YM0.3 composite has a higher value of Ms and moderate 

grain size.   

Dielectric and Magnetic Losses 

The dielectric losses in samples occur due to vibrations of dipoles. Dielectric tangent loss is the 

measure of loss of energy from an externally applied field. This loss occurs due to domain wall 

resonance, due to pores, grain boundaries and impurities present in the structure of ferrites [49]. 

The dielectric loss tangent in ferrites contributes largely to entire core loss and power losses. 

The magnetic loss in the samples is due to losses in hysteresis, domain wall displacement (also 

known as resonance relaxation loss) and eddy current loss. At Higher frequencies, losses are 

dependent on morphology or grain sizes. Figure 4.52 and Figure 4.53 represent the dielectric 

and magnetic losses in the composite from 12 GHz to 18 GHz. It has been observed that all the 

composites offer less value of dielectric and magnetic losses. But it has been noticed that losses 

are approaching the negative values which is due to less signal to noise ratio or fixture error. 

Table 4.21 summarizes the dielectric and magnetic loss tangents of all the composites at 14.5 

GHz. The composite YM0.3 has the minimum value ∼0.009 of dielectric loss tangent and 

∼0.002 of magnetic loss tangent at 14.5 GHz. The reason for lower losses is that the higher 

content of MgCdCoFe in the YIG composite suppresses the overall grain growth. This 

decreases the porosity and increases the density as the spinel ferrites segregate at grain 

boundaries of YIG, due to which grain size reduces and hence losses also decrease.  

Miniaturization Factor of Antenna 

The miniaturization factor decides the compactness of the antenna. The higher is the 

miniaturization factor, the more the compact size of the antenna is. The miniaturization factor 

is calculated using Equation (4.75) [193]. 

𝜂𝑖 = √𝜀′𝜇′                                                                                                                                 (4.75) 



115 
 

From the above equation, it is clear that the miniaturization factor ηi depends upon permittivity 

and permeability values. From Figure 4.54, it has been clear that the YM0.3 sample has larger 

values of ηi as compared to other composites. The values of ηi for all samples at 14.5 GHz are 

tabulated in Table 4.21. The sample YM0.3 has a higher value of ηi∼7.2 at 14.5 GHz.  
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       Figure 4.50 Variation of Permittivity with frequency (12-18GHz) for samples 
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   Figure 4.51 Variation of Permeability with frequency (12-18GHz) for samples 
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  Figure 4.52 The obtained dielectric loss tangent for samples at a frequency from 12-18GHz 
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Figure 4.53 The obtained magnetic loss tangent for samples at frequency from 12GHz-18GHz 
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Figure 4.54 The obtained miniaturization factor for the composites at the frequency range of 

12GHz-18GHz 

 

 

 

 

4.7 Pr3+ substituted gadolinium garnet ferrite (GdIG) 

4.7.1 XRD 

X-ray diffraction pattern was used to study the structural properties of praseodymium doped 

gadolinium iron garnet (PrxGd3-xFe5O12 for x=0.5, 1.0 and 1.5). Figure 4.55 represents the XRD 

pattern of PrxGd3-xFe5O12 (x=0.5,1.0, 1.5 represent by P1, P2 and P3 respectively). From pattern 

it has been clear that garnet phase is dominant for all samples. The obtain results of the samples 

were further compare with JCPDS no. 72-0141 of pure GdIG. The cubic structure of prepared 

samples with space group Ia3d has been assured by miller indices values at (321), (400), (420), 

Table 4.21 Calculated Permittivity, permeability, dielectric and magnetic loss tangent and 

miniaturization parameters at 14.5GHz for composites 

Sample         ε'         μ'         tanδε       tanδμ         ηi 

YM0.3       19.5      2.8         0.009      0.002        7.2 

YM0.6       3.57      1.2         0.5       Negligible   1.7 

YM0.9       3.90      1.1         0.12     Negligible   1.8       
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(422), (521), (532), (444), (640), (642), (800), (840), (842), and (664) [167]. With more addition 

of Pr in samples i.e., from x=0.5 to 1.5 the impurity phase (Fe2O3) has been observed. This 

impurity phase is due to stoichiometric modification in dodecahedral site [178]. Also, the higher 

intense peak (420) became less sharp with increase in Pr content in samples. This implies that 

the sample is becoming less crystalline with higher substitution of Pr.  

The calculated value of crystallite size “D”, lattice constant “a”, micro strain “ε” and dislocation 

density “δ” is tabulated in Table 4.22. It has been observed that the crystallite size decreases 

with increases in Pr substitution. The variation in crystallite size with substitution is due to 

presence of impurities. These impurities further affect the growth of crystal [170]. Second 

reason of variation can be stress and strain due to Pr substitution which produce defect in lattice.  
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 Figure 4.55 represents the XRD pattern of PrxGd3-xFe5O12 (a) x=0.5 (b) 1.0 and (c) 1.5 
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4.7.2 FESEM 

FESEM was used to study the morphology of the Pr substituted samples. Figure 4.56 (a-c) 

represent the micrographs of the sample P1, P2 and P3. From deep analysis of micrographs, it 

has been observed that all the samples have spherical shape grains which is in accordance with 

literature [194]. With increase in Pr3+substitution, agglomeration has been observed. Figure 

4.57 (a-c) represent size distribution histogram of the samples. The maximum number of grains 

lies in 0.71μm, 1.1 μm, 77 nm for P1, P2 and P3 sample respectively. The ionic radii of 

substituted element, temperature, porosity and method of preparations affects the grain size of 

the samples. 

Line intercept method (Equation 4.76) was used to calculate grain size of the samples and 

tabulated in Table 4.23.  

𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =
1.5 𝐿

𝑚𝑛
                                                                                                                         (4.76)          

 

Table 4.22 The calculated values of 2 θ, FWHM (β), crystallite size (D), lattice constant (a), 

micro strain (ε) and dislocation density (δ) for samples 

Sample                             Sample Code     2θ(°)       β          hkl     D(nm)     a         ε       δ (nm-2) 

PrxGd3-xFe5O12 (x=0.5)             P1            32.12     0.15       420     52.8      12.45    2.7     0.35 

PrxGd3-xFe5O12 (x=1.0)             P2            31.90     0.17       420     46.6      12.51    2.6     0.46 

PrxGd3-xFe5O12 (x=0.5)             P3            32.70     0.18       420     44.1      12.23    2.8     0.51 
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             Figure 4.57 Gaussian fit histogram of samples (a) P1, (b) P2 and (c) P3 
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     Figure 4.56 Micrographs of sample (a) P1, (b) P2 and (c) P3 
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4.7.3 UV-Vis  

Absorption coefficient (α) and energy band gap (Eg) both are the special optical features. These 

features decide the use of ferrites for optoelectronic applications. UV-Vis spectroscopy was 

used to study optical property of PrxGd3-xFe5O12. Figure 4.58 represents the absorption versus 

wavelength graph for samples P1, P2 and P3. The absorbance in all has been observed up to 

280 nm, after that samples show transmittance. A shift in absorbance has been noticed with 

change in composition from x= 0.5 to 1.5. The absorbance in the materials depend upon factors 

like energy band and uneven surface [195]. Figure 4.59 (a-c) represent (αhν)2 versus (hν) 

graphs which are plotted to calculate band gap of the samples. It has been observed that band 

gap of sample PrxGd3-xFe5O12 first decreases from 4.6 eV to 4.5 eV for x=0.5 to 1.0. After that 

the band gap increases from 4.5 eV to 4.7 eV. The change in bandgap depends upon several 

factors like crystallite size, impurity, concentration of substituents and morphology [196].  
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Figure 4.58 UV-Vis spectra of samples (a) P1, (b) P2 and (c) P3 

Table 4.23 Calculated grain size of sample (a) P1, (b) P2 and (c) P3 

Sample                                Grain Size (μm) 

   P1                                               0.271 

   P2                                               0.401 

   P3                                               0.308               
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Figure 4.59 Calculated band gap of sample (a) P1, (b) P2 and (c) P3 

4.7.4 Fluorescence  

In order to study the luminescence property and to analyse the energy band gap with related to 

most strong position of sub band gap fluorescence spectroscopy was studied. Figure 4.60 

represent the fluorescence spectroscopy of PrxGd3-xFe5O12 sample. The excitation wavelength 

is around 270 nm which is choose from the obtained UV spectroscopy. At this excitation 

wavelength it has been observed that all three samples emit red colour i.e., at 650nm region. 

The reason of such emission is presence of nitrates group in prepared samples [195]. A shift 

has been observed with increases in Pr concentration in PrxGd3-xFe5O12.  The intensity of the 

sample increases with increase in Pr concentration. The reason of increase in fluorescent 

intensity is because of increase in distance between GdIG and dopant (Pr) [197]. This implies 
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that increases in concentration of dopant increase the emission property. Such properties of 

PrxGd3-xFe5O12 makes it suitable to be used in optical storage and optical devices. 
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Figure 4.60 Fluorescence emission spectra of sample (a) P1, (b) P2 and (c) P3 
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                                                           Chapter 5 

Summary and Conclusion 

The novelty of the presented work is the choice of the composites. An attempt has been made 

to synthesis the composites of soft/soft ferrites (garnet/spinel ferrites). These ferrites 

individually do not yield good results for antenna application according to literature. But as per 

our observation it has been found that the combination of the garnet and spinel ferrites yield 

lower losses in microwave region, sustainable at higher temperatures with good structural, 

magnetic and dielectric properties.   

This research work has attempted to address the problems faced in the fabrication, synthesis 

and characterization of nanocomposites for antenna miniaturization and microwave losses in 

antennas. The properties of nanocomposites of garnet ferrites such as structural, magnetic, 

dielectric and optical has been studied. The appropriateness of sol-gel auto-combustion method 

has been confirmed in this research. Most of the prepared nano-samples consist of single phase 

without any impurities with suitable time and sintering temperature. 

By using sol -gel auto-combustion method Gd3Al2Fe3O12 has been prepared successfully. The 

sample further sintered at three different temperature that is at 900°C, 1000°C, 1100°C in order 

to study the effect of temperature on structural, morphology and magnetic properties of the 

garnet ferrite. From XRD of sintered sample it has been observed that with increase in 

temperature Gd3Al2Fe3O12 tending toward single phase formation. The average crystallite size 

at different sintering temperature was obtained in range from 27-36 nm. The FTIR analysis 

confirms achievement of garnet phase because there is presence of asymmetric stretching bond 

formed between cations of metals and anions of oxygen. From FESEM it was confirmed at 

900°C sintering temperature agglomeration occurs which vanishes up to 1100°C. Also, it 

revealed that sintering temperature effect porosity, grain size, and size distribution. The grain 

size of samples ranges from 25-450, 10-125 and 13-73 nm for 900, 1000 and 1100°C 

respectively. VSM revealed that with increase in temperature the magnetic properties get 

altered. Coercivity and saturation magnetization decreases which depict that use of these 

materials in switching devices. Least value of Hc is 62.9 and least value of Ms is 2.46 noted at 

higher temperature (1100°C). The value of SQR of sample sintered at different temperature 

ranges between 0.007-0.055 which suggest about superparamagnetic nature. Also, the value of  

𝜔𝑚 ranges from 500-700 MHz which shows that these materials have very good application in 

Ultra High frequency range. 
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The GdIG and MF were successfully prepared using the sol-gel auto-combustion method. GdIG 

composites (x=1.0,0.5,0.75) were prepared using mechanical blending according to wt%. The 

XRD pattern shows the presence of a pure phase of GdIG and MF. It is found that for x=0.5 

composite both phases were present independently with sharper peaks, whereas at x=0.75 some 

GdIG peaks dominate. The crystallite size calculated from XRD data was found to be in the 

range 26-55 nm, which implies that samples are nanocrystalline. The average particle size 

obtained ranges from 0.24 to 0.42 μm for x=1,0.5 and 0.7. From the dielectric study, it has been 

observed that these composites show the variation of the real and imaginary part of the dielectric 

constant and loss tangent with frequency. Further from the M-H loop, it has been found that 

composites show better S-shaped curves as compared to GdIG which further tells about the 

superparamagnetic nature of composites. Value of Ms increases with increasing MF in GdIG, 

Hc decreases with the addition of MF in GdIG and Mr increases with the addition of MF. The 

calculated value of microwave operating frequency reveals that the addition of MF in GdIG 

enhances its operating frequency from MHz to GHz range which shows that alone GdIG is not 

sufficient to reach in GHz range its nanocomposites are the best option to operate in S-band.  

Both Gd3Fe5O12 and MFe2O4 were successfully prepared using sol-gel auto-combustion 

method. Further composite of both ferrites was formed by using mechanical blending method 

and then treated at 900°C and 1300°C. XRD reveals the presence of the phases in the 

composites for both samples. From FESEM it has been clear that temperature effects the 

morphology of both the samples. Impedance analyser study reveals that heat treatment gives 

larger value of dielectric constant in lower frequency range, which further decreases with 

increase in frequency. Whereas the dielectric loss tangent also increases with increase in 

temperature in higher frequency range. VSM study reveals that magnetic parameters varies with 

temperature which is due to change in microstructure with temperature. The calculated value 

of SQR suggests the single domain structure of the composites. The calculated value of 

microwave operating frequency reveals the uses of these composites in GHz range. 

This work focuses to study variation in structural, optical and magnetic properties by 

substitution of Y3+, Bi3+ and La3+ in GdIG. From XRD it has been clear that with change in 

substitution from x= 0 to 0.4 the value of crystallite size and lattice constant changes. From 

FESEM it has been notice that the samples have spherical grain shape. For sample x=0 

maximum number of grains lie between 0.41μm to 0.58μm range, for sample x=0.2 lies between 

0.61μm to 0.78μm range and for x=0.4 lies between 0.61μm to 0.92μm range. EDX confirms 

the dispersion of all ions in sample in desired amount without any other elements ions. The 
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value of band gap calculated from UV-VIS is in range from 3.7eV to 3.9eV which implies 

prepared samples are wide-bandgap semiconductors. The value of Hc is larger for x=0 and with 

substitution of La3+ from x=0.2 to x=0.4 it decreases from 40.42 to 39.14. This is because 

change in grain size with substitution. Also, the value of saturation magnetization varies with 

substitution. The value of operating microwave frequency also varies with substitution and 

suggests the use of these materials in 500 MHz to 1.1 GHz frequency range. The future scope 

of our work is that such materials can be use in high frequency devices and in communication 

devices especially for military applications.  

Yttrium iron garnet (YIG) and Erbium iron garnet (ErIG) samples were prepared by sol gel auto 

combustion method. Mechanical blending method was adopted to form ErIG(x)-YIG(1-x) 

(x=0.5) composite. XRD confirmed proper formation of garnet phase in samples. The 

calculated lattice constant for YIG, GdIG and for their composite is almost same as they are 

garnet ferrites. From FESEM it has been noticed that composite YE0.5 showed agglomeration 

which is due to magnetic interaction between two ferrites. From size distribution histogram  it 

has been found that the maximum number of grains lie between 0.30 μm to 0.59 μm, 0.6 μm to 

1.1 μm, 0.3 μm to 0.51 μm for YIG, ErIG, YE0.5 respectively. From impedance spectroscopy 

it has been found that dielectric properties of the samples varies with frequency. ErIG gives 

larger value of dielectric constant and YIG give least value of dielectric constant but their 

composite YE0.5 give moderate value of dielectric constant. Whereas dielectric losses in YIG 

is least and ErIG is large. But if ErIG is incoperated with YIG than lesser value of losses has 

been obtained. These values of losses are almost near to the losses in YIG. YE0.5 composite 

give moderate value of dielectric constant, dielectric loss tanget, electrical modulus, ac 

conductivity. From VSM it has been observed that YE0.5 composite give good value of 

magnetic parameters. The compoite YE0.5 has higher value of microwave operating frequency 

near about 4.5GHz. From obtained results it can be concluded that YE0.5 composite is suitable 

to operate in microwave devices as it provide better dielectric and magnetic property as compare 

to parent garnet ferrite (YIG and ErIG). 

The garnet ferrite (YIG) and spinel ferrite (MgCdCoFe) samples have been synthesized by 

using the sol-gel auto combustion method. The composites of YIG/MgCdCoFe with 

composition x = 0.3 (30% YIG, 70 % MgCdCoFe), x=0.6 (60% YIG, 40 % MgCdCoFe) and 

x=0.9 (90% YIG, 10 % MgCdCoFe) were prepared by facile mechanical blending method. The 

phase study reveals that both phases of YIG and MgCdCoFe are present independently in the 

composites. The composite at x = 0.3 has good compactness because of the enhanced packing 
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of the grains of two ferrites. The composite with x=0.3, also results in higher densification and 

lower bulk density as compared to other composites prepared. The magnetic properties of all 

the composites vary with the change in the composition of ferrites. The composite at x = 0.3 

has a maximum Hc value whereas the composite at x =0.9 has the minimum value of Hc which 

suggests its potential application in switching devices. All the composites offer a high value of 

saturation magnetization (Ms). Among the composite studied, x = 0.3 composites offer very 

good magneto-dielectric properties with high ε' (~19.5) and μ' (~2.8). It has to be noted here 

also that for this composite the dielectric and magnetic losses are of the order of 10-2 only. The 

miniaturization factor is also high for the composite at x=0.3. So, we conclude that the 

composite of YIG/MgCdCoFe can be an excellent candidate for Ku band antenna applications.  

Sol-gel auto-combustion process was carried out to prepare PrxGd3-xFe5O12 for x=0.5,1.0 and 

1.5. XRD confirms the formation of garnet phase in Pr substituted GdIG. It has been observed 

that with increase in Pr content in garnet ferrite impurity phases were formed. Crystallite size, 

lattice constant, micro strain and dislocation density also varies with change in Pr content.  From 

FESEM it has been observed that maximum number of grains lies in 0.71μm, 1.1 μm, 77 nm 

for x=0.5, 1.0 and 1.5 sample respectively. The bandgap evaluated from UV-Vis spectra was 

found in 4.5eV to 4.7eV range. From fluorescence spectroscopy it has been found that with 

increases in concentration of dopant, emission property enhances.  

Future Work 

Cancer is the second-highest mortality rate in the world and is also linked to drastically reduced 

life expectancy. New, promising methods for treating malignant neoplasms are now being 

explored, magnetic hyperthermia (MH) receiving a lot of attention. Magnetic nanoparticles 

(MNPs) are when exposed to an alternating magnetic field (AMF), they produce heat. As a 

result of the MNP is used to treat the tumor, the tumor is gradually heated to temperatures over 

42°C, finally causing cell death. The performance of MH depends on the elemental 

composition, size, structure, anisotropic magnetic properties, stability, and other characteristics 

of the MNPs. MNPs based on iron oxides are now being investigated as a potential material for 

MH applications. They have good control over size and shape, and high magnetization, but 

lower magnetic anisotropy; yet, they are prone to aggregation and oxidation. Iron oxide MNPs 

should therefore be protected by shells, which could lead to a reduction in heating efficiency. 

Ferrite-based MNPs have recently undergone significant research for biomedical use, 

specifically for MH. By adjusting the stoichiometry slightly, ferrite MNPs enable a wide range 
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of customized magnetization and magnetic anisotropy. As a result, the MHT parameters can be 

better matched, and smaller MNPs can be utilized for MH instead of the usual 20–25 nm iron 

oxide MNPs. They are typically coated with citrate ions to promote colloidal stability; however, 

this modification has little effect on MNPs' capacity for heating. The hysteresis loss in the B-H 

magnetic property was closely correlated with the heat generation in an AC magnetic field.  The 

distortion of the cubic structure in the hysteresis loss contributed to the high heating ability. 

Such ferrite MNPs are thus attractive candidates for their usage in MH cancer therapy based on 

their physical and chemical characteristics. Currently, the US Food and Drug Administration 

has approved the use of iron oxide MNPs for cancer diagnosis, cancer hyperthermia, and iron 

deficiency anemia (FDA).  

For cancer prospective the research will be elaborate to achieve following objectives:  

1. Enhancing the heat generation ability in the AC magnetic field of garnet ferrites and 

their composites for cancer treatment. 

2. To investigate the non-toxic ceramic oxides for cancer treatment. 
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