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INTRODUCTION 

 

Materials have always been in a state of evolution since the advent of human 

civilization. May it be the simple levers and pulleys in the ancient times or the computers till 

date, human beings have always come up with materials better than yesterday to make human 

life a better one. Materials are of great technological significance and play a very important 

role in the development of a nation and therefore material scientists around the globe 

constantly strive in making newer materials with better functionalities.  

Materials chemistry is an interdisciplinary field applying the properties of matter to 

different areas of science and engineering. This scientific field investigates the relationship 

between the structure of materials at atomic or molecular scales and their macroscopic 

properties. It incorporates elements of applied physics and chemistry. With significant media 

attention focused on nanoscience and nanotechnology in recent years, materials chemistry has 

been propelled to the forefront at many universities. Materials chemistry also deals 

with fundamental properties and characteristics of materials. 

The material of choice of a given era is often its defining point. Phrases such as Stone 

Age, Bronze Age, and Steel Age are good examples. Originally deriving from the 

manufacture of ceramics and its putative derivative metallurgy, materials science is one of the 

oldest forms of engineering and applied science. Modern materials chemistry evolved directly 

from metallurgy, which itself evolved from mining and the use of fire. A major breakthrough 

in the understanding of materials occurred in the late 19th century, when the American 

scientist J.W. Gibbs demonstrated the relation between the thermodynamic properties related 

to atomic structure in various phases and the physical properties of a material. In early days, 

emphasis in materials chemistry was laid on the use of metals. Today the field has broadened 

to include every class of materials including ceramics, polymers, semiconductors, magnetic 
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materials, medical implant materials and biological materials. The basis of materials 

chemistry involves relating the desired properties and relative performance of a material in 

certain applications to the structure (atomic arrangement and phases) of that material through 

characterization. The major determinants of the structure of a material and thus of its 

properties are its constituent chemical elements and the way in which it has been processed 

into its final form. These characteristics, taken together and related through the laws 

of thermodynamics, govern a material’s microstructure, and thus its properties. 

The study of metal oxides has grabbed the attention of material chemists due to their 

excellent magnetic, electrical, optical, mechanical and catalytic properties which make them 

technologically imperative. Materials like mixed-metal oxides with excellent solid state 

properties like magnetic, electric and optical are utilized in the manufacture of 

smart/functional materials like sensors, data storage devices, displays [1-40] etc. These 

materials also find its applications in the field of medical science [41-48]. The ease of 

preparation, stability and the variation that is brought about in the physico-chemical, optical 

and the electromagnetic properties due to a change in the particle dimension and composition 

has encouraged many researchers around the globe to synthesize these materials with novel 

properties [19,20,23,26,30,32-34,36,49-54]. The properties showcased by these materials can 

be directly related to the process by which they are prepared, the size and the shape of the 

obtained materials. Therefore, the properties of the materials are said to be tailored 

accordingly, with the proper usage of metal ions and preparative route. 

A ferrimagnetic material is one in which the magnetic moments of the atoms with 

partly filled 3d or 4f shells on different sublattices are opposed, in an antiferromagnetic 

fashion. However, in ferrimagnetic materials, the opposing moments are unequal and a 

spontaneous magnetization is observed. This happens when the sublattices consist of different 

materials or ions (such as Fe2+ and Fe3+). Ferrimagnetism is exhibited by spinel ferrites and 
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magnetic iron garnets. Typical examples of ferrimagnetic materials are magnetite (Fe3O4, a 

spinel ferrite) and Yttrium Iron Garnet (YIG).  

Rare-Earth (R.E.) Iron Garnets are very attractive objects of magnetic research. These 

materials have a uniquely defined cation distribution and do not present any site inversion 

problem, which is usually observed in spinel ferrite systems [19,20,25,55,56]. From an 

industrial viewpoint, they are applicable to media for high-density magnetic or magneto-

optical information storage. Among the magnetic material, polycrystalline Yttrium Iron 

Garnets (YIG) and substituted ones have received a great deal of attraction in magnetic 

devices, laser, microwave devices, electrical devices and magneto-optics 

[1,2,4,6,8,9,11,12,15,57-61]. YIG is the most representative and well-known compound 

among the rare earth iron garnets and the variation in electrical and magnetic properties can 

be achieved by substitution in all the three lattices of YIG [3-6,15,62-65]. Although a lot of 

work has been done on Yttrium Iron Garnets and substituted ones, there still exists a lot of 

scope to carry out substitution at different lattices with various types of cations and to study 

their effect on the overall electromagnetic and optical properties. 

The work reported herein concentrates on the change brought about in the magnetic 

and electrical properties of the host YIG system with doping of main group and transition 

metal ions in the different lattices of YIG. Two classes of compounds are reported with 

respect to substitution in YIG. The first one aims at preparing Ca2+ and Mg2+ substituted 

compounds and studying their magnetic and electrical properties. The substitution of these 

divalent ions in place of a trivalent Y3+ ions results in oxygen deficient compounds. As a 

result of which a change in the solid state properties of these compounds is speculated. The 

second class of compounds focuses on the substitution of Cr3+ and In3+ ions in place of Fe3+ 

ions. These dopant ions have magnetic moment lesser than Fe3+ ions [66,67]. Therefore when 
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substituted in the octahedral lattices, variation in the magnetic properties of these compounds 

is suspected. 

             Pristine and R.E. doped cobalt ferrites [CF (CoFe2O4)] belong to the crystal family of 

spinel ferrites. The novelty observed in the physico-chemical and the electromagnetic 

properties due to changes in the particle dimension and composition of CF has encouraged 

researchers around the globe to synthesize these materials. The exotic magnetic, electrical 

and magneto-optical properties of CF have prioritized them in the manufacturing of magnetic 

recording devices and magnetic fluids. Magnetic nanocrystals over the past several years 

have been of great interest for the fundamental understanding of nanomagnetism and for their 

technological and biomedical applications [1,19,21,25,41-45,51,52,68-92]. The magnetic 

properties of these oxides are mainly dominated by the distribution and the magnetic 

interaction among the cations in the two lattices, i.e., tetrahedral (A) and the octahedral (B). 

Because of the difference in the strengths of magnetic interactions at these two lattices of the 

spinel oxides, the magnetic properties possessed by doped CF nanocrystals vary with change 

in the cation distribution and therefore generating scope for various applications. CF can be 

represented as (Co
2+

xFe
+3

1-x)[Co1-x
2+

Fe1+x
3+

]O4, where x depends on the thermal history and 

the preparation condition.  

R.E. group consists of metal ions in which the ultimate electron occupies the 4f shell. 

Due to the availability of large number of unpaired electrons, these ions possess high 

magnetic moments and exhibit very interesting magnetic properties. These ions have high 

ionic radii and when doped in CF, occupy the bigger octahedral sites. Since they possess a 

very high magnetic moment, it is very interesting to investigate the magnetic coupling 

between the 3d (parent) and the 4f (dopant) shells and the resultant magnetic properties. The 

understanding of the influence of such doping on the resultant solid state properties is a topic 

of great interest and therefore such studies are carried out and discussed herein. 
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Photoluminescence (PL) is a phenomenon by which a substance 

absorbs photons (electromagnetic radiation) and then re-radiates photons. Quantum 

mechanically, this can be described as an excitation to a higher energy state and then a return 

to a lower energy state accompanied by the emission of a photon. This is one of many forms 

of luminescence and is distinguished by photo excitation (excitation by photons), hence the 

prefix photo. 

Aluminates having different crystal structures are promising materials for optical 

applications. These oxides are attractive host materials for the development of advanced 

phosphors with their general chemical stability. Phosphors are key materials in fluorescent 

lighting, displays, as scintillator etc. Phosphors are composed of an inert host lattice and an 

optically excited activator, typically a 3d or 4f electron metal. Oxide phosphors are found to 

be suitable for Field Emission Display (FED), Vaccum Fluorescent Display (VFD), 

Electroluminescent (EL) devices and Plasma Display Panel (PDP) etc. [28-37,53,54]. 

Although the search for advanced phosphors started about a century ago, the new photonic 

technologies, including mercury-free fluorescent lamps, various flat panel displays, computed 

tomography, etc. require new phosphors with advanced properties. However the discovery of 

advanced oxide phosphors with multiple superior qualities for display applications remains 

difficult since the specific luminescence properties are highly sensitive to the changes in the 

dopant concentration, host stoichiometry and processing conditions.  

Yttrium Aluminium Garnets (Y3AI5012), YAG, as it is commonly referred to and 

doped compounds are considered to be one of the important classes of mixed metal oxides 

that exhibit the photoluminescent properties. It is one of the most suitable phosphors known 

to mankind. YAG and doped compounds has a number of properties that makes them suitable 

for such a study. They belong to the category of important optical materials of technological 

interest, e.g. Nd:YAG is a high power solid-state laser system [36,93-96]. YAG has been 
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studied for a number of years and therefore data regarding many of its properties is readily 

available. Ce doped YAG has been reported as the most important phosphor in the 

manufacturing of white light emitting diodes (LED) [97-107].  

Nanotechnology is a field that takes a material’s science-based approach to nanoscale. 

It studies materials with morphological features on the nanoscale, and especially those that 

have special properties stemming from their nanoscale dimensions. Nanoscale is usually 

defined as smaller than a one tenth of a micrometer in at least one dimension though this term 

is sometimes also used for materials smaller than one micrometer. Currently, considerable 

interest in nanocrystalline oxide materials exists owing to their unusual properties. 

Nanoparticles or nanocrystals made of metals, semiconductors, or oxides are of particular 

interest for their mechanical, electrical, magnetic, optical, biomedical and chemical properties 

[5,48,107-111]. Nanotechnology has experienced a rapid escalation owing to the unique 

physical and chemical properties of the nanoparticles obtained as compared with the bulk 

solid [51,101,108,112-114]. An important aspect of nanotechnology is the vastly 

increased surface area to volume ratio present in many nanoscale materials, which makes 

possible new quantum effects.  

Nanoparticles are of great scientific interest as they are effectively a bridge between 

bulk materials and atomic or molecular structures. A bulk material should have constant 

physical properties regardless of its size, but at the nano-scale this is often not the case and a 

drastic change in the properties with decreasing size is observed. 

Superparamagnetism in magnetic materials is a perfect example of such size dependent 

property [44,69,70,72-74,115-117]. Unusual optical and electrical properties in 

nanocrystalline materials take place due to a phenomenon known as quantum confinement. 

Excellent sintering characteristics of the fine powders are useful in ceramics and composites. 

Dispersion of minute particles in various fluids allows the fabrication of corrosion resistant 
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coatings and thin films. With the introduction of the nanotechnology, it has been possible to 

make materials of smaller dimensions which directly influence the properties exhibited by the 

materials which are dependent on the preparative route. One of the problems faced by the 

scientist today is the synthesis of materials with desired composition, structure and properties 

for specific application. Rational synthesis of materials require knowledge of crystal 

chemistry besides thermodynamics, phase equilibrium and reaction kinetics. The physico-

chemical properties of many materials are determined by the choice of preparative methods. 

Selection of preparative route is crucial to control the composition, structure and morphology 

of the chosen material. For instance Barium hexaferrite can be either used as a permanent 

magnet or as a recording media depending on the morphology of the compounds, which in 

turn is dependent on the preparation route. 

Oxide materials are usually prepared by the solid state method or by precipitation 

from solution and subsequent decomposition. A variety of metal oxides, both simple and 

complex are prepared by the ceramic method. This involves the mixing of the constituent 

metal oxides, carbonates etc. and their repeated heating and grinding. These methods are used 

on both, laboratory and industrial scale. However, there is an increasing demand for alternate 

routes to the preparation of oxide materials which give superior properties when compared 

with those available from conventional methods. Even though it is known that conventional 

methods are substandard, they are still used in the industrial production of several metal 

oxides. Nonetheless, the need for the alternate preparative routes for oxide materials has 

arisen because of intrinsic problems relating to (i) Inhomogeneity of the product obtained by 

ceramic method. (ii) Incorporation of chemical impurities during repeated grinding and 

heating operations. (iii) Coarseness of particles obtained from conventional routes which 

makes them unsuitable for coatings. Nonuniform powder compositions make reproducible 

component fabrication difficult because of chemical inhomogeneity and voids in 
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microstructure. Greater purity and homogeneity from novel methods can lead to improved 

physical properties. The present trend is to avoid the brute force methods in order to have a 

better control over stoichiometry, structure and phase purity of metal oxides. Soft chemical 

routes are now increasingly becoming important to prepare a variety of oxides including 

nanocrystalline oxide materials. These approaches makes use of simple chemical reactions 

like coprecipitation, sol-gel, ion exchange, hydrolysis, acid leaching and so on, at 

considerably low temperature compared to the ceramic method. Use of precursors, 

intercalation reactions, electrochemical methods, hydrothermal processes and self 

propagating high temperature synthesis are some of the contemporary methods. Among these 

methods combustion or fire synthesis is quite simple, fast and economic. Some of the 

advantages of the wet chemical routes are, low sintering or formation temperatures with less 

heating time, better homogeneity, monophasic nature and smaller particle size of the obtained 

materials.  

A number of methods are reported for the preparation of mixed-metal oxides, viz; sol-

gel, coprecipitation, micro-emulsion, ceramic, precursor, combustion method etc 

[2,16,19,21,25,33,43,54,69,93,96,97,102-107,111-114,118-132]. Sol-gel autocombustion 

method is among the best methods and used herein due to its effectiveness in obtaining the 

desired monophasic products with greater homogeneity at low sintering temperatures.  

However to achieve the compositional homogeneity of the final oxide powder, the 

preparation of a homogenous gel with respect to the distribution of cations is crucial. 

Therefore, it is essential to prepare a suitable precursor solution which can be converted to a 

gel without any cation segregation.  

Likewise, Glycine nitrate combustion method has also been put into use for the 

preparation of garnet ferrites. This process involves a combustion reaction between a fuel (in 

the present case Glycine) and an oxidiser (metal nitrates). It is a simple and cost effective 
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technique which results in the phase pure nanocrystalline powders having high surface area 

and better sintering ability [133-138].  

Motivated by these considerations, the mixed metal oxides have been prepared and 

characterised by utilising various characterisation techniques. 

Highlights of the Thesis 

 Micron-sized doped YIG and YAG oxide powders and nanosized doped CF have 

been prepared by utilizing the glycine nitrate combustion method and the sol-gel 

autocombustion method. 

 The as prepared oxide powders have been characterized by using various instrumental 

techniques such as X-ray diffraction (XRD), FTIR spectroscopy, Thermal analysis 

(TG-DTA), Scanning Electron Microscopy (SEM) for the surface morphology of the 

sample, Energy Dispersive X-ray Spectroscopy (EDS), Transmission electron 

microscopy (TEM), Particle size distribution analysis, Raman Spectroscopy and X-

ray Photoelectron Spectroscopy (XPS). 

 Solid state and spectroscopic studies such as DC-Magnetisation, AC-Susceptibility, 

DC- Electrical Resistivity, Dielectric studies, Mössbauer Spectroscopy, Diffuse 

Reflectance Spectroscopy (DRS) and Photoluminescence studies have been carried 

out. 

 The spectroscopic and solid state studies have been proved to be efficient in 

confirming the speculations regarding the effects of dopants on the solid state 

properties of the compounds. 

Organization of the Thesis 

Chapter 1: Introduction.  

Brief introduction, the aim and objectives of the research work is discussed herein. 
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Chapter 2: Literature Survey. 

In this chapter, literature survey regarding the preparation of the oxides by various 

techniques, characterization, the solid state properties and the applications are cited. 

Chapter 3: Experimental Section. 

Experimental details describing the methods of preparation of different compounds and the 

instrumental techniques utilized for the characterization are discussed in this chapter. 

Chapter 4: Structural and Spectroscopic Studies. 

Structural and Spectroscopic studies carried out on the prepared oxide compounds are 

highlighted in this chapter. 

Chapter 5: Magnetic and other Solid state properties. 

This chapter deals with the Magnetic and other Solid state properties of the garnets and the 

spinel ferrites. 

Chapter 6: Conclusion and Summary. 

The results and the observations obtained from the characterization and the solid state studies 

are summarized in this chapter. 
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LITERATURE SURVEY 

 

2.1 Introduction 

Mixed metal oxides consist of a major part of the technological materials known to 

mankind. These have taken over the technological market since their discovery as potential 

candidates for the manufacturing of memory storage, electrical and optical devices. 

Nowadays, with the introduction of nanotechnology, these materials have also succeeded in 

making a niche for themselves in the field of biomedical science. There is strong inter-

relationship and inter-dependency between the structure of compound and the properties 

exhibited. The method of preparation and the process conditions, play a vital and deciding 

role in obtaining the desired compound. In this chapter, an effort has been made to get 

together all the possible data available regarding the mixed metal oxide systems studied 

herein. The chapter is divided into three major sections describing the structure, properties 

and applications of the three systems of mixed metal oxides. 

2.2 Doped Yttrium Iron Garnet 

2.2.1 Structure of Garnets Ferrites 

The garnet ferrites are the basis of materials for many high-technology devices for 

magneto-optical, electrical, microwave and memory applications [1,2,4,6,8,9,11,12,15,57-

61,139,140]. These ferrites have thus been extensively studied as ceramics, single crystals, 

thin and epitaxial films, etc. The prototype, Yttrium Iron Garnet, Y3Fe5O12, (YIG) has also 

been used for many fundamental studies.  

The crystal structure is that of the garnet mineral, Mn3Al2Si3O12. Si, Al and Mn can be 

substituted by Y and Fe to obtain Y3Fe5O12. 

3Mn2+ + 3Si4+ + 2 Al3+    3Y3+ + 5Fe3+  
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The magnetic garnets have Fe
3+

 ions and were prepared for the first time by Bertaut & 

Forrat 1956, and studied in detail by Geller & Gilleo (1957) [141]. The general formula of 

ferrite garnets is R3Fe5O12, where R is a rare-earth trivalent cation, or Y. The crystal structure 

has cubic symmetry and is relatively complex. The unit cell is formed by eight formula units 

(160 atoms) and belongs to the space group Oh - Ia3d. 

 

Figure 2.1. Unit cell representation of garnets 

A representation of the unit cell is given in Fig. 2.1. In contrast to spinels, the O 

sublattice is not a close-packed arrangement, and is better described as a polyhedra 

combination. The O polyhedra define three kinds of cation sites viz. dodecahedral (eight-

fold), octahedral (six-fold) and tetrahedral (four-fold). Rare earths (R.E.), occupy the largest, 

dodecahedral sites, while Fe3+ cations enter the octahedral and tetrahedral sites. The notation 

for the site occupancy is represented as, {R3}[Fe2](Fe3)O12, where { } denotes dodecahedral 

sites, also known as c sites. There are 24 c sites in the unit cell. [ ] denotes octahedral sites, 

also designated as a sites, with 16 a sites per unit cell and ( ) means tetrahedral sites or d 

sites. There are 24 d sites in each unit cell.  
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All the polyhedra in garnets are distorted and twisted. Octahedral cations form a body 

centred cubic sublattice and are distorted along one of the three-fold axes. This trigonal axis 

coincides with the [111] direction of the unit cell. The octahedral are rotated about the [111] 

direction through opposite angles of ± 28 degrees. Octahedron edges in YIG are 2.68 and 

2.99 Å. The tetrahedra are also distorted. If the tetrahedron is inscribed within a cube whose 

axes are parallel to the unit cell, the distortion is along the unit cell edge, and the cube is 

rotated through angles of ±16 degrees. Two edge lengths have been observed in tetrahedra in 

YIG i.e., 3.16 and 2.87 Å. The dodecahedra are cubes with faces slightly deformed along the 

cube diagonal, with three different cube edge lengths of 2.68, 2.87 and 2.96 Å. Each 

octahedron shares six edges with dodecahedra and only corners with tetrahedra. Each 

tetrahedron shares two edges with dodecahedra while octahedra and dodecahedra share only 

corners. Each dodecahedron shares two edges with tetrahedra, four with octahedra and four 

with other dodecahedra. 

Similarly to spinel ferrites, garnet ferrites present a wide variety of cation 

substitutions, which leads to a large range of magnetic properties as mentioned earlier. The 

stoichiometry range of the garnet phase is very narrow i.e., at T < 1000 oC it is negligible, and 

at 1460 oC contains around 37.2-37.5 mole % of Y2O3 in YIG [141]. The material in excess of 

the stoichiometric proportions appears as a second phase. For Y2O3 excess, the second phase 

is perovskite, (YFeO3). For Fe excess in an oxidising atmosphere, it is hematite (α-Fe2O3), 

while for an inert atmosphere the second phase is magnetite (Fe3O4). As in spinels, some Fe2+ 

can be present in the garnet phase. However, the Fe2+ concentration in garnets is usually 

considerably lower than in spinels. The presence of ferrous ions leads to photo-induced 

phenomena and changes in various properties, particularly in electrical conductivity. The 

ferrous content can be increased by doping with tetravalent cations such as Si4+ and Ti4+. The 

dissolution mechanism involves the creation of point defects [140]. Ca2+ doping of YIG 

produces a p-type semiconductor, with an electrical conductivity several orders of magnitude 
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higher than undoped YIG, by oxidation of some of the Fe cations to Fe4+ [8,15]. Literature 

offers a lot of information about the disorders and defect in the structure of YIG and its effect 

on the solid state properties [142-148]. 

Rare earth cations usually enter the large dodecahedral sites due simply to their cation 

radius. In addition to the rare earths Bi3+, Ca2+, Mn2+, Na+, Sr2+, Pb2+ and Fe2+ enter c sites, at 

least as a partial substitution. Some cations show a strong preference for octahedral sites due 

to the contribution of Crystal Field Stabilisation Energy (CFSE). The final cation distribution 

is also influenced by the thermal history of the sample. Sc3+, Cr3+ and In3+ show a strong 

octahedral preference [1,5,7,149]. Also found to occupy octahedral sites are Mn2+, Mn4+, Co2+, 

Cu2+, Mn3+, Fe3+, Fe2+, Ni2+, Ru3+, Ru4+, Ir4+, Al3, Ge4+, Ti4+, Co3+, Sb5+, Ga3+, Sn4+, Hf+, Mg2+ and 

Zr4+. Tetrahedral sites can be occupied by the following cations: Ga3+, Al3+, Mn2+, Co3+, Ni2+, 

Si4+, V5+, Ge4+, Ti4+, Sn4+ and Fe4+. As can be seen, many cations can occupy both octahedral 

and tetrahedral sites. The garnet structure also forms a wide range of complete solid 

solutions. Rare-earth ions can be substituted partially or totally on c sites. Examples of these 

solutions are Y3-xSmxFe5O12, Gd3-xEuxFe5O12 and Y3-xLuxFe5O12 [141]. In all these cases, lattice 

parameters vary linearly with composition. Solid solutions of cations occupying both a and d 

sites often lead to redistribution phenomena on thermal treatment. Cases extensively studied 

are Y3Fe5-xGaxO12 and Y3Fe5-xAlxO12. Ga
3+

 and Al
3+

 have some preference for tetrahedral 

sites which can be altered by annealing and quenching. The preference of Ga
3+

 for d sites is 

stronger than that of Al
3+

.  

2.2.2 Methods of preparation 

An efficient precursor is the foremost requirement for obtaining material with 

excellent properties. With the advent of nanotechnology and an increasing use of wet 

chemical methods, it is now possible to prepare materials with excellent solid state properties 

making them strong candidates as potential functional materials. Mixed metal oxides can be 

prepared by almost all the existing techniques of solid state chemistry, leading to a very wide 
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variety of forms: polycrystalline aggregates, thin and thick films, single crystals. Some of 

these methods have been developed to prepare mixed metal oxides with specific 

microstructures.  

The oldest one, the ceramic method, involves the same operations as the classical 

techniques for fabrication of conventional ceramics. Many of the techniques recently 

developed consist of improvements in one or several of the basic operations of ceramic 

fabrication. Literature provides us with a lot of these preparative methods utilised in making 

mixed metal oxides. This section of the thesis focuses on different types of preparative 

methods utilised in making doped YIG compounds in the past and present. 

2.2.2.1 Ceramic Method 

 Ceramic or Solid state method is the oldest and widely used in earlier times in 

preparing large scale mixed metal oxides. This method consists of mixing the raw materials 

in the form of oxides or carbonates and co-firing them at elevated temperatures. This method 

consists of a series of grinding and sintering operation for longer durations. The end products 

obtained from this method are mainly bulk materials with large particle size. 

 A conventional solid state method in the preparation of YIG and doped YIG has been 

utilized by many researchers [3,62-64,108,149-164]. Apart from these, microwave assisted 

solid state methods have also been reported in the literature [165,166]. These reports reflect 

on the effect of the dopants and sintering conditions on the microstructure, sintering 

temperatures and also the lattice parameters which play an important role in deciding the 

properties of the compounds. 

2.2.2.2 Sol-gel Method 

Sol-gel techniques are receiving much attention because they can be applied to an 

extremely wide variety of materials; they offer the possibility of controlling not only the size 

and distribution of particles, but also their shape. Fibres, films and monoliths can also be 
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obtained by sol-gel methods. The process involves the preparation of a sol, which is a 

dispersion of solid particles, the dispersed phase, in a liquid, the dispersed medium. The sol is 

prepared by mixing concentrated solutions containing the cations of interest, with an organic 

solvent as the dispersion medium. It is also possible to begin with a colloidal suspension, 

instead of, or in addition to, the solutions. The sol is then destabilised, generally by adding 

water. The presence of water modifies the pH of the sol and reduces the repulsion between 

particles. This results in a large increase in the viscosity of the system, leading to formation 

of a gel. 

Sol-gel method is a widely used method in the preparation of nanocrystalline mixed-

metal oxides. It is one of the highly utilised and reported methods of preparation. Modified 

sol-gel or the Pechini method is divided into two main steps. Step one is the chelation step 

which involves complex formation using an organic acid like citric acid, malic acid, malonic 

acid, succinic acid, acetic acid, oxalic acid etc. The second step is the esterification step in 

which an ester linkage results in gel formation. The method has been put into use for the 

preparation of pristine and doped YIG nanocrystalline compounds [5,6,47,49,50,118-

120,142,167-174]. Apart from this thin films are also prepared by the sol-gel method [175]. 

2.2.2.3 Coprecipitation Method 

This method of mixed metal oxide formation is based on the formation of aqueous 

solutions of chlorides, nitrates or sulphates of metal ions in the concentrations required for 

the stoichiometric composition, and their simultaneous precipitation in the form of 

hydroxides by NaOH, KOH, NH3 etc. The precipitate is then filtered, washed and dried. The 

mixed metal oxides particles are obtained by calcination at 180 - 300 oC in air. Particles with 

a narrow size distribution in the range 50 - 500 nm may be obtained, with high purity. The 

final compound is obtained by sintering at temperatures considerably lower than in the case 

of the ceramic method. A common source of inhomogeneity in the ferrite product is 
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associated with changes in concentration and pH during precipitation. The various metal 

hydroxides can have different solubility dependences on pH, and the cation ratios in the 

precipitate can be different from those in the solution. To avoid this problem, the solution of 

metal ions is usually added to the alkaline solution slowly and drop wise. This is known as 

the reverse strike method of co-precipitation. If instead the alkaline solution is added to the 

solution of metal ions, the pH of the suspension must be brought to a value above 10 to avoid 

differences in precipitate composition. Considerable reports on the synthesis and solid state 

properties of pristine and doped YIG are available in the literature 

[2,50,109,121,124,164,176-182]. 

2.2.2.4 Precursor Method 

The precursor method allows the preparation of mixed metal oxides with a precise 

stoichiometry. It involves the synthesis of a compound, the precursor, in which the reactants 

are present in the required stoichiometry. Upon heating, the precursor decomposes yielding 

the final desired compound. The method utilises a single or a combination of chemical for the 

preparation of precursor. Common examples are pyridine, carboxylates, hydrazinium 

carboxylate precursor or a combination of hydrazine and a base like KOH etc. The final 

compounds yielded in this method are very fine with a particle size of less than 50 nm [141]. 

C.-C. Wang and W.-T. Yu reports the preparation of YIG by using a polymer metal chelate 

precursor [122]. A citrate gel precursor method for the preparations of YIG powders are also 

reported by B.G. Ravi et. al. [123]. 

2.2.2.5 Combustion Method 

A combustion method is a novel method utilised for the preparation of fine particles 

of ferrites making use of the strong exothermic redox reaction between metal nitrates 

(oxidants) and a fuel like tetraformaltrisazine, C4H16N6O2 (TFTA), oxalic acid dihydrazine, 

C2H6N4O2 (ODH), glycine, citric acid, urea, Hexamethylenetetramine (HMTA) etc. In this 
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process, the stoichiometric ratio of nitrates is dissolved in the minimum amount of water in a 

beaker. The fuel is added and the dish is heated at 350 oC in a muffle furnace. After boiling 

and ignition of the mixture, a residue of the desired compound is obtained in a few minutes. 

Heating rate of at least 75 oC/min is maintained to obtain good combustion. This method has 

been successfully utilised in the preparation of mixed metal oxides. Combustion method is 

the least method that is utilised and reported in the preparation of YIG. A citrate nitrate 

combustion method has been solely reported in the preparation of YIG [123]. 

2.2.2.6 Miscellaneous Methods 

Other than the standard methods of preparation YIG powders and thin films are 

prepared by a number of workers. B.G. Ravi et. al. reports on the preparation of epitaxial 

films by the liquid precursor plasma spray method [183] and atmospheric plasma spray 

technique [184]. Apart from this, the synthesis of YIG nanopowders by the alkoxide method 

has been reported by S. Taketomi et al. [185]. M. Kučera reports on the preparation of 

epitaxial films by the liquid phase epitaxy [59]. A metal organic decomposition method has 

been reported for the preparation of thin films by T. Ishibashi et al. [186]. 

2.2.3 Solid State properties 

Iron garnets especially doped YIG compounds are known to exhibit magnificent solid 

state properties as understood from the first chapter. Many properties like magnetic, 

electrical, magneto-optical etc of the pristine and doped YIG are reported vastly. An attempt 

is made here to list down the contributions made by the researchers worldwide in exploring 

the solid state properties of pristine and doped YIG.  

Preparation and study of the magnetic properties of pristine YIG has been reported by 

many researchers [2,49,50,118,121-124,164,167,169,170,183,186-188]. The induced 

magnetic properties in YIG with a change in the composition by doping with different types 
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and concentration of dopants has also been studied by many researchers around [1,3,5-

7,47,62-64,108,109,119,154,158,160,162,163,175,178,179,182,184,189-191]. 

Electrical and dielectric properties have also been the topic of research and studied for 

the pristine and doped YIG. Induced semi-conductivity with the doping of lower valency ion 

and conductivity observed in YIG due to the oxygen ion vacancy and diffusion has been well 

explored [3,8,9,15,147,148]. Dielectric properties with varying frequency and temperature 

have been studied [8,155,161]. 

Study of magneto-optical properties of the pristine and doped YIG compounds has 

been the highlights of the work reported in the literature. A change in the magneto-optical 

property with the type of dopant has been very well studied [6,11,12,57-61,140,181,186,192-

198] 

2.3 Doped Spinel Cobalt ferrites 

2.3.1 Structure of Spinel Ferrites 

 

Figure 2.2. Unit Cell representation of the spinel structure. 
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The spinel ferrites are a large group of oxides which possess the structure of the 

natural spinel MgAl2O4. Many of the commercially important spinels are synthetic, but one of 

the most important and probably the oldest magnetic material with practical applications, 

magnetite Fe3O4, is a natural oxide. Their great abundance points to a very stable crystal 

structure. Spinels are predominantly ionic. The particular sites occupied by cations are, 

influenced by several other factors, including covalent bonding effects (e.g., Zn in tetrahedral 

sites) and crystal field stabilisation energies of transition-metal cations. Many different cation 

combinations may form a spinel structure. It is almost enough to combine any three cations 

with a total charge of eight to balance the charge of the anions. The limits of the cation radii 

are approximately 0.4 - 0.9 Å (based on the oxide ion radius, Ro of 1.4 Å). The most 

important spinels from the magnetic point of view are the oxides.  

The spinel structure was first determined by Bragg and Nishikawa separately in the 

year 1915. A typical arrangement of atoms in the spinel structure is given in Fig. 2.2. The 

ideal structure is formed by a cubic close-packed (fcc) array of O atoms, in which one-eighth 

of the tetrahedral and one-half of the octahedral interstitial sites are occupied by cations. The 

tetrahedrally coordinated sites and the octahedrally coordinated sites are referred to as the A 

and B sites, respectively. The unit cell contains eight formula units of AB2O4, with eight A 

sites, 16 B sites and 32 oxygens. It can be described by taking an A site as the origin of the 

unit cell. It is convenient to divide the unit cell into eight cubes of edge a/2 to show the 

arrangement of the A and B sites. The space group is Fd3m. The O atoms have a four-fold 

coordination, formed by three B cations and one A cation. The O atoms in the spinel structure 

are not generally located at the exact positions of the fcc sublattice. Their detailed positions 

are determined by a parameter, u, which reflects adjustments of the structure to accommodate 

differences in the radius ratio of the cations in the tetrahedral and octahedral sites. The u 

parameter has a value of 0.375 for an ideal close-packed arrangement of O atoms. But in 

actual cases this value ranges between 0.375 and 0.385. The u value increases because the 
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anions in tetrahedral sites are forced to move in the (111) direction to give space to the A 

cations, which are almost always larger than the ideal space allowed by the close-packed 

oxygen, but without changing the overall 43m symmetry. Octahedra become smaller and 

assume 3m symmetry. As observes generally, the average radii of the cations affect primarily 

the cell parameter a, while the ratio between the tetrahedral and octahedral cation radii 

determines mainly the u value [141]. 

In the spinel MgAl2O4, Al and Mg cations occupy the octahedral and tetrahedral sites, 

respectively. This cation distribution is usually indicated as (Mg)[Al2]O4, where the square 

brackets indicate the octahedral site occupancy, and the cations in parentheses are located in 

the tetrahedral sites. This is the so-called normal distribution. If A denotes a divalent cation, 

and B trivalent one, another extreme cation distribution is (B)[AB]O4 which is called an 

inverse spinel. In many cases, intermediate cation distribution has been observed, i.e., (A1-

λBλ)[AλB2-λ]O4 where λ is the degree of inversion, with a value of zero for the normal and one 

for the completely inverse distributions, respectively. In many cases, the degree of inversion 

depends on the preparation technique, especially on the cooling rate after sintering. The 

physical properties of spinels depend not only on the kinds of cation in the lattice, but also on 

their distribution over the available crystal sites. It is thus of major importance to understand 

what factors influence the site occupancy. In fact, understanding and predicting the cation 

distribution in spinels have been among the more interesting and persistent problems in 

crystal chemistry.  

The application of Crystal Field Theory (CFT) to the understanding of cation site 

'preference' was first suggested by Romeijn in 1953 [141]. As is well known, the charge 

density of d orbitals interacts with the charge distribution of the environment in which the 

transition ion is placed. The five d orbitals (commonly designated as dxy, dyz, dzx, dz
2 and dx

2
-y

2) 

no longer have the same energy, but are split according to the symmetry of the electrostatic 

field produced by the anions of the particular lattice site. The physical basis for this splitting 
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is simply the electrostatic repulsion between the d electrons and the electrons of the orbitals 

of the surrounding anions. The group-theoretical aspects of crystal field theory were reviewed 

by Cracknell in 1975 [141]. In an octahedral field, the energy level splitting leads to two 

groups of orbitals, a lower triplet formed by the dxy, dyz and dzx orbitals, and a higher doublet 

with the dz
2 and dx

2
-y

2 orbitals. The energy of the doublet is increased as these orbitals point 

directly to the anions, while the triplet energy decreases, because the orbitals point to regions 

of low electron density. The energy difference between the triplet and the doublet is given as 

l0 Dq, or Δ. 

In case of inverse ferrites (or in any case where more than one type of cation occupies 

the same set of crystallographic sites), ordering phenomena can be expected. In inverse 

ferrites, octahedral site occupancy by two kinds of cations (divalent and trivalent) can lead to 

long-range order, where successive (001) layers of octahedral sites are occupied alternately 

by divalent and trivalent cations. In this case, there are two ionic sublattices on octahedral 

sites. There is also evidence that when the ratio of the two cations on B sites is 1:3, long-

range order can be established. Every row of octahedral cations in the (110) directions 

contains the B cations in ordered fashion. An example is (Fe)[Li0.5Fe1.5]O4. The structure 

remains essentially cubic. The transition to a random distribution of Li+ and Fe3+ on the 

octahedral B sites occurs between 1008 and 1028 K. A third type of cation ordering can occur 

when there is a 1:1 ratio of cations on the tetrahedral sites, in which the cations alternate on 

these sites. This superstructure has been observed in Li0.5Fe0.5[Cr2]O4 [141]. 

2.3.2 Methods of preparation 

 CF compounds have gained importance in the field of technology since discovered. 

As time has progressed these compounds have been studied tremendously, and has been 

prepared employing different preparative routes. As a matter of fact, the properties 

showcased by these compounds have been very sensitive to the morphology, particle size and 
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the cation distribution taking place inside the lattice. It has been observed and approved that 

the wet chemical methods have added advantages over the classical ceramic or solid state 

method and has replaced it to a greater extent. Following are the different chemical routes 

along with the ceramic route reported for the preparation of doped and pristine CF 

compounds. 

2.2.2.1 Ceramic method 

The detailed process of ceramic method is mentioned in section 3.2.2.1. In early times 

ceramic method was extensively utilised in the preparation of spinel ferrites since their 

advent. As mentioned earlier, the solid state method was carried out by mixing the individual 

oxides in the stoichiometric ratios followed by continuous events of grinding and sintering at 

elevated temperatures for several hours. This results in an extensive increase in the particle 

size thereby changing the properties of the compound. Pristine and doped CF have been 

prepared by the ceramic method and reported for several change in properties with the change 

in composition, microstructure etc. [71,78,79,130,132,199-203]. 

2.3.2.2 Combustion Method 

A combustion reaction is a redox reaction resulting from a reaction between nitrates 

and fuel. The process yields a fine powder of the desired compound, monophasic in nature. 

Several reports are available writing about the preparation of doped and pristine CF 

compounds [82,127,128,133-136,204-206]. 

  A.M. Bhavikatti et al. [82], A. Franco and F.C. eSilva [127] and A.F. Jr. and V. Zapf 

[128] reports on the usage of Urea as a fuel in the preparation of doped CF.  Glycine [133-

136,205], since its introduction by Dr. K.C. Patil, and citric acid [204] has been extensively 

used in the preparation of doped ferrites and other compounds. 
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2.3.2.3 Sol-gel Method 

Apart from the usage ceramic and combustion method utilised and mentioned in the 

earlier sections of preparation methods, sol-gel method of preparation has also been widely 

put into use by researchers over the world in the preparation of CF compounds. Nanocrystals 

of doped and pristine CF has been prepared by different workers in this field 

[21,43,75,76,80,83,91,92,207-214]. Nano-composites consisting of CF and silica are also 

reported by D. Peddis et al. by this method [215]. C. Yan [216] and J.-G. Lee [217] reports 

on the successful preparation of thin films utilising the sol-gel method. 

2.3.2.4 Co-precipitation Method 

 Co-precipitation can be considered to be an age old technique used since decades for 

the preparation of mixed metal oxides and specifically for CF compounds. Enormous amount 

of work has been carried out regarding the synthesis of nanocrystalline and submicron CF 

compounds utilising this particular technique [20,25,42,69,81,83,110,117,205,218-231]. 

Since its establishment the co-precipitation method has always been in a state of 

modification. It is the most convenient way of obtaining oxide compounds, wherein the metal 

ions are precipitated utilising either the strike or the reverse strike method of co-precipitation 

using bases like hydroxides or carbonates of alkali metals.  

A modification has also been reported in the classical way of precipitation, in which 

the precipitation of the metal ions is carried out using an oxidising agent like KNO3 apart 

from the precipitating agent [220,231].The preparation of ferrofluids is also reported utilising 

the CF compounds obtained from the co-precipitation method [84,86]. 

2.3.2.5 Precursor Method 

As learnt from the section 3.2.2.4, a precursor method is a modification of the co-

precipitation method wherein the metal ions are precipitated in the form of carboxylates, 
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hydrazinates etc. These are then calcined at a preferred temperature yielding the desired 

compound. Similar way of obtaining CF compounds have been reported 

[19,77,129,205,223,232-238]. Apart from this described way of preparing final compound, 

another way of yielding compound of interest is also reported, wherein the precursor formed 

is decomposed without calcining it. Instead the precursor is decomposed using certain 

solvents like alcohol, acetone etc. and the product obtained in the form of colloidal substance 

is recovered by centrifugation [17,72-74,239-241].  

2.3.2.6 Micelle/Reverse Micelle Method 

These methods of synthesis mainly aim at the preparation of mesoporous materials. 

But other than this they are also utilised in the preparation of nanocrystalline CF compounds 

and ferrofluids. A typical micellar method has been utilised and reported for the preparation 

of nanocrystalline CF compounds [89,242-244]. Reverse micelle method has also been 

utilised in the preparation of CF by Z.J. Zhang et al. [245]. 

2.3.2.7 Polyol Method 

Polyol method is the one in which acetates are used as the source of metal ions. 

Stoichiometric amounts of the metal acetates are mixed with a polyol solution like diethylene 

glycol or polyethylene glycol (PEG) and refluxed for few hours. This yields a colloidal 

solution which is quite stable. The nanoparticles can be successfully separated out by addition 

of alcohol and hexane with centrifugation. Similar process of obtaining CF nanoparticles was 

used by C. Sangregorio et al. [44], G. Baldi et al. [45] and others [90,246,247]. 

2.3.2.8 Hydrothermal Method 

Hydrothermal method aims at preparation of monophasic nanoparticles at lower 

temperature by carrying out the preparation at elevated pressure. The whole synthesis is 

carried out in an autoclave. This method of synthesis has been widely put into use by 



26 
 

researchers around the globe. Pristine CF has been successfully prepared and reported by 

different workers [70,248,249]. H. Zhang et al. reports on the preparation of Fe-Co/CF 

nanocomposites [250]. D. Cheng et al. [251] and M.H. Nilsen et al. [253] reports on the 

preparation of CF, nickel and zinc ferrites. Compounds with varying concentration of cobalt 

in magnetite have also been reported by M. Sorescu et al. [252]. 

2.3.2.9 Miscellaneous Methods 

Apart from the standard and well known methods of preparation known, other 

methods are also reported in the preparation of CF and other spinel ferrites. K. Chandra et al. 

reports on the aerosol method of preparation for the nickel doped CF [68]. A. Gedanken et al. 

successfully utilised the sonochemical route for the preparation of CF [115]. Water-in-oil 

microemulsion method of preparation has been reported by V.P. Pillai and D.O. Shah for the 

preparation of CF [131]. M.J. Wagner et al. reports on the preparation of CF by the alkalide 

reduction method [254]. Forced hydrolysis for the preparation of pristine and doped CF has 

been utilised and reported [255-257]. A novel route of obtaining Mn, Ni, Cu and Co ferrites 

has been reported by T. Valdés-Solís et al. [258]. Li, Cu, Co and Ni ferrites have been 

synthesised by the microwave method [259]. Microbial synthesis has been efficiently applied 

for the synthesis of CF by T. Prozorov et al. [260]. M.D. Joseph et al. reports the preparation 

of CF by the thermal decomposition of the metal nitrates [261]. M.A. Soler reports the 

preparation of CF nanoparticles by the precipitation of peptised ferrofluids [262]. 

2.3.3 Solid State properties 

Pristine and doped CF compounds are known for their excellent solid state properties 

as understood from the earlier chapter. These properties are well exploited in technological as 

well as in the biomedical fields. As learnt from the earlier section, these properties are highly 

sensitive to changes brought about in the morphology, particle size and the cation distribution 
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taking place in the crystallographic lattices. This section summarises some of these solid state 

properties possessed by the doped and pristine CF compounds.  

2.3.3.1 Magnetic Properties 

Pristine CF compounds have been vastly studied for their excellent magnetic 

properties. The studied compounds are either in the nanocrystalline or the bulk form [42-

45,52,69,70,72-74,115-117,127,131-134,219,226-231,235,236,241-244,246,250,254,260]. 

The doped CF compounds with R.E. and transition metal ions like Cr, Mn, Ni, Zn and Cd etc 

for their effect on the magnetic properties has also been studied by many researchers 

[19,20,51,68,71,89,200,245]. Effect of doping cobalt in magnetite and its effect on the overall 

structural and magnetic properties with increasing concentration of cobalt have been studied 

by A.F. Jr and V. Zapf [128]. Study consisting of preparation of thin films for their magnetic 

properties has also been carried out [23,216,217,263-266]. Ferrofluids which have started 

gaining interest in technological areas have also been prepared for their interesting magnetic 

properties [41,84-88,267]. Nanocomposits of CF with silica for their magnetic properties 

have been prepared by C. Cannas et al. [215].  

2.3.3.2 Magneto-optical and other magnetic Properties 

 Magneto-optical properties in terms of Faraday rotations have been studied for the 

pristine and doped CF thin films. An excellent display of magneto-optical properties is seen 

by these compounds which are affected by the type of dopant and concentration 

[23,24,91,92,210,211,232]. Magnetostriction property as a result of fractional changes in the 

dimension of the material under study with magnetic field has been studied. These types of 

materials have been shown to exhibit sensing properties which are very much important in 

the manufacture of sensors [200,205,268]. 
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2.3.3.1 Electrical Properties 

Studies of the Electrical properties like conductivity and dielectric properties of 

pristine and doped compound have been studied. The effect of doping on the conductivity 

and dielectric properties has also been carried out. The effect of dopant concentration and the 

grain boundaries on the electrical properties has also been highlighted [19,25,26,75-83,130]. 

2.4 Doped Yttrium Aluminium Garnet 

2.4.1 Structure of Aluminium Garnets 

Yttrium Aluminium Garnet (YAG) is the most well known host material known in the 

manufacturing of phosphors. It is iso-structural to YIG (Fig 2.1). But unlike YIG, in YAG 

both the tetrahedral and the octahedral sites are occupied by the Al3+ ions. Since the practical 

application of YAG is in the field of display and lighting, these properties can be induced and 

tailored accordingly in YAG by substituting various types of ions in all of its 3 sublattices. 

Researchers around the globe have utilised this to the fullest extent to prepare various doped 

compounds showcasing brilliant luminescent properties which are applied in the manufacture 

of lasers, displays as mentioned in chapter 1. 

2.4.2 Methods of preparation 

 Route of preparation show a direct influence on the luminescent properties exhibited 

by the doped YAG compounds. Since the properties are dependent on the particle size of the 

compound of interest and also on the monophasic formation of the compounds, a lot of 

importance is given and interest in preparing the compounds with novel method is dedicated. 

With the change in trend in the type of preparative routes utilised, a lot of new methods along 

with modifications in the old ones are seen.  

The following section concentrates on the preparative routes utilised in obtaining 

pristine and doped YAG compounds. The literature survey revealed the fact that a lot of 
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importance has been given to the wet chemical methods of preparation lately and how it has 

taken over the classical solid state or the ceramic method. 

2.4.2.1 Ceramic method 

As seen from the section 3.2.2.1, ceramic method is the oldest way of obtaining mixed 

metal oxides. The full process takes place by mixing the oxides of individual metals in the 

stoichiometric ratios and co-firing them at elevated temperatures for several hours. A lot of 

grinding and sintering steps are involved as the intermediate steps in the full preparation of 

the desired compound. As a matter of fact these operations introduce a lot of impurities which 

hamper the desired properties in the final compound thereby not making it the first choice of 

synthesis methods of many of the researchers. 

Ceramic method has been used by several researchers to prepare monophasic pristine 

and doped YAG compounds [33,97,99,54,269-273]. A study on the variation in the density of 

YAG with the introduction of cobalt has been performed by L.N. Satapathy [274]. Optical 

scattering centres have been observed in Nd doped YAG lasers prepared by the ceramic 

method and reported by A. Ikesue [93]. 

2.4.2.2 Co-precipitation method 

 Like garnet and spinel ferrites, pristine and doped YAG compounds are also reported 

to be prepared by the co-precipitation method. As understood from the literature search, there 

are many modifications that have taken place in terms of carrying out the co-precipitation 

process. From the use of single co-precipitating agent to many, from the classical strike 

method to the modified reverse strike method, a lot of modifications have taken place.  

I. Matsubara et al. reports the preparation of Cr doped YAG using urea as the 

precipitating agent [32]. Y. Pan et al. [97] and K. Zhang et al. [106] reports the synthesis of 

Ce doped YAG separately using NH4HCO3 as the precipitating agent. K. Zhang et al. reports 
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the usage of a 1:3 mixture of NH4HCO3 and liquor NH3 for the preparation of Gd and Ce co-

doped YAG [107]. A gel to coprecipitation route is reported by J. Zhou et al. for the 

preparation Tb doped YAG using gelatine as the gelling agent and the coprecipitation with 

the help of a leaching action is carried out with the help of NH3 [114]. Eu doped YAG 

phosphors has been prepared by J.-H. In et al. using KOH as the precipitating agent [280]. Ce 

doped YAG has been reported by Y.-T. Nien et al. using triethylamine as the precipitating 

agent [281]. 

Similar to the doped compounds, pristine compounds are also prepared by the co-

precipitation method. J. Li et al. [275], X. Li et al. [276], S. Tong et al. [277] and J. –G. Li et 

al. [278] reports the preparation of pristine YAG, using NH4HCO3 as the precipitating agent. 

Apart from this NaOH has also been used for the co-precipitation preparation of YAG by 

J.W.G.A. Vrolijh et al. [279]. 

2.4.2.3 Sol-gel method 

 Application of doped YAG compounds as luminescent materials or displays demands 

the fine nature of the obtained powders. Sol-gel method is one of the best methods in 

obtaining nanocrystalline monophasic compounds. The low temperature sintering conditions 

provided in this process of synthesis is appropriate for yielding fine powders which meet the 

desired qualities for application in the display industry. 

 Sol-gel method is one of the widely utilised methods, used for the preparation of 

doped YAG compounds. A citrate glycolte gel based process for the preparation of YAG has 

been reported by M. Zarzecka-Napierala and K. Haberko [282]. Similar sol-gel process has 

been utilised by R.C. Pullar and A.K. Ba\hattacharya for the preparation YAG fibres [283]. L. 

Yang et al. [111], P. Vaqueiro et al. [284], B.-J. Chung et al. [285] utilised the citrate gel 

method for the synthesis of pristine YAG.  
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 A citrate-glycolate gel method of preparation has been utilised by Y. Pan et al. [97], 

W.-T. Hsu et al. [113], R. Singh et al. [286], H.M.H. Fadlalla et al. [287], P. Mazur et al. 

[291] and J. Amami et al. [292] for the preparation of Ce, Eu, Nd, Tb and Yb doped YAG. Z. 

Na et al. prepared Ce doped by the pseuduboehmite sol-gel method [103]. A urea-polyvinyl 

alcohol (PVA) gel method has been utilised by C.-H. Lu et al. [104].  An alkoxide method for 

the preparation of Tb doped YAG was utilised by A. Potdevin et al. [288,289]. An acetate-

ethanoate gel method has been reported by J. Y. Choe et al. for the preparation of Tb doped 

YAG [290]. R. Skaudzius et al. [293] and Y. Zhydochevskii et al. [294] report the acetate 

glycolate method for the preparation In and Nd doped YAG. M. Kottaisamy et al. [102], 

A.M. Chinie et al. [112] and Y. Zhydochevskii et al. [294] report the preparation of Ce and 

Eu and Nd doped YAG separately by the citrate gel method. An acetate-triethanolamine gel 

method has been reported by D. Chen et al. for the preparation of Eu doped YAG [295].  

 A. Potdevin et al. reports the alkoxide gel method for the preparation of Eu and Tb 

co-doped YAG [29]. A citrate-PVA gel method has been reported by S. Zhou et al. for the 

preparation of Ce, Pr and Tb co-doped YAG [33]. J. Li et al. [296] and H. Yang et al. [299] 

reports the preparation of multi-doped YAG using the citrate-polyvinylpyrolidone method. 

Similarly an acetate-glycolate gel method has been reported by I. Muliuoline et al. [297] and 

E. Garskaite et al. [298] for the preparation of co-doped YAG. 

2.4.2.4 Combustion method 

 Combustion method as understood from previous discussions is the fastest method of 

obtaining nanosized compounds. It is sometimes preferred over the conventional methods of 

synthesis as it even produces the metastable phases or metal ions in unusual valences which 

are not possible to attain by the normal conventional routes of preparation. As a matter of fact 

it is the most economic form of production of nanopowders keeping aside the standard co-

precipitation method.  
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 Combustion method has also been utilised for the preparation of pristine and doped 

YAG compounds. J. McKittrick et al. reports the usage of urea, carbohydrazide and glycine 

for the preparation of Cr and Tb doped YAG [35]. Urea and fructose as a fuel has been 

utilised by Y. Pan et al. and E.N. Poddenezhnyi et al. for the efficient synthesis of Ce doped 

YAG separately [97, 105]. Similarly the preparation of Ce doped YAG has been also reported 

by N.N. Khimich et al. using glycerine and fructose as fuels [300]. H.M.H. Fadlalla et al. 

reports the usage of citrate-nitrate combustion method for the preparation of Tb doped YAG. 

Carbohydrazide as a fuel has been utilised by O.A. Lopez et al. for the preparation of Tm and 

Li co-doped YAG [301]. K.T. Pillai et al. report the glycerine combustion route for the 

synthesis of pristine YAG [302]. 

2.4.2.5 Miscellaneous method 

 Apart from the standard methods reported for the preparation of pristine and doped 

YAG, several other methods are also reported. These are all listed together as follows. 

 A spray pyrolysis method has been utilised separately by C. Sanchez-Valle et al. [37] 

and Y.H. Zhou et al. [53] for the preparation of Sm and Eu doped YAG. Similar method was 

also utilised by A. Esparza et al. for the preparation of thin films composed of Tb, Eu or Ce 

doped YAG [303]. 

 Microwave process has been utilised for the preparation of YAG by M. 

Panneerselvam et al. [303]. Micro-emulsion method has also been tried successfully for the 

preparation of pristine and doped YAG compounds. J.D. Furman et al. reported the 

cyclohexane-sorbitanmonooleate emulsion for the synthesis of Ce doped YAG [125]. Pristine 

YAG preparation has been reported by M. Chatterjee et al. by making use water-in-oil micro-

emulsion [305].  

 Solvothermal method of preparation has been utilised for the preparation of Ce doped 

YAG by R. Huang et al. [98]. A supercritical water hydrothermal and solvothermal method 
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has been utilised for the preparation of YAG by A. Cabañas et al. [306] and X. Li [307]. 

Preparation of Eu doped YAG has been reported by solvothermal route by X. Li et al. [308]. 

 A polyol method using ethylene glycol has been utilised by R.A. Rodríguez et al. for 

the preparation of Er and Yb doped YAG [309]. T. Nakamura et al. has reported the 

microwave assisted polyol using 1,2 ethanediol, 1,3 propanediol and 1,4 butanediol for the 

preparation of Eu doped YAG [310]. 

 The precursor route of synthesis has been reported for the preparation of pristine and 

doped YAG. Z. Xiaolin et al. reports the usage of urea for the microwave assisted synthesis 

of Nd doped YAG [96]. An isopropylate-acetylacetonate precursor has also b 

een reported for the preparation of Nd doped YAG [311]. Y. Wang et al. reports the usage of 

triethanolamine for the preparation of Si and Nd doped YAG [312]. 

 V. Čuba et al. reports the usage of 4.4 MeV beam for the radiation assisted 

preparation of Ce doped YAG [313]. Usage of hexamine gel for the preparation of pristine 

YAG has been reported by R.V. Kamat et al. [314]. H.-M. Lee et al. reports the spray drying 

solid state preparation of Ce doped YAG [315]. A nitrate decomposition method for the 

preparation of Dy doped YAG has been utilised by D. Chen et al. [316].  

2.4.3 Luminescence and other solid state properties 

2.4.3.1 Luminescence properties 

 Pristine and the doped YAG compounds are renowned for their excellent luminescent 

properties. As a matter of fact, it must be because of this that these compounds are 

extensively utilised in the technological applications like displays, lasers, sensors and lately 

as are placement for white light diodes.  
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 Luminescence is the highly studied property of pristine and the doped YAG 

compounds irrespective of the type of source used to excite the samples. For eg. 

Photoluminescence (PL), Cathodoluminescence (CL), Radioluminescence (RL), 

Thermoluminescence (TL) etc. Luminescent properties change with the type and 

concentration of dopant introduced in the crystal lattice. Cerium is the most common dopant 

used till date and studied for its luminescent property followed by other R.E. PL and the 

luminescent decay study of the Ce doped and other R.E. co-doped compounds has been 

highly reported in the literature [30,97-107,281,287,296,303,315]. A comparative PL study of 

the bulk and nano for the Ce, Pr and Tb doped YAG has been reported by S. Zhou et al. [33]. 

A study on PL intensity with the method of preparation and the change in the sintering 

temperature has been carried out by Y. Pan et al. [97]. A study of change in the PL intensity 

with concentration of Cr has been reported by W. Wang et al. in the preparation of Ce and Cr 

co-doped YAG [99]. S.C. Huang et al. reports a change in the PL intensity with a change in 

the particle size of Ce doped YAG [101]. Effect of the dopant concentration on the PL 

intensity has been effectively demonstrated for Ce and Gd co-doped YAG by K. Zhang et al. 

[107]. Effect of PVP on the luminescence intensity of Ce and Gd co-doped YAG has been 

reported by J. Li et al. [296]. Effect of the substrate temperature of Tb, Eu, and Ce doped 

YAG thin films, on the PL intensity has been reported by A. Esparza et al. [303]. H.-M. Lee 

et al. reports the effect of Ce concentration on the PL intensity [315].  

 Apart from the PL spectra, RL for the Ce doped YAG has been reported by V. Čuba 

et al. [313]. CL spectra for the Nd, Ce, Cr and Sm doped YAG single crystals have been 

reported by A.V. Rasuleva et al. [317]. Y. Zorenko et al. reports the luminescence spectra for 

the Pr and Ce doped YAG using the synchrotron excitation source [318]. TL luminescence 

studies of Er and Ce doped YAG has been reported by D. Solodovnikov et al. [319]. 

 A change in the PL intensity with a change in the Cr concentration has been reported 

by I. Matsubara et al. [32]. Similarly a change in the PL intensity with respect to the 
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recording temp for the Cr doped YAG thin films have also been reported by Y. Deng et al. 

[320]. A PL study on the spray dried deposits of Dy doped YAG have been carried out by D. 

Chen et al. [316]. An up-conversion phenomena has been reported for the Er doped YAG by 

G. Qin et al. [269]. TL spectra for the Er and Yb doped have been reported by R.A. 

Rodríguez et al. [309]. 

 A comparative study of the PL intensity of powder and spray dried coating of Eu 

doped YAG has been reported by A. Potdevin et al. [29]. A change in the PL intensity with 

change in the concentration of Eu and PEG separately in the precursor solution has been 

studied by Y.H. Zhou et al. [53]. H.K. Yang et al. reports on the luminescence decay 

spectrum and the change in the PL intensity with sintering temperature for the Eu doped 

YAG [271]. J.-H. In et al. reports the effect of Eu concentration and the pH of the precursor 

solution on the PL intensity [280]. D. Chen et al. [295] and Y. Li et al. report separately, the 

effect of sintering temperatures on the PL intensity. A change in the PL intensity has been 

reported by T. Nakamura et al. with the change in the concentration of Eu in YAG [310]. 

 Study of variation in the TL intensity with Nd concentration has been reported by Y. 

Zhydachevskii et al. [294]. Y. Wang et al. reports a change in the PL intensity of the Nd 

YAG powders with varying sintering temperatures [312]. PL intensity with varying Sm 

concentration has been reported by H. Yang et al. [299]. 

 A study in obtaining material for white light applications and effect of Pr 

concentration on PL and EL of Ce, Tb and Pr doped YAG has been carried out by H.S.  Jang 

et al. [54]. Moreover, energy transfer from Ce to Pr is also reported showing a decrease in the 

emission intensity of Ce3+ state. The effect of annealing temperatures on the PL emission has 

been investigated by H. Yang et al. for Pr doped YAG [299]. A two photon up-conversion 

phenomenon has been demonstrated by S.K. Gayen et al. for the Pr doped YAG single 

crystals [321]. Scintillation properties in Pr doped YAG crystals have been reported by 
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Wisniewska et al. [322]. Apart from these, up-conversion properties are also reported for Pr 

doped YAG [323,324,327]. Flourescence spectra and decay with varying Pr concentration 

has been reported by Y. Wu et al. [325]. Upconversion and down-conversion phenomena are 

reported together for the Pr doped YAG compounds by M. Malinovski et al. [326].  

Effect of Tb concentration on the PL and EL intensities has been studied by H.S. Jang 

et al. [54]. J. Zhou et al. reported the effect of Tb concentration and particle size n the PL 

intensities [114]. The effect of sintering temperature on the PL intensities has been studies by 

H.M.H. Fadlalla and C.C. Tang [126]. PL and CL studies in Tb doped YAG has been 

reported by many researchers [288-290,328]. The effect of sintering temperature on PL 

intensities has been reported by P. Mazur et al. [291]. G.K. Maliarevich et al. studied the 

effect of annealing temperature on the PL intensities of Tb doped YAG films [329]. 

 J. Ryszkowska studies the effect of increasing concentration of nanofillers on the PL 

intensity of polyurethane-Tb doped YAG nanocomposites [330] 

2.4.3.2 Other Solid State properties 

Lasing properties of Yb:YAG-Cr:YAG composites have been studies by J. Ma et al. 

[331]. Optical Scattering Centres were observed in polycrystalline Nd doped YAG 

compounds [93]. Lasing performance of Nd doped YAG has been reported with Sm:YAG 

cladding by R. Huß et al. [94]. Apart from these lasing performance of Nd doped YAG has 

also been reported by many researchers [95,96,36,333]. Effect of gamma radiation and 

annealing temperatures on lasing performance of Cr, Tb and Ho co-doped YAG [332]. 

W.J. Tobler and W. Durisch studied the Er doped YAG emitters for thermovoltaics 

application [31]. Electrical resistivity studies for the Ce, Nd, Ho and Er doped YAG has been 

studied by E. Garskaite et al. [298]. Applicative studies on Tb doped YAG as fluorescence 

thermometers has been reported by H. Aizawa et al. [30]. Sensor studies on Sm doped YAG 

for pressure calibration application has been carried out by C. Sanchez-Valle et al. [37]. 
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The exhaustive literature survey carried out provide with a lot of information about 

the synthesis and properties of spinels and garnet systems taken up for study. The knowledge 

on the effect of type of doping and concentration on the resultant solid state properties is also 

acquired from the literature study. 
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PREPARATION AND INSTRUMENTAL TECHNIQUES  

 

3.1 Introduction   

A right choice of preparative method is the foremost requirement in the study of 

materials. The properties showcased by materials shows a direct relation to the method of 

fabrication. Nonuniform powder compositions make reproducible component fabrication 

difficult because of chemical inhomogeneities and voids in microstructure. Greater purity and 

homogeneity from novel methods of preparation can lead to improved chemical and physical 

properties and can therefore display better functionalities. 

In the work reported herein, the compounds (mixed-metal oxides) were prepared by 

the Glycine-nitrate autocombustion and Sol-gel autocombustion methods. The prepared 

compounds were characterized utilizing various instrumentation techniques such as TG-DTA, 

XRD, FTIR Spectroscopy, SEM, TEM, Particle size distribution analyzer, Raman 

Spectroscopy, XPS, Mössbauer Spectroscopy, Vibrating Sample Magnetometer (VSM), AC 

susceptibility, DC Electrical Resistivity Set up, LCRQ meter for dielectric measurements, 

DRS and Flourimeter for Photoluminescence. 

The theory and experimental procedure of various characterization techniques used 

for the present study are briefly described in the following section. The results obtained from 

these studies are in good agreement with the speculated ones. Conclusions on the structural 

and the solid state properties have been appropriately supported by the solid state and spectral 

data obtained from various characterization techniques employed. 

3.2 Preparation of Mixed-metal Oxide Compounds 

 This section deals with the compounds synthesized and the method of synthesis used. 
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3.2.1 Preparation of doped YIG compounds 

Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75) 

Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20) 

Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

Ca and Mg doped Iron garnets were prepared by the Glycine nitrate combustion 

method. The source of the metal ions used was either nitrates or oxides. The water soluble 

metal nitrates were brought into solution, by dissolving in double distilled water. Acid 

treatment with concentrated nitric acid was given to the oxides to get the metal ions in the 

solution form. All these were mixed together in a beaker in stoichiometric amounts and 

calculated amount of glycine was added to the solution mixture. The solution was heated on a 

hot plate with constant stirring and was allowed to concentrate. A precursor was obtained 

after the combustion of the concentrated mixture. The precursor was then ground and further 

calcined at 800 
o
C for 8 h. The powder thus obtained was again ground with acetone, 

pelletized and finally sintered at 1000 
o
C for 8 h. 

Sol-gel autocombustion method was utilized in the preparation of Cr and In doped 

iron garnets. For the preparation of Ce0.1Y2.9Fe5-xMxO12 (M = Cr and In, 0 ≤ x ≤ 0.3), 

stoichiometric amounts of analytical grade Ce(NO3)2.6H2O (Sigma-Aldrich), Fe(NO3)3.9H2O 

(Sigma-Aldrich), Y2O3 (Sigma-Aldrich)  and Cr(NO3)3.H2O/In2O3 (Sigma-Aldrich) were 

utilized. The water insoluble Y2O3 and In2O3 were brought into solution by dissolving in 

concentrated HNO3 (A.R. Grade) with vigorous stirring on a hot plate maintained at 

temperature just around 100 oC. After obtaining a clear solution, Ce(NO3)2.6H2O, 

Cr(NO3)3.H2O and Fe(NO3)3.9H2O were added with continuous stirring. Required amount of 

malic acid (A.R. Grade) was then added. The pH of the solution was adjusted in between 6 - 
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7 with 30% ammonia solution (A.R. Grade). A considerable change in colour from light 

brown to dark wine red was observed which confirmed the chelating action of malic acid. 

The dependence of chelating action on pH seems to be very high as there was no chelation 

and hence gel formation observed at lower pH values. It can be said that the higher pH (near 

neutral), forces the organic acid to release the acidic proton and in turn bind with the 

available metal ions. The pH of the solution was confirmed to be near neutral, and ethylene 

glycol in the ratio 1: 4 (with respect to malic acid) was added subsequently. The solution was 

then allowed to concentrate with continuous stirring. The gel so obtained was then transferred 

in an oven and heated at 200 oC for 3 h. Formation of a voluminous foamy precursor was 

observed which was then crushed into fine powder with the help of an agate mortar and 

pestle. The precursor was then calcined at 400 oC for 4 h. It was homogenized with acetone 

and then sintered at 800 oC for 8 h. The obtained powder was then pelletized and further 

sintered at 1000 
o
C for 8 h. The as-prepared oxide samples were subjected to various 

characterization and solid state techniques. 

3.2.2 Preparation of doped Cobalt Ferrites Compounds. 

CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

For the preparation of CoFe2-xMxO4 [0 ≤ x ≤ 0.15 for M = Dy, Gd, Nd and 0 ≤ x ≤ 

0.12 for Bi], stoichiometric amounts of analytical grade Co(NO3)2.6H2O (Sigma-Aldrich), 

Fe(NO3)3.9H2O (Sigma-Aldrich), Dy2O3 (Sigma-Aldrich), Gd2O3 (Sigma-Aldrich), Nd2O3 

(Molychem) and Bi(NO)3.5H2O (Qualigens) were utilized. To prepare Dy3+ doped cobalt 

ferrite, the water insoluble Dy2O3 was brought into solution form by dissolving it in 
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concentrated AR-grade HNO3. After obtaining a clear solution, Co(NO3)2.6H2O and 

Fe(NO3)3.9H2O were added. The solution was maintained at around 100 
o
C with continuous 

stirring. Required amount of malic acid was than added. pH of the solution was then 

increased (around neutral) with the slow addition of 30% ammonia solution. A considerable 

change in colour from light pink to dark wine red was observed which confirmed the 

chelating action of malic acid. After confirming the pH, ethylene glycol in the ratio 1:4 (with 

respect to the malic acid) was added. The solution was then allowed to concentrate with 

continuous stirring and the gel so obtained was heated in an oven at 200 
o
C for 3 h. 

Formation of a voluminous foamy precursor was observed which was then crushed into fine 

powder with the help of an agate mortar and pestle. The precursor was than calcined at 400 

o
C for 4 h. It was again ground with acetone and after drying was sintered at 600 

o
C for 6 h. 

The same procedure was utilized for the preparation of pristine, Gd3+, Nd3+ and Bi3+ 
doped 

cobalt ferrite. The as obtained powder was then subjected to various characterization 

techniques. 

3.2.3 Preparation of doped YAG 

Y3Al5O12.  

Y2.94Ce0.06Al5O12.  

Ce0.06Y2.94-xR.E.xAl5O12 (x = 0.06, R.E. = Pr, Nd, Sm, Er, Eu and Tb) 

Y2.94Ce0.06Cr0.0025Al4.9975O12.  

Sol-gel autocombustion method was utilized in the preparation of doped YAG. For 

the preparation of Ce0.06Y2.94-xR.E.xAl5-yMyO12 (R.E. = Pr, Nd, Sm, Er, Eu and Tb M = Cr, x = 

0.06 and y = 0.0025), stoichiometric amounts of analytical grade Ce(NO3)2.6H2O (Sigma-

Aldrich), Al(NO3)3.9H2O (Sigma-Aldrich), Y2O3 (Sigma-Aldrich), Pr6O11 (Loba Chemicals), 

Nd2O3 (Molychem), Sm2O3 (Loba Chemicals), ErCl3 (Acros Organics), Eu2O3 (Sigma-
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Aldrich), Tb2O3.5H2O (Sigma-Aldrich) and Cr(NO3)3.H2O (Sigma-Aldrich) were utilized. The 

water insoluble Y2O3 and R.E.2O3 were brought into solution by dissolving in concentrated 

HNO3 (A.R. Grade) with vigorous stirring on a hot plate maintained at temperature just 

around 100 
o
C. After obtaining a clear solution, Ce(NO3)2.6H2O, Cr(NO3)3.H2O and 

Al(NO3)3.9H2O were added with continuous stirring. Required amount of malic acid (A.R. 

Grade) was then added. The pH of the solution was adjusted to near neutral with 30% 

ammonia solution (A.R. Grade). A considerable change in colour from colourless to yellow 

was observed which confirmed the chelating action of malic acid. The pH of the solution was 

confirmed to be neutral, and ethylene glycol in the ratio 1: 4 (with respect to malic acid) was 

added subsequently. The solution was then allowed to concentrate with continuous stirring. 

The gel so obtained was then transferred in an oven and heated to a temperature of about 200 

o
C for 3 h. Formation of a voluminous foamy precursor was observed which was then 

crushed into fine powder with the help of an agate mortar and pestle. The precursor was then 

calcined at 400 
o
C for 4 h. It was homogenized with acetone and then sintered at 800 

o
C for 8 

h. The obtained powder was then pelletized and further sintered at 1000 
o
C for 8 h. The as-

prepared oxide samples were subjected to various characterization and solid state techniques. 

3.3 Physico-chemical Characterizations: Theory and practice.  

3.3.1 Thermal analysis (TG/DTA) 

Thermal analysis is a group of techniques in which a physical property of substance 

and its reaction products is measured as a function of temperature whilst the substance is 

subjected to a controlled temperature programme [334]. In thermogravimetric analysis the 

change in mass of a sample in a controlled atmosphere is recorded continuously as a function 

of change in temperature or time of the sample (usually linearly with time). A plot of mass or 

mass percent as a function of temperature is called a thermogram, or a thermal decomposition 

curve. Differential thermal analysis is a technique in which the difference in temperature 
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between a substance and a reference material is measured as a function of temperature while 

the substance and reference material are subjected to a controlled temperature programme. 

Usually, the temperature programme involves heating the sample and reference material in 

such a way that the temperature of the sample Ts increases linearly with time. The difference 

in temperature ΔT between the sample temperature and the reference temperature Tr (ΔT = Tr 

- Ts) is then monitored and plotted against sample temperature to give a differential 

thermogram. 

Thermal analysis i.e., thermogravimetry (TG) and differential thermal analysis (DTA) 

of gels obtained as an intermediate of the sol-gel autocombustion method were carried out on 

a NETZCH STA 409 PC TG/DSC-DTA instrument. The analyses were carried out in air with 

flow of 100 ml min-1. All the samples were heated from ambient to 1000 
o
C at a heating rate 

of 10
 oC min-1. Recrystallized alumina crucibles were used as the sample and reference 

crucibles. 

3.3.2 X-ray diffraction (XRD) 

The powder diffraction is the most important technique used for the characterization 

of all crystalline materials. The XRD pattern contains information on the phase purity, 

crystalinity, composition and crystallographic phases of the material, average grain size, 

lattice strains, grain boundary characteristics, lattice parameters etc. The XRD method 

involves the interaction between the incident monochromatized X-rays (Cu Kα or Mo Kα 

source) with the atoms of a periodic lattice. X-rays scattered by atoms in an ordered lattice 

interfere constructively as given by Bragg’s law. 

The crystalinity, crystal structure and the phase purity of the compounds reported in 

this thesis were investigated by making use of RIGAKU ULTIMA IV X-ray diffractometer 

using Cu-Kα radiations of wavelength 1.5418 Å (filtered through Ni), in steps of 0.02 

degrees. Various lattice parameters are calculated using the data obtained from the XRD.  
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Calculation of lattice constant (a), crystallite size (D) and strain (ε): 

The lattice constant (a), mean crystallite size (D) and strain (ε) are calculated utilizing the 

Williamson-Hall extrapolations by plotting the following, 

β Cosθ/λ v/s Sinθ/λ.   

where in λ is the wavelength of the X-ray radiation 

Calculation of X-ray density: 

The X-ray density dx of the sample was calculated using the following equation 

dx = n.M/Na3 

where, M = Molecular weight of the sample 

 N = Avogadro’s number 

Calculation of hopping lengths, LA and LB: 

Hopping lengths in tetrahedral site (LA) and octahedral site (LB) which is the distance between 

magnetic ions, have been calculated using the following. 

LA = a0 (√3/4) and LB = a0 (√2/4) 

Calculation of the mean ionic radius of the tetrahedral and octahedral site, rA and rB: 

The mean ionic radius of the tetrahedral (A) site rA and octahedral (B) site rB has been 

calculated using the following relation, 

rA = a √3 (u-0.25) – R0 and rB = a (5/8-u) – R0 

where ‘a’ is the lattice constant, ‘u’ is the oxygen positional parameter, for ideal spinel ferrite 

u = 3/8 and the radius of oxygen ion R0 = 1.32 Ǻ 

 



45 
 

3.3.3 Fourier Transform Infrared (FTIR) Spectroscopy  

Infrared spectroscopy is a widely used analytical technique which detects the 

vibration characteristics of chemical bonds in a material. When an infrared light irradiates a 

material, chemical bonds can absorb an amount of energy hv to reach a vibrational excited 

state. As a result, the chemical bonds stretch, contract and bend. The frequency of an 

absorption band is proportional to the energy difference between the vibrational ground and 

excited states. FTIR spectroscopy is used primarily for the qualitative and quantitative 

analysis of organic compounds and is also useful for determining the chemical structure of 

many inorganic and biological compounds. It can be considered as the first and the most 

important of the modern spectroscopic techniques that have found great importance in solid 

state and depends on the excitation of vibrations in molecules or in solid lattices by the 

absorption of photons, which occurs if a dipole moment changes during the vibration. The 

intensity of the infrared band is proportional to the change in dipole moment.  

FTIR spectroscopy has proved valuable for the characterization of metal carboxylates 

and mixed-metal oxides. Vibrational spectra of gels and prepared compounds were analyzed 

using FTIR spectroscopy as a complementary technique in the range of 400 – 4000 cm−1 to 

investigate the complex formation in the gels and also the internal and external modes of 

mixed-metal oxide lattices. Effect of incorporation of various dopants in the lattice of the 

mixed metal oxide compounds has been studied. The spectra of the doped compounds were 

compared with that of pristine oxide.  

FTIR analyses of the gel and mixed-metal oxide compounds were undertaken in the 

range 300 - 4000 cm
-1

 on a SHIMADZU FTIR prestige-21 spectrophotometer. The sample 

was ground thoroughly with KBr powder and then mounted on the sample holder. The 

sample holder was then placed in the instrument and the spectra were recorded. 
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3.3.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is an easy technique to study the texture, topography 

and surface features of powders or solid pieces. SEM scans over a sample surface with a 

probe of electrons (5-50 eV) and detects the yield of either secondary or back-scattered 

electrons as a function of the position of the primary beam. The interaction between the 

electron beam and the sample produces different types of signals providing detailed 

information about the surface structure and morphology of the sample. Magnification of 20-

50,000 is possible with a resolution of about 5 nm. Particle shape, size and size distributions 

are easily obtained for particles with microscale dimensions.  

The surface morphology of the mixed-metal oxide compounds was determined with 

JSM-5800LV scanning electron microscope and JEOL JSM-6360LV scanning electron 

microscope (SEM) instrument operating at 20 kV. 

3.3.5 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a microscopy technique whereby a beam 

of electrons is transmitted through an ultra thin specimen, interacting with the specimen as it 

passes through. An image is formed from the interaction of the electrons transmitted through 

the specimen which is magnified and focused onto an imaging device, such as a fluorescent 

screen, on a layer of photographic film, or to be detected by a sensor such as a CCD camera. 

TEM images were recorded on PHILIPS CM 200 transmission electron microscope operating 

at an accelerating voltage of 200 kV and providing a resolution of 2.4 Å. 

3.3.6 Particle Size Distribution analysis 

A Particle Size Distribution analysis (PSD) is a measurement designed to determine 

and report information about the size and range of a set of particles representative of a 

material.  Particle size and distribution analysis of a sample can be performed using a variety 

http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Focus_(optics)
http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/CCD_camera
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of techniques, each with advantages and disadvantages, depending on the sample properties 

and question at hand.  

Dynamic light scattering (DLS - also known as Photon Correlation 

Spectroscopy or Quasi-Elastic Light Scattering) is one of the most popular light scattering 

techniques because it allows particle sizing down to 1 nm diameter. The basic principle 

involves the illumination of particles by a laser beam and the fluctuations of the scattered 

light are detected at a known scattering angle θ by a fast photon detector. Simple DLS 

instruments that measure at a fixed angle can determine the mean particle size in a limited 

size range.  

The particle size distribution of the mixed metal oxide compounds was determined at 

25 °C by Dynamic Light Scattering (DLS) technique employing a DELSA NANO S, 

BECKMAN COULTER, MIAMI, FL. For DLS experiment, particles were dispersed in a 

dilute aqueous solution (10%) of TWEEN 20 (surfactant). 

3.3.7 Raman Spectroscopy 

Raman spectroscopy is based on the Raman Effect, a phenomenon where a change in 

frequency occurs when light is scattered by a material. In Raman spectrometers, a 

monochromatic light (laser) shines on and excites molecules in the sample, which 

subsequently scatter the light. While most of the scattered light is of the same wavelength as 

that of the source light (Rayleigh scattering), some is scattered at different wavelengths. This 

results from phonons losing (stokes process) or gaining (anti-stokes process) energy by an in-

elastic collision of incident light with molecules.  

Raman spectrum of the compounds was recorded in the backscattering geometry in 

the range 100-1000 cm
-1 

using a HORIBA JOBIN YVON HR-800 Raman spectrometer with 

an Olympus microscope (objective 50x) attachment and equipped with a CCD detector. A 
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488 nm Ar
+
 ion laser with 10 mW power was used as the excitation source for a spot of about 

1 mm in diameter. 

3.3.8 X-ray Photoelectron Spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect, 

which involves the bombardment of a sample surface with X-rays and the measurement of 

the concomitant photo-emitted electrons. The photo-emitted electrons have discrete kinetic 

energies that are characteristic of the emitting atoms and their bonding states. The binding 

energies of the peaks are characteristic of each element. The peak areas can be used (with 

appropriate sensitivity factors) to determine the composition of the materials surface. The 

shape of each peak and the binding energy can be slightly altered by the chemical state of the 

emitting atom, which provides chemical bonding information as well. Since the electrons 

whose energies are analyzed, arise from a depth of no greater than about 5 nm, the technique 

is surface sensitive. 

The valence state and binding energies of various chemical species were determined 

by the X-ray Photoelectron Spectroscopy (XPS) employing VSW SCIENTIFIC 

INSTRUMENT with Al Kα as the incident source having energy of 1486.6 eV with a 

resolution of 0.9 eV. The vaccum maintained in the sample analyzer chamber was 1.4 x 10
-8

 

Torr.  

3.3.9 Mössbauer Spectroscopy 

Mössbauer spectroscopy is a versatile technique that can be used in many areas of 

science such as Physics, Chemistry, Biology and Metallurgy. It can give very precise 

information about the chemical, structural, magnetic and time-dependent properties of a 

material. 

Nuclei in atoms undergo a variety of energy level transitions, often associated with 

the emission or absorption of a gamma ray. These energy levels are influenced by their 



49 
 

surrounding environment, both electronic and magnetic, which split these energy levels. 

These changes in the energy levels can provide information about the atom's local 

environment.  

Room temperature 
57

Fe Mössbauer measurements of the pristine and the doped 

compounds were performed using a spectrometer (Nucleonix Systems Pvt. Ltd., Hyderabad, 

India) operated in constant acceleration mode (triangular wave) in transmission geometry. 

The source employed is Co-57 in Rh matrix of strength 50mCi. The calibration of the 

velocity scale is done by using a Fe metal foil using a value of 330 kOe for the effective 

nuclear hyperfine field Heff at room temperature. The outer line width of calibration spectra is 

0.29 mm/s. Mössbauer spectra were fitted by a WIN NORMOS fit programme assuming 

Lorentzian line shapes. The results of isomer shifts are relative to α-Fe metal foil. 

3.3.10 DC Magnetisation 

Vibrating sample magnetometer (VSM) is an instrument commonly employed for the 

AC and DC magnetic characterization of the materials. In VSM, the sample is placed in a 

constant magnetic field. Vibration of the sample results in the change of magnetic flux 

through the pick-up coils positioned close to it. A voltage is therefore induced and measured 

using a lock-in amplifier. This voltage is proportional to the magnetic moment of the sample. 

The following is the sequence of processes taking place during the measurements. 

i) The strength of the constant magnetic field is set. 

ii) The sample begins to vibrate. 

iii) The signal received from the probe is translated into a value proportional to the magnetic 

moment of the sample. 

iv) Strength of the constant magnetic field changes to a new value and no data is taken during 

this transition. 

v) The strength of the constant magnetic field reaches its new value. 
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vi) The signal from the probe again gets translated into a value for the magnetization of the 

sample. 

vii) The constant magnetic field varies over a given range, and a plot of magnetization (M) 

versus magnetic field strength (H) is generated. 

A QUANTUM DESIGN PPMS- VSM magnetometer was used for magnetic 

characterization of the pelletized compounds. The instrument works with a maximum of 140 

KOe magnetic fields with sensitivity better than 5 × 10-5 emu. The magnetization with 

varying magnetic field of up to 50 KOe was measured at 5 K and 300 K.  

The variation of magnetic moment of each sample with temperature was measured 

from 5 K to 300 K in the ZFC (zero field cooling) and FC (field cooling) modes using a 

magnetic field of 10 KOe. A Ferrimagnetic-Superparamagnetic transition was studied in this 

experiment. 

3.3.11 AC Magnetic Susceptibility 

In order to get a more complete understanding of the ferrimagnetic materials, the 

temperature dependence of the susceptibility is very useful. As understood from the literature, 

it is possible to align all of the magnetic domains in a ferrimagnet by applying an external 

filed large enough to overcome the pinning force experienced by each domain. For 

sufficiently strong pinning forces, the domains, in principle, can stay aligned even after the 

external field is removed. Thermal energy, however, is capable of slowly unpinning the 

domains, which weakens the strength of the magnet. As the temperature increases, thermal 

energy is able to randomize the domains more quickly, until the Curie temperature is reached 

where the sample is completely demagnetized. The goal of this measurement is to determine 

the Curie temperature of some samples. 
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The Curie temperature determination measurements were carried out on powdered 

samples using AC susceptibility set up described by Likhite et al. [335] and supplied by M/s 

Arun Electronics, Mumbai, India. 

3.3.12 DC Electrical Resistivity 

For electrical resistivity measurements, the oxide samples in the form of disk shaped 

pallets of 1 cm diameter and 0.2 cm thickness were prepared by compressing the powder in a 

hydraulic press at 7 ton of pressure. The resistance of the samples was measured using a two 

probe conductivity cell, using a Keithley electrometer. From the resistance values obtained at 

different temperatures, the resistivity of the sample was calculated using the following 

relation 

ρ = R A/t 

where, R = resistance 

A = cross sectional area of the pellet 

t = thickness of the pellet 

The DC resistivity has been observed from room temperature to 773 K. Graphs of log 

ρ versus 10
3
/T were plotted for all the samples.  

3.3.13 Dielectric Studies 

Electrical conductivity and dielectric behavior in ferrites depends on many factors 

such as the preparation method, sintering temperature, the type and amount of substitution. 

They exhibit relatively high resistivity at carrier frequency, sufficiently low losses for 

microwave applications and wide range of other electrical properties. The AC parameters 

such as dielectric constant (ε), dielectric loss tangent (tan δ) depend on the frequency under 

investigation.  

The dielectric measurements were made by two probe method using a Wayne Kerr 

6500P LCR meter in the frequency range of 500 Hz to 10 MHz. The samples were in the 
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form of disk shaped pallets of 1cm diameter and 0.2 cm thickness. Silver paste was applied 

on the surface of the pallets to establish a better electrical contact. 

Assuming the capacitance of a parallel plate arrangement, the dielectric constant was 

calculated using the relation 

ε = C d / ε0 A 

where, C = capacitance of the specimen in Farad 

 d = thickness of the pellet in meters 

 ε0 = permittivity of free space, 8.854x10-12 F/m 

 A = cross sectional area of the pellet in m
2
 

The frequency dependence of dielectric constant and loss tangent of all the samples 

were studied at room temperature as well as at higher temperature. The dielectric loss tangent 

(tanδ) is calculated using the relation; 

tanδ = D  

where, D is the dissipation factor. 

3.3.14 UV-Visible Absorbance/Diffuse Reflectance Spectroscopy 

Diffuse reflectance spectroscopy (DRS) is a technique based on the reflection of light 

in the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by a powdered sample. 

In a DRS spectrum, the ratio of the light scattered from an “infinitely thick” closely packed 

sample layer and the scattered light from an infinitely thick layer of an ideal non-absorbing 

(white) reference sample is measured as a function of the wavelength λ. The scattered 

radiation, originating from the sample is collected in an integration sphere and detected. 

DRS is particularly suitable for studying the speciation of transition metal ions (TMI), 

because it measures both their d-d transitions and charge transfer bands. In this technique 

electrons in the outer shell of an atom are probed which reveal the chemical environment 

around it. DRS is a powerful technique to identify and characterize the metal ion 
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coordination. It’s a non destructive technique that uses the interaction of light, absorption and 

scattering, to produce a characteristic reflectance spectrum, providing information about the 

structure and composition of the medium. It also provides the information regarding the band 

gap of the materials, especially the semiconducting metal oxides.   

The diffuse reflectance spectrum of dry compounds was recorded using a Shimadzu 

UV-2450 UV–Visible spectrometer equipped with a diffuse reflectance accessory in the 

wavelength range of 800–200 nm. BaSO4 was used as a reference.  

3.3.15 Photoluminescence Studies 

 

Figure 3.1. Photoluminescence process wherein (a) an electron absorbs a photon and is 

promoted from the valence band to the conduction band. (b) The electron drops down to the bottom of 

the conduction band. (c) The electron recombines with the hole, resulting in the emission of light with 

energy hν. 

 

Photoluminescence (PL) is a non-destructive optical technique used for the 

characterization, investigation, and detection of point defects or for measuring the band-gaps 

of materials. Photoluminescence involves the irradiation of the crystal to be characterized 

with photons of energy greater than the band-gap energy of that material. Photoluminescence 
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consists of impinging relatively high frequency (hν > Eg) light onto a material and exciting 

the atomic electrons. Subsequent relaxation results in the production of photons that are 

characteristic of the crystal or defect site that emits the light. Photoluminescence process can 

be explained via three main phases as shown in Fig. 3.1. [336], a) Excitation: Electrons 

absorb energy from external sources, such as lasers, arc-discharge lamps and tungsten-

halogen bulbs and get promoted to higher energy levels. In this process electron-hole pairs 

are created. b) Thermalization: Excited pairs relax towards quasi-thermal equilibrium 

distributions. c) Recombination: Energy can subsequently be released, in the form of a lower 

energy photon, when the electron falls back to the original ground state. This phenomenon 

can occur by a radiative or non-radiative process.  

In the present study the photoluminescence studies were carried out on Shimadzu RF-

5301PC spectroflurophotometer, with a Xenon flash lamp. The sample loaded on a powder 

holder provided by Shimadzu (the powder samples were densely packed on this holder) was 

mounted at about 45
o
 to the excitation source for PL measurement. All samples were 

analyzed with the same slit width (1.5/1.5) to measure the excitation and emission spectra 

with wavelength resolution of 1 nm.   
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STRUCTURAL AND SPECTROSCOPIC STUDIES 

 

4.1 Thermal Analysis (TG-DTA). 

The thermal behaviour of the gel obtained as a result of glycine-nitrate and sol-gel 

auto-combustion methods has been studied utilising the TG/DTA profile in a dry air 

atmosphere. Information regarding the energy related processes (exothermic/endothermic) 

and formation temperature of the mixed-metal oxides has been obtained by making use of 

this technique. 

4.1.1 Garnet Ferrites. 

4.1.1.1 Y3-xCaxFe5O12 Glycine-nitrate gel (x = 0, 0.15 and 0.60). 

The gel and the as-burnt compounds obtained as an intermediate in the glycine-nitrate 

auto-combustion method has been subjected for the thermal studies under the dry air 

atmosphere.  

 

Fig. 4.1 TG-DTA curves of Y2.85Ca0.15Fe5O12 gel. The solid line represents the TG curve whereas the 

dashed line represents the DTA curve. 

Fig. 4.1 depicts the TG-DTA curves for Y2.85Ca0.15Fe5O12 glycine-nitrate gel. From 

the curve, an endothermic peak can be observed at 130 ºC, which is the dehydration process 
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with a mass loss of 12%. Following this process, an exothermic peak is observed at 200 ºC, 

which is the combustion process of the glycine-nitrate gel. During this process, a heavy mass 

loss of 25% is seen. The remainder carbon is slowly oxidised in the next stage of the process 

till 650 ºC with a mass loss of 8%. Beyond this region, a slow mass loss of 8% is observed till 

1000 ºC which can be associated to the loss of oxygen. This loss is evident for an oxygen 

deficient compound obtained by substituting a divalent cation (Ca2+) in place of a trivalent Y3+ 

ion. A residual mass of 47% is observed which is mass of the formed oxides.  

 

 

Fig. 4.2 TG-DTA curves of (a) Y3Fe5O12 (b) Y2.40Ca0.60Fe5O12 as-burnt compounds. The solid line 

represents the TG curve whereas the dashed line represents the DTA curve. 

 The as-burnt compounds have also been studied for their thermal properties. Fig. 4.2 

portrays the TG-DTA curves of the as-burnt compounds. Both the compounds show an 
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endothermic dehydration peak at 120 ºC signifying the evolution of the trapped water 

molecules after the combustion reaction. A gradual change in the mass of the compound is 

observed beyond this endotherm with a sharp mass loss at ~ 800 ºC.  In this region, mass loss 

due to oxidation of residual carbon and nitrates trapped in the matrix is observed. The region 

beyond this signifies the formation of the compound which is associated with a mass loss due 

to the loss of oxygen as mentioned earlier. 

4.1.1.2 Ce0.1Y2.9Fe5O12 malate-glycolate gel. 

 

Fig. 4.3 TG-DTA curves of Ce0.1Y2.9Fe5O12 gel. The solid line represents the TG curve whereas the 

dashed line represents the DTA curve. 

R.E. and the transition metal ions are reported to form a complex with malic acid 

[337-340]. The gel obtained as an intermediate in the synthesis is very hygroscopic in nature 

and therefore it is very difficult to dry the gel and fix the exact formula of the complex 

formed between the metal ions and the organic moieties. Fig. 4.3 shows the TG-DTA curve 

of Ce0.1Y2.9Fe5O12 gel, carried out in air from 25 - 1000 ºC at a heating rate of 10 ºC min
-1

. 

The curve for Ce0.1Y2.9Fe5O12 gel can be divided into four regions with various processes 

taking place in each region i.e., (i) 25 – 170 ºC, (ii) 170 – 310 ºC (iii) 310 – 540 ºC and (iv) 

540 – 1000 ºC. In the first region there is an endothermic peak witnessed at 100 ºC for the 
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dehydration process associated with a mass loss of ~ 25%. An exothermic process at 212 ºC 

is associated with a high mass loss of 50.1%. This is a combustion reaction which involves 

the oxidative decomposition of the gel along with the evolution of NH3, NOx and CO2. In the 

third region another exotherm at 386 ºC is observed with a mass loss of 5.9%. This may be 

attributed to the oxidation of the residual carbon. A residual mass of 9.02% is observed. 

4.1.1.3 Ce0.1Y2.9Fe4.95Cr0.05O12 malate-glycolate gel. 

 

Fig. 4.4 TG-DTA curves of Ce0.1Y2.9Fe4.95Cr0.05O12 gel. The solid line represents the TG curve whereas 

the dashed line represents the DTA curve. 

Fig. 4.4 displays the TG-DTA curve of Ce0.1Y2.9Fe4.95Cr0.05O12 gel, carried out in air 

from 28 - 1000 ºC at a heating rate of 10 ºC min-1. The curve for Ce0.1Y2.9Fe4.95Cr0.05O12 gel can 

be divided into four regions with various processes taking place in each region i.e., (i) 25 – 

170 ºC, (ii) 170 – 310 ºC (iii) 310 – 540 ºC and (iv) 540 – 1000 ºC. In the first region there is 

an endothermic peak witnessed at 103 ºC for the dehydration process associated with a mass 

loss of 35.7%. An exothermic peak at 215 ºC is associated with a high mass loss of 41.3%. 

This is a combustion reaction which involves the oxidative decomposition of the gel along 

with the evolution of NH3, NOx and CO2 which is also noticed from the FTIR spectra. In the 

third region another exotherm at 396 ºC is observed with a mass loss of 6%. This may be 
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associated to the oxidation of the residual carbon which is evident even in the fourth region of 

the plot with a residual mass of 20%.  

4.1.1.4 Ce0.1Y2.9Fe4.95In0.05O12 malate-glycolate gel. 

 

Fig. 4.5 TG-DTA curves of Ce0.1Y2.9Fe4.95In0.05O12 gel. The solid line represents the TG curve whereas 

the dashed line represents the DTA curve. 

Fig. 4.5 displays the TG-DTA curve of Ce0.1Y2.9Fe4.95In0.05O12 gel, carried out in air 

from 28 - 1000 ºC at a heating rate of 10 ºC min-1. The curve for Ce0.1Y2.9Fe4.95In0.05O12 gel can 

be divided into four regions with various processes taking place in each region i.e., (i) 28 – 

170 ºC, (ii) 170 – 310 ºC, (iii) 310 – 540 oC and (iv) 540 – 1000 ºC. In the first region there is 

an endothermic peak witnessed at 103 oC for the dehydration process associated with a mass 

loss of 33%. An exothermic process at 215 ºC is associated with a high mass loss of 43%. 

This is a combustion reaction which involves the oxidative decomposition of the gel along 

with the evolution of NH3, NOx and CO2 which is also noticed from the FTIR spectra. In the 

third region another exotherm at 396 oC is observed with a mass loss of 7%. This may be 

attributed to the oxidation of the residual carbon which is evident even in the fourth region of 

the plot.  
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4.1.2 Spinel Ferrites. 

The malate-glycolate gel obtained during the synthesis has been subjected to the 

thermal analysis utilising TG-DTA. 

4.1.2.1 CoFe2O4 malate-glycolate gel. 

 

Fig. 4.6 TG-DTA curves of CF malate-glycolate gel. The solid line represents the TG curve whereas 

the dashed line represents the DTA curve. 

The transition metal ions are reported to form a complex with malic acid [340]. The 

malate-glycolate gel is hygroscopic in nature and therefore it is very difficult to dry the gel 

and fix the exact formula of the complex formed between the metal ions and the organic 

moieties. Fig. 4.6 represents the TG-DTA curves of CF gel carried out in air from 28 ºC to 

1000 ºC at a heating rate of 10 ºC /min. The molecular formula for the iron cobalt malate 

complex can be given as [Fe2Co(C4H4O5)2(OH)4].6H2O [337]. It is similar to the CF gel 

under study except for the usage of ethylene glycol used as a gelling agent in the present 

work. The TG-DTA curves for CF gel can be divided into four regions with different 

processes occurring in each region i.e., (i) 28 – 150 ºC, (ii) 150 – 300 ºC, (iii) 300 – 480 ºC 

and (iv) 480 – 1000 ºC. In the first region there is an endothermic peak observed at 135 ºC for 
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the dehydration process associated with a mass loss of 20%. An exothermic peak at 207 ºC is 

associated with a high mass loss of 54%. This is a combustion reaction which involves the 

oxidative decomposition of the gel along with the evolution of NH3, NOx and CO2. In the 

third region another exotherm at 421 ºC is observed with a mass loss of 12% which may be 

associated with the oxidative decomposition of the carbonaceous matter. No change in the 

weight of the compound was observed beyond 421 ºC. 

4.1.2.2 CoFe2-xDyxO4 (x = 0.03, 0.09 and 0.15) malate-glycolate gel. 

 

Fig. 4.7 TG-DTA curves of (a) CoFe1.97Dy0.03O4, (b) CoFe1.91Dy0.09O4 and (c) CoFe1.85Dy0.15O4 malate-

glycolate gel. The solid line represents the TG curve whereas the dashed line represents the DTA 

curve. 

Fig. 4.7 shows the TG-DTA curves of (a) CoFe1.97Dy0.03O4, (b) CoFe1.91Dy0.09O4 and 

(c) CoFe1.85Dy0.15O4 malate-glycolate gel carried out in air from 28 ºC to 1000 ºC at a heating 

rate of 10 ºC/min. The molecular formula for the iron cobalt malate complex is shown in 

section 4.1.2.1. It is very much similar to the gels under study, except for the partial 

substitution of R.E.
3+

 and the usage of ethylene glycol used as a gelling agent. V Buzko et al. 

reports on the complex formation of R.E.
3+

 ions with malic acid [341], so the overall formula 
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of the complex with the inclusion of R.E.
3+

 ions can be written as [Fe2-

xR.E.xCo(C4H4O5)2(OH)4].6H2O. As the concentration of Ethylene glycol has not been 

estimated, it is therefore not mentioned in the coordination sphere. The curves for all the 

three gels can be divided into four regions with various processes taking place in each region 

i.e., (i) 28 ºC – 150 ºC, (ii) 150 ºC – 300 ºC, (iii) 300 ºC – 480 ºC and (iv) 480 ºC – 1000 ºC. 

In the first region there is an endothermic reaction witnessed at ~ 135 ºC. This can be 

associated with the dehydration process. An exothermic process at ~ 200 ºC is associated 

with a high mass loss. This is a combustion reaction which involves the oxidative 

decomposition of the gel along with the evolution of NH3, NOx and CO2. In the third region 

another exotherm at 421 ºC is observed. This may be associated with the oxidation of the 

residual carbon which is evident even in the fourth region of the curve. 

4.1.2.3 CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15).  

 

Fig. 4.8 TG-DTA of (a) CoFe1.97Gd0.03O4, (b) CoFe1.94Gd0.06O4, (c) CoFe1.91Gd0.09O4, (d) 

CoFe1.88Gd0.12O4 and (e) CoFe1.85Gd0.15O4 malate-glycolate gel. The solid line represents the TG curve 

whereas the dashed line represents the DTA curve. 

 Fig. 4.8 displays the TG-DTA curves of (a) CoFe1.97Gd0.03O4, (b) CoFe1.94Gd0.06O4, 

(c) CoFe1.91Gd0.09O4, (d) CoFe1.88Gd0.12O4 and (e) CoFe1.85Gd0.15O4 malate-glycolate gel. The 



63 
 

decomposition pattern is similar to that of Dy
3+

 doped CF compounds. The figure reveals 

three decomposition steps when the compounds are heated from 28-1000 ºC. The first 

process of dehydration is witnessed at ~ 130 ºC, for all the compounds. During this process, 

there is loss of water from the hydrogels. As the name of the method suggests auto-

combustion, a combustion reaction takes place at ~ 200 ºC. A lot of organic as well as 

inorganic gaseous compounds get evolved during this step and is accompanied with a heavy 

mass loss. The third process occurs at ~ 400 ºC which can be associated with the oxidation of 

the residual carbon. 

4.1.2.4 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09 and 0.12) malate glycolate gel.  

 

Fig. 4.9 TG-DTA of (a) CoFe1.97Nd0.03O4, (b) CoFe1.94Nd0.06O4, (c) CoFe1.91Nd0.09O4 and (d) 

CoFe1.88Nd0.12O4. The solid line represents the TG curve whereas the dashed line represents the DTA 

curve. 

 The hydrogels obtained were subjected to the thermal treatment in order to study their 

decomposition pattern. The TG-DTA curves of (a) CoFe1.97Nd0.03O4, (b) CoFe1.94Nd0.06O4, (c) 

CoFe1.91Nd0.09O4, (d) CoFe1.88Nd0.12O4 and (e) CoFe1.85Nd0.15O4 malate-glycolate gel are 

displayed in Fig. 4.9. An exotherm is observed at ~ 30 ºC which can be related to the 



64 
 

dehydration process. An exotherm is seen at ~ 200 ºC, following the endotherm, 

accompanied with a heavy mass loss for all the compounds. Here, the combustion reaction 

occurs with the evolution of NH3, NOx and CO2. The region beyond this can be associated 

with the oxidation of the residual carbon and evolution of the gases trapped into the matrix 

after the combustion reaction. 

4.1.2.5 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) malate-glycolate gel. 

 

Fig. 4.10 TG-DTA of (a) CoFe1.97Bi0.03O4, (b) CoFe1.94Bi0.06O4, (c) CoFe1.91Bi0.09O4 and (d) 

CoFe1.88Bi0.12O4 malate-glycolate gel. The solid line represents the TG curve whereas the dashed line 

represents the DTA curve. 

 The TG-DTA curves of (a) CoFe1.97Bi0.03O4, (b) CoFe1.94Bi0.06O4, (c) CoFe1.91Bi0.09O4 

and (d) CoFe1.88Bi0.12O4 malate-glycolate gel are shown in Fig. 4.10. As observed from the 

figures, the respective gels decompose when subjected to the thermal treatment accompanied 

with a mass loss at every stage. Loss in mass at ~ 140 ºC is observed which can be associated 

with a loss of water molecules from the hydrogels. The combustion reaction with a heavy 

mass loss is observed at ~ 200 ºC. Another exotherm is observed at ~ 400 ºC which can be 

attributed to the oxidative decomposition of the residual carbon in the form of carbonates etc. 

Beyond this, carbon is evolved leaving behind the oxides of the metal ions.  
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4.1.3 Garnet Aluminites. 

 As understood from chapter 3, aluminium garnets are also prepared by making use of 

the sol-gel auto-combustion method. Few of the gel samples have been subjected to the 

thermal treatment utilising the TG-DTA method in an air atmosphere to study their thermal 

decomposition pattern.  

4.1.3.1 Ce0.06Y2.88Nd0.06Al5O12 malate-glycolate gel. 

 

Fig. 4.11 TG-DTA curves of Ce0.06Y2.88Nd0.06Al5O12 malate-glycolate gel. The solid line represents the 

TG curve whereas the dashed line represents the DTA curve. 

 The thermal decomposition pattern of Ce0.06Y2.88Nd0.06Al5O12 malate-glycolate gel is 

shown in Fig. 4.11. As seen from the figure, the maximum decomposition of the gel takes 

place till 500 ºC to yield oxide residue. The full decomposition process can be divided into 4 

major steps. The dehydration process is observed at 113 ºC with the mass loss of 19%. The 

major exotherm at 255 ºC is the signature peak for the combustion reaction. A major mass 

loss of 45% is seen which is due to the evolution of gaseous products like NH3, NOx and 

CO2. The evolution of gasses trapped in the as-burnt matrix is observed at 405 ºC. A further 

oxidative decomposition of the carbonates is observed at 480 ºC. This is an exothermic 

reaction associated with a mass loss of 7%. A residual mass of 11% is observed. 
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4.1.3.2 Y2.94Ce0.06Cr0.0025Al4.9975O12 malate-glycolate gel. 

 

Fig. 4.12 TG-DTA curves of Y2.94Ce0.06Cr0.0025Al4.9975O12 malate-glycolate gel. The solid line 

represents the TG curve whereas the dashed line represents the DTA curve. 

 The TG-DTA curves of Y2.94Ce0.06Cr0.0025Al4.9975O12 malate-glycolate gel is shown in 

Fig. 4.11. The decomposition process can be divided into 4 major decomposition steps. The 

dehydration process is observed at 120 ºC with the mass loss of 13%. The major exotherm at 

250 ºC is the signature peak for the combustion reaction. A major mass loss of 47% is seen 

which is due to the evolution of gaseous products like NH3, NOx and CO2. The evolution of 

gases trapped in the as-burnt matrix is observed at 401 ºC. A further oxidative decomposition 

of the carbonates is observed at 475 ºC. This is an exothermic reaction associated with a mass 

loss of 8%. Beyond this a gradual mass loss takes place leaving behind a residue of 2%. 

4.2 X-ray Diffraction Technique. 

The crystalinity, crystal structure and phase purity of the powders has been 

investigated by making use of the X-Ray diffraction technique. The data so obtained is also 

useful in calculating the lattice parameters, which provide vital information on the crystal 

structure, defects, crystallite size, density etc. These factors are important as they decide the 

overall solid state properties showcased by the compounds. 
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4.2.1 Garnet Ferrites. 

4.2.1.1 Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75). 

 

Fig. 4.13 X-ray diffractograms of Y2.4Ca0.6Fe5O12 sintered at 800 ºC. 

 

Fig. 4.14 X-ray diffractograms of Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75). Figures (a-e) 

represent the compounds with increasing Ca concentration sintered at 1000 ºC. 
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 The Y3-xCaxFe5O12 compounds obtained after sintering at 1000 ºC for 8 h has been 

characterised by the XRD for confirming the structural formation, crystalinity and density. To 

obtain the exact sintering temperature the as-burnt powders were first sintered at 800 ºC and 

the powders obtained were checked for phase formation. The diffractogram thus obtained is 

shown in Fig. 4.13. From the figure, formation of a mixed phase compound can be seen with 

impurities of Fe2O3 and other phases which could not be assigned marked as miscellaneous. 

Formation of a garnet phase is also seen from the peaks marked as ‘G’. From this 

diffractogram it could be concluded that the sintering temperature provided was not enough 

for the complete phase formation. Therefore, the compounds had been sintered at 1000 ºC.  

Table 4.1 Lattice parameters and particle size calculated for Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 

0.60 and 0.75). 

Parameters 

Compound 

x = 0 x = 0.15 x = 0.3 x =0.6 x =0.75 

a (Å) 12.37 63 12.3623 12.3587 12.3806 12.3671 

V (Å)
 3
 1895.70 1889.28 1997.68 1897.67 1891.50 

X-ray Density 5.17 5.14 5.09 4.96 4.92 

D (nm) 16.7 13.9 13.2 11.7 - 

Particle size
SEM

 (μ) 0.3 0.5 0.3 0.2 0.4 

Strain (ε) 0.057 0.045 0.039 0.039 - 

 

 Figure 4.14 represents the diffractograms of the compounds sintered at 1000 ºC. The 

diffractograms reveal the formation of the monophasic compounds. All the peaks observed in 

the diffractogram matches with the garnet phase bearing ICDD card no. 70-0953, 

corresponding to YIG. This series represents compounds in which trivalent Y
3+

 ions has been 

replaced by the divalent Ca
2+

 ions with increasing concentration. The resultant is the 

formation of compounds with oxygen deficiency. This deficiency in oxygen can thus bring 

about defects in the structure leading to induction of different solid state properties. The XRD 
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does not show any foreign peak for impurity and therefore a monophasic formation of the 

compounds is confirmed even with the high Ca
2+

 doping concentration of 25%. A certain 

decrease in the lattice constant is observed till doping percentage of 10%, beyond which 

unevenness in the value of lattice constant is seen.  

Williamson-Hall (W-H) plots are utilised in calculating the lattice parameters and the 

microdistortion in the unit cell. For the calculation of the lattice constant of the pristine and 

the doped compound, the (420) peak is plotted as a Lorentzian function. The results obtained 

for the lattice parameters and particle size is presented in Table 4.1. The values calculated for 

the microdistortion confirms a decrease in the strain with the inclusion of Ca2+ ions. This can 

be explained on the basis of formation of oxygen deficient compounds with increasing 

doping concentration. There is no much change in the width of the peaks with increasing 

concentration, but an appreciable drop in the X-ray density is observed, thereby confirming 

the porous nature of the compounds. The particle and crystallite size for the compounds were 

calculated from SEM and Williamson-Hall plots. The results obtained for the crystallite size 

reflects the agglomerated nature of the particles and confirm that the particles are constituted 

of 15-20 crystallites each. This also compliment the results obtained for X-ray density. 

4.2.1.2 Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20). 

 Figure 4.15 represents the XRD pattern of 5% Mg doped YIG sintered at 800 °C for 8 

h. The figure reveals the polyphasic formation of the compound. The start of the formation of 

a garnet phase is an important observation from the figure. Apart from this, formation of 

other phases like spinel, Fe2O3 and other miscellaneous phases is also observed from the 

figure. This proves the sintering temperature of 800 °C to be inappropriate in obtaining a 

single phase compound.  

As observed from Fig. 4.15, monophasic formation of compounds is not possible at 

800 °C, therefore the compounds are heated at 1000 °C for 8 h. Fig. 4.16 represents the XRD 
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patterns of Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20) sintered at 1000 °C. The figure 

reveals the formation of monophasic compounds with all the characteristic peaks matching 

with the standard ICDD card no. 70-0953, corresponding to YIG.  

 

Fig. 4.15 X-ray diffractograms of Y2.85Mg0.15Fe5O12 sintered at 800 ºC. 

 

Fig. 4.16 X-ray diffractograms of Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20). Figures (a-e) 

represent the compounds with increasing Mg concentration sintered at 1000 ºC. 
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No other foreign peak with Mg doping can be observed with increasing doping 

concentration proving the dopant concentration to be appropriate. The narrow width of the 

peaks signifies high density and crystalinity for the compounds. The lattice parameters 

calculated by the W-H plots and the particle size for the compounds is presented in Table 4.2. 

For the calculation of the lattice constant of the pristine and the doped compound, the (420) 

peak is plotted as a Lorentzian function. From the table, a mixed behaviour in the value of the 

lattice constant can be observed. The initial decrease can be explained on the basis of 

formation of oxygen deficient compounds as a result of substitution of divalent Mg2+ ions in 

place of trivalent Y3+ ions. Although the percentage of substitution varies with respect to the 

earlier Ca doped series, similar behaviour in the value of lattice constant is observed in both 

the cases. In this case also, an increase in the lattice constant is observed at 5% substitution 

which decreases thereafter. A similar drop in the X-ray density is also observed which 

signifies a porous nature with increasing dopant concentration. Decrease in the crystallite size 

with increasing Mg concentration is also seen from the table. Small amount of 

microdistortion can be observed with the initial Mg substitution which results in an increase 

in the strain inside the unit cell, which decreases thereafter with the further substitution of 

Mg. A probable cation exchange may be the reason behind such variation observed in the 

properties mentioned in the table. 

Table 4.2 Lattice parameters and particle size calculated for Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 

0.15 and 0.20). 

Parameters 
Compound 

x = 0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 

a (Å) 12.3763 12.3615 12.3367 12.3754 12.3566 

V (Å)
 3 1895.70 1888.91 1877.59 1895.30 1886.70 

X-ray Density 5.17 5.17 5.17 5.10 5.10 

D (nm) 16.7 18.6 10.7 9.0 9.2 

Strain (ε) 0.057 0.079 0.033 0.015 0.005 
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4.2.1.3 Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

 Fig. 4.17 shows the X-ray diffractograms of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 

0.15, 0.2, 0.25 and 0.3) sintered at 1000
 o

C for 8 h. All the diffraction peaks observed for the 

compounds corresponds to the garnet ferrite structure having cubic symmetry. The phase 

analysis was carried out by matching the obtained diffractograms with the standard ICDD 

card number 70-0953, corresponding to YIG. The XRD pattern of the compounds reveals the 

monophasic formation of the polycrystalline compounds. A sharp nature and narrow width of 

the XRD peaks is observed, which signifies that the compounds are constituted of broad 

fused particles with greater density and a low surface to volume ratio. No foreign peak with 

the inclusion of Cr3+ is observed which proves the compound to be of single phase.  

 

Fig. 4.17 X-ray diffractograms of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

Figures (a-g) represent the compounds with increasing Cr concentration sintered at 1000 ºC. 

 The lattice constant and the microdistortion introduced in the crystal lattice are 

calculated with the help of the W-H extrapolations as a Lorentzian function. For the 

calculation of the lattice constant of the pristine and the doped compound, the (420) peak is 
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plotted as a Lorentzian function. The results obtained for the cell parameters are presented in 

Table 4.3. The lattice constant for the doped oxide is found to be less than that of the pristine 

sample. Cr3+ ion (0.52 Å) has a smaller ionic radius as compared to that of Fe3+ ions (0.65 Å). 

This considerable difference reflects in the reduction brought about in the lattice constant, 

thereby verifying the Vegard’s law till a doping concentration of 0.1. A further increase in the 

doping concentration till 0.2 shows an abrupt rise in the lattice constant which is 

unexplainable. A further increase in concentration shows a drop in the value of the lattice 

constant. X-ray density also shows a similar behaviour which is dependent on the value of the 

lattice constant. A negligible change in the crystallite size can be noticed from the table.  

Table 4.3 Lattice parameters and particle size calculated for Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 

0.15, 0.2, 0.25 and 0.3). 

Parameters 

Compound 

x = 0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25 x = 0.3 

a (Å) 12.3851 12.3708 12.3686 12.3734 12.3812 12.3779 12.3708 

V (Å)
 3
 1899.76 1893.19 1892.19 1894.36 1897.99 1896.44 1894.13 

X-ray Density 5.20 5.21 5.21 5.21 5.19 5.20 5.21 

D (nm) 9.4 10.3 10.0 9.7 10.4 9.6 10.4 

Particle size
SEM

 (μ) 0.7 0.5 1.0 0.5 0.5 0.6 0.6 

Strain (ε) 0.150 0.027 0.019 0.016 0.028 0.021 0.023 

 

The microdistortion value obtained for the doped compounds is found to decrease with 

increasing doping concentration. This can be explained again on the basis of the difference in 

the ionic radius of the Cr3+ ions as compared to that of Fe3+ 
ions, the inclusion of which results 

in the lowering of the strain, thereby stabilizing the structure. A lot of unevenness in the 

lattice parameters is observed in the table which can occur with the cation migration. A 

similar case of cation migration in Cr doped garnet has been reported in the literature [5]. 

Mössbauer studies can be employed successfully in answering these probabilities.  
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4.2.1.4 Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

XRD profiles of Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3), 

sintered at 1000
 o

C are shown in Fig. 4.18. All the diffraction peaks observed for the 

compounds with increasing In3+ concentration corresponds to the garnet ferrite structure 

having cubic symmetry. The phase analysis is carried out by matching the obtained 

diffractograms with the standard ICDD card number 70-0953, corresponding to YIG. The 

XRD pattern of the compounds reveals the monophasic formation of the polycrystalline 

compounds. A sharp nature and narrow width of the XRD peaks is observed, which signifies 

that the compounds are constituted of broad agglomerated particles with greater crystalinity. 

It also indicates the greater density and a lower surface to volume ratio of the compounds. No 

foreign peak with the addition of In3+ is observed which proves the compound to be of single 

phase. 

 

Fig. 4.18 X-ray diffractograms of Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

Figures (a-g) represent the compounds with increasing In concentration sintered at 1000 ºC. 

The lattice constant and the microdistortion introduced in the crystal lattice are 

calculated with the help of the W-H plots as a Lorentzian function. For the calculation of the 
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lattice constant of the pristine and the doped compounds, the (420) peak is plotted as a 

Lorentzian function. The results obtained for the cell parameters are presented in table 4.4. 

The lattice constant calculated is found to increase with increasing dopant concentration. This 

may be attributed to the much higher ionic radius of In3+ ions (94 pm) as compared to that of 

the Fe3+ ions (78.5 pm). This trend shows a complete agreement with the Vegard’s law. The 

microstrain introduced is found to be less than that of the pristine. A similar increase in the 

X-ray density is also observed. The values presented for the crystallite size also shows a 

similar increase in the size with dopant concentration.  

Table 4.4 Lattice parameters and particle size calculated for Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 

0.15, 0.2, 0.25 and 0.3). 

Parameters 

Compound 

x = 0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25 x = 0.3 

a (Å) 12.3851 12.3873 12.3891 12.4030 12.4046 12.4106 12.4142 

V (Å)
 3
 1899.76 1900.77 1901.60 1908.00 1908.73 1911.50 1913.18 

X-ray Density 5.20 5.21 5.23 5.23 5.25 5.27 5.28 

D (nm) 9.4 9.5 9.3 9.8 10.5 9.1 10.6 

Particle size
SEM

(μ) 0.7 0.5 - 0.4 0.7 0.7 0.6 

Strain (ε) 0.150 0.011 0.008 0.014 0.015 0.002 0.016 

 

4.2.2 Spinel Ferrites. 

4.2.2.1 CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

 Fig.4.19 shows the XRD diffractograms of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 

0.12 and 0.15) sintered at 600
 o
C for 6h. All the diffraction peaks observed for the compounds 

with various Dy doping concentrations, corresponds to the spinel ferrite structure. The phase 

analysis is carried out by matching the obtained diffractograms with the standard ICDD card 

number 22-1086 for the spinel cobalt ferrite. The XRD pattern of the compounds reveals the 
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monophasic formation of the polycrystalline compounds. An increase in the width of the 

XRD peaks with the inclusion of rare earth Dy3+ ions is observed, which signifies that the 

compounds are constituted of finer particles. The broadening of the peaks also indicates the 

decrease in the density and an increase in the surface to volume ratio of the compounds with 

doping.  

 

Fig. 4.19 X-ray diffractograms of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). Figures (a-f) 

represent the compounds with increasing Dy concentration sintered at 600 ºC. 

The unit cell parameter (a) calculated for undoped and doped cobalt ferrite as a Voigt 

function for the (311) peak show an increase in the magnitude for the initial doped 

compound, and thereafter decreases with further dopant concentration. This can be attributed 

to the higher ionic radius of Dy3+ as compared to that of Fe3+. The variation seen with doping 

concentration can be attributed to a probable cation migration as reported in the literature 

which results in the unevenness in the values of lattice parameters thereby not following the 

Vegard’s law. The results of X-ray density on the other hand show a linear behaviour 

exhibiting an increase in the value with increasing dopant concentration. Crystallite size and 

the lattice strain introduced with the doping are calculated from the X-Ray diffractograms. 
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W-H extrapolations as a lorentzian function are very well utilised in calculating these 

parameters for the pristine and doped compounds. The results obtained for the lattice 

parameters are presented in Table 4.5.  

Table 4.5 Lattice parameters and particle size calculated for CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 

0.09, 0.12 and 0.15). 

Parameters 
Compound 

x = 0 x = 0.03 x = 0.06 x = 0.09 x = 0.12 x = 0.15 

a (Å) 8.3897 8.3911 8.3889 8.3841 8.3834 8.3857 

V (Å)
 3

 590.53 590.82 590.37 589.34 589.20 589.61 

X-ray Density 5.04 5.11 5.18 5.26 5.33 5.40 

D (nm) 7.8 7.9 6.6 3.6 3.1 10.6 

Particle size
PSA

 (nm) 100 28 - 14 - 27 

Particle size
TEM

 (nm) 50 30 - 20 - 15 

Strain (ε) 0.027 0.047 0.066 0.047 0.059 0.123 

A-O 1.9329 1.9330 1.9326 1.9312 1.9318 1.9311 

B-O 2.0798 2.0800 2.0795 2.0780 2.0786 2.0779 

r
A
 0.6129 0.6130 0.6126 0.6112 0.6118 0.6111 

r
B
 0.7586 0.7587 0.7583 0.7567 0.7573 0.7567 

L
A
 3.6686 3.6889 3.6880 3.6854 3.6864 3.6853 

L
B
 3.0157 3.0158 3.0152 3.0130 3.0139 3.0129 

 

As observed from the results, the microdistortion value for the doped oxides is much 

higher than that for the pristine cobalt ferrite. Dy3+ (105 pm) being the larger cations as 

compared to the smaller sized Fe3+ 
(79 pm) causes the lattice expansion and this leads to an 

increase in the lattice strain [257]. The lattice parameters and the average particle size listed 

in Table 4.5 gives a fair idea regarding the changes brought about by dopant in cobalt ferrite 

lattice. The broadening observed in the XRD patterns can be a result of either (a) strain 

broadening and/or (b) size broadening. In this case both these factors are assumed to be 
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responsible. A decrease in the size of the particles and an increase in the strain with doping is 

observed, both favouring the peak broadening. With the doping of Dy
3+ 

with larger ionic radii 

in the octahedral lattice (B), a probable migration of cobalt ions from the octahedral site to 

the tetrahedral site (A) is speculated. This process of ion migration from one lattice to 

another, decrease the lattice strain that is induced by the doping and stabilises the structure. 

Mössbauer spectroscopy can be utilised in getting the exact cation distribution. The other 

parameters like bond lengths (A-O and B-O), mean ionic radius (rA and rB) and hopping 

lengths (LA and LB) show variation with doping concentration which follows the similar trend 

as seen with the lattice constant. 

4.2.2.2 CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

 

Fig. 4.20 X-ray diffractograms of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

Figures (a-f) represent the compounds with increasing Gd concentration sintered at 600 ºC  

XRD diffractograms of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) sintered 

at 600
 o

C are presented in the Fig. 4.20. All the diffraction peaks observed for the compounds 

with increasing Gd3+ doping percentage corresponds to the spinel ferrite structure. The phase 

analysis is carried out by matching the obtained diffractograms with the standard ICDD card 
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number 22-1086 for spinel cobalt ferrite. The XRD pattern of the compounds reveals the 

monophasic formation of the polycrystalline compounds. An increase in the width of the 

XRD peaks with the inclusion of Gd3+ ions is observed, which signifies that the compounds 

are constituted of finer particles. The broadening of the peaks also indicates the decrease in 

the density and an increase in the surface to volume ratio of the compounds with the doping 

R.E.3+ ions. A decrease in the density with doping indicates the increasing porous nature of 

the compounds which can be confirmed from the SEM images. 

W-H plots as a lorentzian function are utilised in calculating the lattice parameters for 

the pristine and doped compounds. Other than this, parameters like cationic radii, hopping 

length of the magnetic ions etc. are also calculated. The results obtained on calculating the 

lattice parameters are presented in Table 4.6. The unit cell parameter (a) calculated for the 

pristine and doped CF as a Voigt function for the (311) peak exhibit an uneven behaviour for 

the doped compounds. A decrease in the value is observed with the initial dopant 

concentration which might be due to the decrease observed in the particle size as compared to 

the pristine compound. Similar decrease in the value of lattice parameters with the 

introduction of Sm3+ 
is also reported [234]. Further increase in ‘a’ can be explained on the 

basis of higher doping concentration of Gd3+ (107.8 pm) ions having higher ionic radius than 

the smaller Fe3+ ions as seen in the case of Dy doped compounds. The X-ray density shows a 

linear increase with the increasing dopant concentration. Crystallite size shows a decrease 

with the increasing concentration. This can be understood by considering the utilisation of the 

sintering energy in acquisition of the lattice by the bigger Gd3+ ions, which on the other hand 

could have been utilised for the crystal growth [257]. Values of the lattice strain introduced 

with the doping are also presented in the table. One can observe from the results that the 

microdistortion value for the doped oxides is quite higher than that for the undoped CF. Gd3+ 

being the larger cation as compared to the smaller sized Fe3+ 
causes the lattice expansion and 

this leads to an increase in the lattice strain [257].  
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Table 4.6 Lattice parameters and particle size calculated for CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 

0.09, 0.12 and 0.15). 

Parameters 
Compounds 

x = 0 x = 0.03 x = 0.06 x = 0.09 x = 0.12 x = 0.15 

a (Å) 8.3897 8.3801 8.3879 8.3900 8.3835 8.3834 

V (Å)
 3

 590.53 588.50 590.15 590.60 589.21 589.20 

X-ray Density 5.04 5.12 5.18 5.24 5.33 5.38 

D (nm) 7.8 6.7 5.8 10.5 6.9 4.0 

Particle size
PSA

 (nm) 100 9.5 9.3 12.8 7.9 9.3 

Particle size
TEM

 (nm) 50 25 - 20 - 15 

Strain (ε) 0.027 0.037 0.063 0.098 0.026 0.017 

R
A
 1.9329 1.9311 1.9321 1.9331 1.9301 1.9315 

R
B
 2.0798 2.0780 2.0790 2.0801 2.0769 2.0784 

r
A
 0.6129 0.6111 0.6121 0.6131 0.6101 0.6115 

r
B
 0.7586 0.7567 0.7577 0.7588 0.7556 0.7571 

L
A
 3.6686 3.6853 3.6871 3.6891 3.6834 3.6860 

L
B
 3.0157 3.0129 3.0144 3.0160 3.0114 3.0135 

 

Overall, a lot of changes can be observed in the lattice parameters with increasing 

dopant concentration. The contribution of the larger ionic radius in the enhancement of these 

values is very significant. As observed in the case of Dy3+ 
compounds, a probable cation 

migration with Gd3+ doping can be speculated which decreases the lattice strain induced and 

in turn stabilises the structure. The other parameters like A-O, B-O, rA, rB, LA and LB show 

variation with doping concentration which follows the similar trend as seen with the lattice 

constant. 

4.2.2.3 CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

Fig. 4.21 displays the XRD diffractograms of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 

0.12 and 0.15) sintered at 600
 o
C for 6h. All the diffraction peaks observed for the compounds 
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with various Nd doping concentrations, corresponds to the spinel ferrite structure. The phase 

analysis is carried out by matching the obtained diffractograms with the standard ICDD card 

number 22-1086 for the spinel cobalt ferrite. The XRD pattern of the compounds reveals the 

monophasic formation of the polycrystalline compounds. Broadening of the XRD peaks with 

the inclusion of Nd3+ ions is observed, which signifies the fine nature of the particles. The 

broadening of the peaks also indicates the decrease in the density and an increase in the 

surface to volume ratio of the compounds with doping. A porous nature of the compounds 

can be deduced from the diffractograms which is later confirmed with the SEM. 

 

Fig. 4.21 X-ray diffractograms of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

Figures (a-f) represent the compounds with increasing Nd concentration sintered at 600 ºC. 

 W-H extrapolations as a lorentzian function are plotted and utilised in calculating the 

lattice parameters for the pristine and doped compounds. Besides this, other parameters like 

cationic radii, hopping length of the magnetic ions etc. are also calculated. All the results 

obtained for the calculation of the lattice parameters are presented in Table 4.7. The unit cell 

parameter (a) calculated for the pristine and doped CF compounds as a Voigt function for the 

(311) peak exhibit a mixed behaviour. A decrease in the value is observed with the initial 
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dopant concentration which might be due to the decrease in the particle size observed as 

compared to the pristine compound. Similar decrease in the value of lattice parameters with 

the introduction of Sm
3+ 

is also reported [234]. Further increase in ‘a’ can be explained on the 

basis of higher doping concentration of Nd
3+

 (112.3 pm) ions having higher ionic radius than 

the smaller Fe
3+

 ions as seen in the case of Dy and Gd doped compounds.  

Table 4.7 Lattice parameters and particle size calculated for CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 

0.09, 0.12 and 0.15). 

Parameters 

Compound 

x = 0 x = 0.03 x = 0.06 x = 0.09 x = 0.12 x = 0.15 

a (Å) 8.3897 8.3897 8.3811 8.3875 8.3838 8.3874 

V (Å)
 3

 590.53 590.52 588.71 590.06 590.55 589.79 

X-ray Density 5.04 5.10 5.17 5.22 5.28 5.30 

D (nm) 7.8 9.3 2.7 12.4 4.1 - 

Particle size
PSA

 (nm) 100 8.5 7.3 10.3 5.1 5.3 

Particle size
TEM

 (nm) 50 28 - 79 - 14 

Strain (ε) 0.027 0.040 0.007 0.087 0.078 - 

R
A
 1.9329 1.9326 1.9309 1.9323 1.9312 1.9288 

R
B
 2.0798 2.0795 2.0777 2.0791 2.0781 2.0754 

r
A
 0.6129 0.6126 0.6109 0.6123 0.6112 0.6088 

r
B
 0.7586 0.7583 0.7564 0.7579 0.7568 0.7542 

L
A
 3.6686 3.6881 3.6848 3.6874 3.6855 3.6808 

L
B
 3.0157 3.0152 3.0125 3.0146 3.0131 3.0092 

 

An increase in the particle size can be observed from the TEM results which also 

contributes in the rise of ‘a’. This is also confirmed from the crystallite size, which shows an 

abrupt rise in the value at a doping concentration of 0.09. The X-ray density shows a linear 

increase with the increasing dopant concentration. Crystallite size shows a decrease in 

dimension with the increasing concentration except at a doping concentration of 0.09, where 
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a sudden rise in the dimension is observed. The drop in crystallite size can be understood by 

considering the utilisation of the sintering energy in acquisition of the lattice by the bigger 

Nd
3+

 ions, which on the other hand could have been utilised for the crystal growth [257]. 

Values of the lattice strain introduced with the doping are also presented in the table. From 

the results, it can be observed that the microdistortion value for the doped oxides is quite 

higher than that for the undoped CF. Nd
3+ 

being the larger cation as compared to the smaller 

sized Fe
3+ 

causes the lattice expansion and this leads to an increase in the lattice strain [257].  

 Overall a lot of changes can be observed in the lattice parameters with increasing 

dopant concentration. The contribution of the larger ionic radius in the enhancement of these 

values is very significant. As observed in the case of Dy
 
and Gd doped compounds, a 

probable cation migration with Nd
3+

 doping can be speculated which decrease the induced 

lattice strain and in turn stabilises the structure. This can be confirmed by employing the 

Mössbauer spectroscopy. The other parameters like A-O, B-O, rA, rB, LA and LB show 

variation with doping concentration which follows the similar trend as observed for the lattice 

constant. 

4.2.2.4 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). 

XRD diffractograms of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) sintered at 600
 

o
C are presented in the Fig. 4.22. The diffraction peaks observed for the compounds with 

increasing Bi3+ doping percentage are indexed to the spinel ferrite structure. The phase 

analysis is carried out by matching the obtained diffractograms with the standard ICDD card 

number 22-1086 for spinel cobalt ferrite. The XRD pattern of the compounds reveals the 

monophasic formation of the polycrystalline compounds. An increase in the width of the 

XRD peaks with the inclusion of Bi
3+

 ions is observed, which signifies that the compounds 

are constituted of finer particles. The broadening of the peaks also indicates the decrease in 

the density and an increase in the surface to volume ratio of the compounds with the doping 
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R.E.
3+

 ions. A decrease in the density also indicates the porous nature of the compounds 

which can be confirmed from the SEM images. Since Bi has a melting point close to the 

sintering temperature, a growth in the crystallite size is expected with increasing dopant 

concentration. 

 

Fig. 4.22 X-ray diffractograms of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). Figures (a-e) 

represent the compounds with increasing Bi concentration sintered at 600 ºC. 

 W-H plots as a lorentzian function are employed in calculating the lattice 

parameters for the pristine and doped compounds. Other than this, parameters like cationic 

radii, hopping length of the magnetic ions etc. are also calculated. The results obtained for the 

calculation of the lattice parameters are presented in Table 4.7. The unit cell parameter (a) 

calculated for the pristine and doped CF compounds as a Voigt function for the (311) peak 

exhibit a mixed behaviour. Decrease in the value is observed with the initial dopant 

concentration which might be due to the decrease in the particle size observed as mentioned 

in the earlier sections. Further increase in ‘a’ can be explained on the basis of higher doping 

concentration of Bi3+ (117 pm) ions having higher ionic radius than the smaller Fe3+ ions as 

seen in the earlier sections for the Dy, Gd and Nd doped compounds. An increase in the 
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particle size can be observed from the TEM results which also contributes in the rise of ‘a’. 

This is also confirmed from the crystallite size, which shows an increase in the value with 

increasing dopant concentration. The X-ray density shows a linear increase with the 

increasing dopant concentration. Crystallite size shows a gradual increase in dimension with 

the increasing dopant concentration. The increase in the crystallite size can be understood by 

considering the closeness of the melting point to the sintering temperature. Similar increase is 

also seen from the TEM results, but the results obtained for the particle size distribution are 

contradictory to the other results obtained for particle/crystallite size. Values of the lattice 

strain introduced with the doping are also presented in the table. From the results, it can be 

observed that the microdistortion value for the doped oxides is quite higher than that for the 

undoped CF. Bi3+ being the larger cation as compared to the smaller sized Fe3+ 
causes the 

lattice expansion and this leads to an increase in the lattice strain [257].  

Table 4.8 Lattice parameters and particle size calculated for CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09, 

0.12 and 0.15). 

Parameters 
Compound 

x = 0 x = 0.03 x = 0.06 x = 0.09 x = 0.12 

a (Å) 8.3897 8.3898 8.3862 8.3845 8.3878 

V (Å)
 3

 590.53 590.55 589.79 589.41 590.16 

X-ray Density 5.04 5.14 5.25 5.35 5.44 

D (nm) 7.8 8.0 8.8 8.7 9.2 

Particle size
PSA

 (nm) 100 5.0 5.1 5.1 5.1 

Particle size
TEM

 (nm) 50 28 - - 44 

Strain (ε) 0.027 0.054 0.047 0.034 0.043 

R
A
 1.9329 1.9328 1.9320 1.9315 1.9327 

R
B
 2.0798 2.0798 2.0788 2.0783 2.0797 

r
A
 0.6129 0.6128 0.6120 0.6115 0.6127 

r
B
 0.7586 0.7585 0.7576 0.7571 0.7584 

L
A
 3.6686 3.6885 3.6869 3.6859 3.6883 

L
B
 3.0157 3.0156 3.0142 3.0135 3.0154 
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The influence of the larger ionic radius of the dopant on lattice parameters is 

significant. As observed in previous sections, a probable cation migration with Bi3+ doping 

can be speculated, which decreases the induced lattice strain and in turn stabilises the 

structure. Mössbauer spectroscopy can be utilised in confirming the exact cation distribution 

in the lattices. The other parameters like A-O, B-O, rA, rB, LA and LB show variation with 

doping concentration which follows the similar trend as observed for the lattice constant. 

4.2.3 Garnet Aluminites. 

4.2.3.1 Doped Aluminium Garnets.  

 

Fig. 4.23 X-ray diffractograms of (a) Y3Al5O12 (b) Ce0.06Y2.94Al5O12 (c) Ce0.06Y2.94Cr0.0025Al4.9975O12 (d) 

Ce0.06Y2.88Er0.06Al5O12 (e) Ce0.06Y2.88Nd0.06Al5O12 (f) Ce0.06Y2.88Pr0.06Al5O12 (g) Ce0.06Y2.88Sm0.06Al5O12 (h) 

Ce0.06Y2.88Eu0.06Al5O12 (i) Ce0.06Y2.88Tb0.06Al5O12 compounds sintered at 1000 ºC.  

 X-ray diffractograms of the pristine and rare earth doped YAG compounds is 

presented in Fig. 4.23. All the compounds are sintered at 1000 °C for 8 h. The peaks observed 

in the XRD patterns can be indexed to the planes which are characteristic for the cubic garnet 

structure. The phase analysis is carried out by matching the obtained diffractograms with the 
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standard ICDD card number 88-2047 characteristic of YAG and no extra peak signifying an 

impurity can be observed from the figure. 

The XRD patterns consist of peaks which are broad in width signifying a fine nature 

of the particles. This can be confirmed by utilising Particle size distribution analysis and 

TEM. Peak broadening also signifies low density and a higher surface to volume ratio for the 

compounds. Low density indicates a porous nature of the compounds which can be confirmed 

from the SEM results. A shift in the peak position is observed with doping, suggesting a 

change in the lattice parameters. Formation of the monophasic compounds approves the 

sintering temperature to be appropriate. 

4.3 Fourier Transform Infrared (FTIR) Spectroscopy. 

4.3.1 Analysis of the malate-glycolate gels. 

FTIR spectroscopy has been utilized to monitor the various changes taking place 

when the malate-glycolate gel is subjected to thermal treatment at varying temperatures. 

Representative samples of the garnet and spinel ferrites have been discussed below.  

4.3.1.1 Garnet Ferrites. 

The FTIR spectra of the Ce0.1Y2.9Fe4.95Cr0.05O12 gel (a), as-burnt (b) calcined at 600 

o
C (c), 800 

o
C (d) and 1000 

o
C (e) are presented in Fig. 4.24. In spectrum 4.24 (a), prominent 

peak at 1327cm-1 is assigned for the (NO3)
-1

 stretching frequency, and signals at 1585 cm-1 

and 1382 cm-1 represents the asymmetric and symmetric stretching frequencies of the metal 

carboxylate linkages present in the gel matrix [342]. A small peak at 1745 cm-1 is the 

characteristic peak for the ester carbonyl, signifying the formation of gel by the presence of 

the ester linkages. The ester formation is a result of the condensation reaction between the 

COOH of the malic acid and the -OH group coming from ethylene glycol in the provided pH 

conditions resulting in the formation of the desired gel matrix. A broad signal in the region 
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2900 - 3400 cm-1 
represents the O-H stretching frequency of the glycol and water. A shoulder 

in the region 3460 cm-1 signifies the N-H stretching frequency of the (NH4
+
) ions present in 

the gel matrix. In addition another peak at 976 cm-1 
is a representative peak for the O-H 

deformation along with a very weak signal at around 545 cm-1 
assigned to the existence of 

OH bridges [337]. A band centered at 1122 cm-1 
is an evidence for the coordination of 

alcoholic –OH group of the dibasic malate anion with the metal ion.  

 

Fig.4.24 FTIR spectra of Ce0.1Y2.9Fe5O12 (a) gel, (b) as-burnt, (c) 600 
o
C, (d) 800 

o
C and (e) 1000 

o
C. 

Spectrum for the as-burnt precursor powder obtained from the combustion reaction is 

shown in Figure 4.24 (b). Disappearance of the signature peak for the ester linkages, decrease 

in the intensity of the broad signal for –OH and the disappearance of the peak for N-H are the 

highlights of this spectrum. As mentioned, the heat of the combustion reaction is enough to 

cause the ester bonds to break resulting in the disappearance of the 1745 cm-1 
signal 

(significant ester linkage vibration). Apart from this a weakly intense peak at 1384 cm-1 is 

also observed which can be assigned to ionized carboxylates and carbonates resulting from 

the rupture of malate molecules and a shoulder at 1315 cm-1 marks the presence of (NO3)
-1 

ions trapped in the precursor matrix [120]. The peaks denoting the coordination of the metal 
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ions with the carboxylate also gets diminished as a result of the combustion reaction. 

Sintering temperature of 600 
o
C is not enough to remove the organics as observed from the 

two intense peaks at 1517 and 1390 cm-1 in spectrum 4.24 (c). Along with this, peaks at 486, 

636 and 690 cm-1 are seen which may be due to the metal oxide stretching vibrations. A peak 

at 563 cm-1 marks the formation of the garnet phase which is the only peak seen in the Figure 

4.24 (d), for the compound sintered at 800 
o
C. Fig. 4.24 (e) represents the compound sintered 

at 1000 
o
C. From the figure a sharp peak at 567 cm-1 (for the asymmetric stretching vibration 

of Fe-O) along with other peaks at 623 cm-1 and 660 cm-1, representative of the garnet 

structure, confirms the compound formation [120,160]. 

4.3.1.2 Spinel Ferrites. 

 

Fig. 4.25 FTIR spectra of Cobalt ferrite showing (a) gel (b) as-burnt, (c) sintered at 400
o
C and (d) 

600 
o
C. 

The FTIR spectra of the CF gel (a), as-burnt (b), calcined at 400 oC (c) and 600 oC (d) 

are presented in Fig. 4.25. From spectrum 4.25 (a), prominent peaks at 1320 and 833 cm-1
, 

assigned for the (NO3)
-1 stretching and in plane deformation frequency are seen. Signals at 

1587 and 1379 cm-1 (merged with the peak for nitrate) representing the asymmetric and 
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symmetric stretching frequencies of the metal carboxylate linkages are also visible [342]. A 

small peak in the region 1722 cm-1 is the signature peak for the ester carbonyl, indicating the 

presence of the ester linkages. The ester formation is a result of the condensation reaction 

between the -COOH of the malic acid and the -OH group coming from ethylene glycol in the 

given pH condition (pH ~ 6). A broad signal in the region 2500-3700 cm-1 represents the N-H 

(3400 cm-1) and the O-H (3000 - 3500 cm-1 representing glycol and water) stretching 

frequencies. Due to the merger of both the signals i.e., for N-H bond and –OH bond, a 

common peak centering at 3145 cm-1 is observed. In addition, another peak at 976 cm-1 is a 

representative peak for the O-H deformation along with a very weak signal at around 528 cm-

1 assigned to the existence of OH bridges [337]. A band centered at 1087 cm-1 is an evidence 

for the coordination of alcoholic –OH group of the dibasic malate anion with the metal ion. 

The spectrum for the as-burnt precursor powder obtained from the combustion reaction is 

shown in Fig. 4.25 (b). Disappearance of the signature peak for the ester linkages and a 

decrease in the intensity of the broad signal at 3145 cm-1 are the highlights of this spectrum. 

As mentioned, the heat of the combustion reaction is enough to cause the ester bonds to 

break, resulting in the disappearance of the signal at 1722 cm-1. Apart from this, a low 

intensity peak at 1378 cm-1 is also observed which reveals the presence of ionized 

carboxylates and carbonates resulting from the rupture of malate molecules [120]. As seen 

from Fig. 4.25 (c), two prominent peaks centered at 574 cm-1 and 385 cm-1 represents the 

asymmetric and symmetric stretching frequencies of Fe-O [250,343]. The position of the 

asymmetric peak in the FTIR spectrum is at a higher region as compared to that of the 

symmetric peak. This may be due to the presence of iron in two different lattices. Fe-O bond 

in the tetrahedral lattice has a shorter bond length as compared to that in the octahedral lattice 

and therefore more energy is required to vibrate the bond. A shift in the position of the 

symmetric Fe-O stretching peak is observed from 385 cm-1 to 393 cm-1 as seen from Fig. 4.25 

(d). This figure represents the compound sintered at 600 
o
C. 
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4.3.2 Analysis of the oxides. 

The FTIR spectra of the prepared samples were recorded. The IR spectra give 

characteristic metal-oxygen vibrations which are important for the structural characterization 

of the metal oxides. YIG, CF and YAG compounds show characteristic modes of vibrations 

which are useful for the characterization. Incorporation of dopants into the host lattices show 

some structural modifications which can be studied by monitoring the IR spectra. 

4.3.2.1 Garnet Ferrites.  

4.3.2.1.1 Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75). 

 

Fig. 4.26 FTIR spectra of Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75). Figures (a-e) represent the 

compounds with increasing Ca concentration sintered at 1000 ºC. 

 Fig. 4.26 represents the FTIR spectra of the Ca doped YIG compounds sintered at 

1000 
o
C. Formation of mixed metal oxides is evident from the prominent signals for metal 

oxide stretching vibrations in the region 350 - 1000 cm-1. The spectra can be divided into 

three regions with two prominent bands in the region 350 - 450 cm-1 and 550 - 750 cm-1 

which may be the symmetric and the asymmetric stretching vibrations of YIG. A signal at 
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564 cm-1 represents the metal oxide asymmetric stretching frequency in the tetrahedral region 

[120]. The signal at 564 cm-1 is found to remain unchanged with increasing dopant 

concentration. Apart from this peaks with very weak intensity are observed in the region 850 

- 900 cm-1 which are the characteristic peaks of garnet system. Apart from this a very weak 

signal at 772 cm-1 is also observed which increases in intensity with the dopant concentration. 

Even though the doped compounds are oxygen deficient with very high doping percentage of 

25%, no change in the FTIR profile is observed. This confirms that Ca ions enter into the 

lattice of YIG which is equally supported by XRD.  

4.3.2.1.2 Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20). 

 

Fig. 4.27 FTIR spectra of Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20). Figures (a-e) represent the 

compounds with increasing Mg concentration sintered at 1000 ºC. 

The FTIR spectra of Y3-xMgxFe5O12 with increasing doping concentration are given in 

Fig. 4.27. Likewise Fig. 4.26, two prominent bands in the region 300 - 450 cm-1 and 550 - 

700 cm-1 are observed. These may be the symmetric and the asymmetric stretching vibration 

of YIG compounds. Apart from this, weak signals in the region 850 - 950 cm-1, which are the 
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characteristic vibrations of the garnet system, are also observed. A shift in the asymmetric 

stretching vibration from 564 cm-1 to 568 cm-1 is observed for doped compounds which can 

be attributed to the inclusion of Mg in YIG. This difference in the value of the stretching 

mode may be due to the difference in the electronegativity of Mg as compared to the metal 

ions present in the system. No impurity peak for Mg-O is observed in the spectra. Apart from 

this a very weak signal at 772 cm-1 is also observed which increases in intensity with the 

increasing dopant concentration. The FTIR profile with doping remains unaltered confirming 

the formation of a monophasic compound which is well complimented by the XRD results.  

4.3.2.1.3 Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

 

Fig. 4.28 FTIR spectra of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). Figures (a-g) 

represent the compounds with increasing Cr concentration sintered at 1000 ºC. 

Fig. 4.28 represents the FTIR spectra of Ce0.1Y2.9Fe5-xCrxO12 with increasing Cr 

concentration in the range 350-1250 cm-1. Apart from the two prominent bands observed in 

the range 350-450 cm-1 and 550-750 cm-1, the intensity of the signals in the region 850-950 

cm-1 is observed to increase with increasing Cr concentration. These signals are quite intense 
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for these compounds as compared to that observed for the Ca and Mg doped compounds. An 

upward shift in the higher wavenumber value for the asymmetric signals from 567.6 to 569.3 

cm-1 is observed is observed with increasing Cr concentration. This can be attributed to 

increasing concentration of Cr and also to the difference between the electronegativity value 

and ionic radius between Cr and Fe.    

4.3.2.1.4 Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

 

Fig. 4.29 FTIR spectra of Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). Figures (a-g) 

represent the compounds with increasing In concentration sintered at 1000 ºC. 

 FTIR spectra of Ce0.1Y2.9Fe5-xInxO12 with increasing In concentration is shown in Fig. 

4.29. The intensity for the signals in the range 850-950 cm-1 increases initially for the 0.05% 

dopant concentration and then gradually decreases with increasing In concentration. Similarly 

an increase in the value of the asymmetric stretching vibration from 567.8 to 569.5 cm-1 for 

the 0.05% dopant concentration is observed which then decreases to 566 cm-1 for the 1.5% 

dopant concentration and remains constant for other compounds. A probable site inversion is 

suspected for such a behavior.  
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4.3.2.2 Spinel Ferrites. 

4.3.2.2.1 CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

 

Fig. 4.30 FTIR spectra of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). Figures (a-f) 

represent the compounds with increasing Dy concentration sintered at 600 ºC. 

The FTIR spectra of Dy doped CF with increasing Dy concentration in the range 300 

- 1250 cm-1 is presented in Fig. 4.30. The figure shows two prominent signals for CF at 573 

and 390 cm-1 which are the characteristic vibrations of the asymmetric and the symmetric 

stretching vibrations. Variation in the value of stretching frequency is observed with doping. 

This can be attributed to the increasing concentration of Dy into the lattice which results in a 

probable cation rearrangement bringing about a change in the value of stretching vibration. 

4.3.2.2.2 CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

FTIR spectra of CoFe2-xGdxO4 in the region 300-1000 cm
-1

 is shown in Fig. 4.31. 

Characteristic stretching vibration of ferrites at 573 and 390 cm
-1

 can be observed from the 

figure. A variation in the stretching vibrational value is observed with Gd doping similar to 
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the one observed in Dy doping. In the case of Gd doped CF compounds an initial increase in 

the value of stretching vibration is observed from 573 to 583 cm
-1

 which further decreases 

(578 cm
-1

) for the final composition. Cation migration can be speculated to cause such a shift 

in the vibrational pattern. No extra peak can be observed for the constituent metal oxides. 

 

Fig. 4.31 FTIR spectra of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

Figures (a-f) represent the compounds with increasing Gd concentration sintered at 600 ºC. 

4.3.2.2.3 CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

 The FTIR spectra of CoFe2-xNdxO4 are shown in Fig. 4.32. As observed for other 

spinel ferrite systems mentioned above, signals at ~ 390 and 570 cm-1 for the symmetric and 

asymmetric stretching vibrations are also seen for these compounds. A gradual increase in the 

value of stretching vibrations from 573 to 585 cm-1 is observed with increasing dopant 

percentage. No foreign peak in the form of impurity or phase change is observed and the 

FTIR profile of doped compounds is found to be in accordance with the pristine compound, 

thus confirming the monophasic nature. 
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Fig. 4.32 FTIR spectra of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). 

Figures (a-f) represent the compounds with increasing Nd concentration sintered at 600 ºC. 

4.3.2.2.4 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). 

 

Fig. 4.33 FTIR spectra of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). Figures (a-e) represent the 

compounds with increasing Bi concentration sintered at 600 ºC. 
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 Fig. 4.33 represents the FTIR spectra of CoFe2-xBixO4 in the range 300 - 1000 cm-1. 

The spectra of the doped compounds are observed to be in compliance with that of the 

pristine compound. The two stretching vibrations of the spinel cobalt ferrites are also seen 

prominently in the spectrum of the doped compounds. A huge difference in the stretching 

vibration value is observed with increasing percentage of Bi in the compounds. A shift in the 

value of asymmetric vibration from 573 to 594 cm-1 is observed. This can be attributed to the 

inclusion of Bi with high ionic radius as compared to that of the other constituent ions. Apart 

from this, another peak at 847 cm-1 is observed which increases with increasing dopant 

concentration. 

4.3.2.3 Garnet Aluminites 

 

Fig. 4.34 FTIR of (a) Y3Al5O12 (b) Ce0.06Y2.94Al5O12 (c) Ce0.06Y2.94Cr0.0025Al4.9975O12 (d) 

Ce0.06Y2.88Er0.06Al5O12 (e) Ce0.06Y2.88Nd0.06Al5O12 (f) Ce0.06Y2.88Pr0.06Al5O12 (g) Ce0.06Y2.88Sm0.06Al5O12 (h) 

Ce0.06Y2.88Eu0.06Al5O12 (i) Ce0.06Y2.88Tb0.06Al5O12 compounds sintered at 1000 ºC.  

 The FTIR spectra of doped YAG compounds in the range 350 - 1300 cm
-1

 are 

presented in Fig. 4.34. The spectra of the doped compounds match exactly with the pristine 
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compound and no foreign peak for impurity can be observed from the profile of the 

compounds. The FTIR profile observed for the aluminium garnets is completely different 

from the FTIR profile of garnet ferrites. A band in the region 350 - 414 cm
-1

 is observed. A 

strong signal observed at 790 cm-1 is the stretching vibration of Al-O bond. Altogether three 

signals for Y-O stretching vibrations are observed at 478, 569 and 723 cm-1. Apart from this, 

two signals at 693 and 515 cm-1 are also observed which can be said to be the representative 

stretching vibrations of Ce-O bond [296,300]. Since all these signals are shown by both the 

pristine and the doped compounds, these can be said to be the characteristic signals of the 

aluminium garnets. Apart from these no other extra signals with doping are observed and the 

FTIR profile is found to remain unchanged with doping. 

4.4 Scanning Electron Microscopy (SEM). 

  SEM is a powerful technique in understanding the morphology and texture of 

compounds. Since the compounds under study belong to both the categories, i.e, 

nanocrystalline and bulk, SEM can provide with vital information on how the sintering 

temperature could affect the morphology and particle size of the obtained compounds 

4.4.1 Garnet Ferrites. 

4.4.1.1 Y3Fe5O12. 

 

Fig. 4.35 SEM micrograph of Y3Fe5O12 sintered at 1000 ºC. 
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 Fig. 4.35 portrays the SEM micrograph of YIG sintered at 1000 °C. The higher 

sintering temperature for longer duration resulting in agglomeration can be seen from the 

image. The image reveals the spherical shape of the particles with an average size of ~ 0.5 

µm. It can therefore be concluded that the higher sintering temperature results in the 

agglomeration of the primary particles to yield secondary particles which results in increase 

of particle size. A highly porous nature of the compound is revealed from the image. 

4.4.1.2 Y3-xCaxFe5O12 (x = 0.15, 0.30, 0.60 and 0.75). 

   

  

Fig. 4.36 SEM micrograph of Y3-xCaxFe5O12 (x = 0.15, 0.30, 0.60 and 0.75) sintered at 1000 ºC. 

 The SEM images of Y3-xCaxFe5O12 compounds are shown in Fig. 4.36. Figures a-e 

represents compounds with increasing dopant percentage sintered at 1000 °C. The images 

display the agglomerated spherical particles with particle size more than YIG. Decrease in 
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porosity with doping is also revealed by the micrographs. Since change in particle size is 

observed with doping, it can be said to influence the properties exhibited by these 

compounds. 

4.4.1.3 Y3-xMgxFe5O12 (x = 0.05, 0.10, 0.15 and 0.20). 

   

Fig. 4.37 SEM micrograph of Y3-xMgxFe5O12 (x = 0.15 and 0.20) sintered at 1000 ºC. 

The SEM images of Y3-xMgxFe5O12 (a) x = 0.15 and (b) x = 0.20 are displayed in Fig. 4.37. 

As seen for the Ca doped compounds, the images of Mg doped YIG also reveal a highly 

agglomerated nature for both the compounds. Besides this, a porous nature can also be 

observed for the compounds.  

4.4.1.4 Ce0.1Y2.9Fe5O12. 

 

Fig. 4.38 SEM micrograph of Ce0.1Y2.9Fe5O12 sintered at 1000 ºC. 
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 SEM image of Ce0.1Y2.9Fe5O12 is shown in Fig. 4.38. The image reveals spherical 

morphology of the compound with highly agglomerated particles. The agglomeration is a 

result of the high sintering temperature of 1000 °C which enhance the crystal growth as a 

result of fusion of the grains. It also reveals the porous nature of the compound even though it 

is sintered at very high sintering temperature. The porosity observed for the compound may 

influence the lattice parameters tabulated in the XRD section. An effect on the solid state 

properties exhibited by the compound can be speculated due to the porous nature. 

4.4.1.5 Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

The SEM micrographs of Ce0.1Y2.9Fe5-xCrxO12 are presented in Fig. 4.39. Figures a-f 

represents the compounds with increasing percentage of Cr in the compound. The images 

reveal spherical morphology for all the compounds. Agglomeration of primary particles to 

form secondary particles at elevated sintering temperature can be observed from the images. 

This may result in an increase in the density of the compounds due to the reduction in 

porosity. 

    

     

Fig. 4.39 SEM micrograph of Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) sintered at 

1000 ºC. 
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4.4.1.6 Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3). 

     

     

Fig. 4.40 SEM micrograph of Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) sintered at 

1000 ºC. 

 Fig. 4.40 displays the SEM images of Ce0.1Y2.9Fe5-xInxO12 compounds. An increase in 

density of the compounds can be observed from the images which reveal a decrease in 

porosity with increasing dopant concentration. The images also reveal a spherical 

morphology of all the compounds which are agglomerated due to higher sintering 

temperature.  

4.4.2 Spinel Ferrites. 

4.4.2.1 CoFe2O4. 

 The SEM micrograph of CF sintered at 600 
o
C is presented in Fig. 4.41. The image 

displays a flaky and porous morphology for the oxide ferrite. The micrograph confirms the 

formation of secondary particles or lumps of aggregates which may be due to the 

agglomeration of the primary particles. Consistency in the ferrite phase formation is seen for 

the sample which is equally supported by the results obtained from XRD. 



104 
 

 

Fig. 4.41 SEM micrograph of CF sintered at 600 ºC. 

4.4.2.2 CoFe2-xDyxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15). 

Fig. 4.42 displays the SEM images of CoFe2-xDyxO4 compounds. From the images it 

can be observed that the compounds have flaky morphology which is consistent throughout 

the compound. Low density of the compounds can be confirmed from the porous nature 

revealed from the images. The results are in compliance with the XRD results which also 

reveal the porous nature of the compounds. 

     

   

Fig. 4.42 SEM micrograph of CoFe2-xDyxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) sintered at 600 ºC. 
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4.4.2.3 CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15). 

SEM images of CoFe2-xGdxO4 are displayed in Fig. 4.43. Figures a-e represents the 

compounds with increasing percentage of Gd. The images reveal porous nature which 

confirms the low density of the compounds. The low density for the compounds as a result of 

porous nature is also reflected in the XRD results thereby confirming the observations made 

from the SEM images. The porosity in the compounds can thus be said to influence the solid 

state properties exhibited by the compounds. A consistency in the formation of the 

compounds can be inferred from the micrographs which reveal the flaky morphology of the 

compounds. 

     

   

Fig. 4.43 SEM micrograph of CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) sintered at 600 ºC. 

4.4.2.4 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15). 

 Fig. 4.44 shows the SEM micrographs of CoFe2-xNdxO4 compounds. Figures a-e 

represents compounds with increasing concentration of Nd. The images reveal a porous 

nature of the compounds with low density. A flaky morphology of compounds can be seen 

from the micrographs. 
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Fig. 4.44 SEM micrograph of CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) sintered at 600 ºC. 

4.4.2.5 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). 

   

   

Fig. 4.45 SEM micrograph of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) sintered at 600 ºC. 

 Fig. 4.45 displays the SEM micrographs of CoFe2-xBixO4 compounds. Figures a-d 

represents the compounds with increasing percentage of Bi. The images reveal a flaky 
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morphology for the compounds. Since the melting point of Bi is close to the sintering 

temperature of the compounds, an increase in density is expected with increasing dopant 

concentration. XRD results reflect an increase in density and crystallite size with an increase 

in the dopant concentration complimenting the SEM results. Even though the images display 

the formation of dense compounds, the actual particle size can only be confirmed from TEM 

analysis.  

4.4.3 Garnet Aluminites. 

     

      

   

Fig. 4.46 SEM of (a) Y3Al5O12 (b) Ce0.06Y2.94Al5O12 (c) Ce0.06Y2.94Cr0.0025Al4.9975O12 (d) 

Ce0.06Y2.88Er0.06Al5O12 (e) Ce0.06Y2.88Nd0.06Al5O12 (f) Ce0.06Y2.88Pr0.06Al5O12 (g) Ce0.06Y2.88Sm0.06Al5O12 

compounds sintered at 1000 ºC.  
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 The SEM images of pristine and doped YAG compounds are presented in Fig. 4.46 

(a-g). The images reveal agglomerated masses of compounds which are further divided into 

finer particles. The actual particle size can only be revealed by employing TEM. No change 

in the morphology can be observed from the images for different doped compounds. From 

the images a compact and consistent nature of the compounds can be confirmed. 

4.5 Transmission Electron Microscopy (TEM). 

 TEM is a powerful tool in particle size and shape analysis. Precise information about 

the particles can be obtained by utilising this microscopic technique. Formation of 

polycrystalline compounds and secondary particle formation is also revealed by this 

technique. This technique is utilised to verify the ability of sol-gel autocombustion method 

for the nanoscale preparation of the compounds reported herein (spinel ferrites).  

4.5.1 Garnet Ferrites. 

       

Fig. 4.47 TEM images of (a) Ce0.1Y2.9Fe5O12 (b) Ce0.1Y2.9Fe4.95Cr0.05O12 and (c) Ce0.1Y2.9Fe4.95In0.05O12 

sintered at 1000 ºC. 

 The TEM images for the pristine and the doped samples along with their electron 

diffraction pattern are shown in Fig. 4.47 (a) and (b) and (c). The images display the 

formation of the secondary particles as a result of the sintering carried out at an elevated 

temperature of 1000 oC. From the images, it can be confirmed that both the compounds 

consist of the particles of submicron size. The average particle size calculated for the pristine, 

Cr doped and In doped compounds is 0.4, 0.7 and 0.4μm respectively. The difference in the 
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calculated particle size for the doped compound might contribute in the enhancement in the 

magnetic properties of the compounds. The electron diffraction pattern of all the samples 

confirms the polycrystalline nature of the compound along with the secondary (fused) particle 

formation due to higher sintering temperature. 

4.5.2 Spinel Ferrites. 

4.5.2.1 CoFe2O4. 

   

Fig. 4.48 Representation of (a) TEM and (b) ED pattern of CF sintered at 600 ºC. 

The TEM images of CF along with the electron diffraction pattern are presented in 

Fig. 4.48 (a) and (b). The TEM image reveals the partially fused nature of the hexagonal 

particles with varying particle size. This result is in correlation with the results obtained from 

the particle size distribution analyzer confirming the average particle size to be around 40 

nm. The variation in particle size is prominently seen for the oxide. The polycrystalline 

nature of CF along with particle broadening can be observed from the electron diffraction 

pattern from which the position of the individual planes for the spinel CF can be clearly seen. 

This proves the calcination conditions to be appropriate in yielding nanosized polycrystalline 

CF particles.  

4.5.2.2 CoFe2-xDyxO4 (x = 0.03, 0.09 and 0.15). 

 Fig. 4.49 displays the TEM image and ED pattern of (a) CoFe1.97Dy0.03O4 (b) 

CoFe1.91Dy0.09O4 and (c) CoFe1.85Dy0.15O4. The TEM images reveal the formation of 
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nanocrystalline compounds with increasing dopant percentage. Reduction in the particle size 

with increasing doping percentage is speculated. Since Dy3+ has a larger ionic radius more 

energy is utilized to push the metal ions in the lattice thereby compromising crystal growth. 

The results confirm the speculation and show a decrease in particle size with increasing 

dopant concentration. The ED patterns of each of the compounds displayed above reveal the 

polycrystalline nature of the compounds. The ED patterns also confirm the formation of 

secondary particles but the number of secondary particles formed are much less than that in 

the case of CF. The images reveal the particle size to be in the range 20-30 nm. 

     

Fig. 4.49 TEM image and ED pattern of (a) CoFe1.97Dy0.03O4 (b) CoFe1.91Dy0.09O4 and (c) 

CoFe1.85Dy0.15O4 sintered at 600 ºC. 

4.5.2.3 CoFe2-xGdxO4 (x = 0.03, 0.09 and 0.15). 

     

Fig. 4.50 TEM image and ED pattern of (a) CoFe1.97Gd0.03O4 (b) CoFe1.91Gd0.09O4 and (c) 

CoFe1.85Gd0.15O4 sintered at 600 ºC.  

 TEM image and ED pattern of (a) CoFe1.97Gd0.03O4 (b) CoFe1.91Gd0.09O4 and (c) 

CoFe1.85Gd0.15O4 sintered at 600 ºC are shown in Fig. 4.50. The TEM images confirm the 
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formation of nanocrystalline compounds with an average particle size of 20 nm. As observed 

in the case of Dy doped compounds, reduction in the particle size with increasing dopant 

concentration is also observed for the Gd doped compounds. This can be attributed to the 

inclusion of larger Gd
3+

 ions possessing higher ionic radii. Formation of polycrystalline 

compounds is confirmed from the ED patterns. The presence of bright spots on the planes is 

found to be less as compared to that of CF confirming the non-agglomerated nature of the 

particles.  

4.5.2.4 CoFe2-xNdxO4 (x = 0.03, 0.09 and 0.15). 

     

Fig. 4.51 TEM image and ED pattern of (a) CoFe1.97Nd0.03O4 (b) CoFe1.91Nd0.09O4 and (c) 

CoFe1.85Nd0.15O4 sintered at 600 ºC. 

 Fig. 4.51 displays the TEM image and ED pattern of (a) CoFe1.97Nd0.03O4 (b) 

CoFe1.91Nd0.09O4 and (c) CoFe1.85Nd0.15O4. As compared to the compounds mentioned in the 

previous sub-sections, a sporadic trend in the size of the particles for the compounds is 

observed. A discontinuity in the reduction of particle size with doping concentration can be 

observed for (b). The results are in complete agreement with the particle size distribution 

results which will be dealt in the later section. The ED pattern shown in the inset of each 

figure reveals the polycrystalline nature of the compounds. Formation of secondary particles 

is prominently seen from the ED pattern for (b) which reveals the average particle size to be 

around 50 nm. The average particle size for (a) and (c) can be said to be around 20 and 10 nm 

respectively. 



112 
 

4.5.2.5 CoFe2-xBixO4 (x = 0.03 and 0.12). 

   

Fig. 4.52 TEM image and ED pattern of (a) CoFe1.97Bi0.03O4 and (b) CoFe1.88Bi0.12O4 sintered at 600 

ºC. 

 TEM image and ED pattern of (a) CoFe1.97Bi0.03O4 and (b) CoFe1.88Bi0.12O4 are 

displayed in Fig. 4.52. A decrease in particle size with increasing Bi content can be seen from 

the TEM images. The average particle size for the compounds (a) and (b) is around 20 nm 

respectively. This approves the formation of nanocrystalline compounds. The ED pattern for 

the compounds is shown in the inset of each figure. The rings in the ED patterns represent the 

crystal planes and the sharp nature confirms the polycrystalline formation of the compounds. 

Formation of secondary particles is also observed from the diffraction patterns. 

4.6 Particle Size Distribution analysis. 

 A DLS technique is utilised to investigate the particle size distribution of the 

nanocrystalline spinel compounds. Since the compounds are in nano range, investigation 

regarding the size distribution becomes crucial and also helps in understanding the properties 

showcased by the compounds. 

4.6.1 Spinel Ferrites. 

4.6.1.1 CoFe2O4. 

 Fig. 4.53 displays the particle size distribution (PSD) histogram of CF. The figure 

reveals the size distribution of the particles from nanosized to microns with an average 
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particle size of around 100 nm. The results observed are in agreement with TEM images 

showing agglomerated nature of the particles. 

 

Fig. 4.53 Grain size distribution histogram of CF obtained by the statistical method. 

4.6.1.2 CoFe2-xDyxO4 (x = 0.03, 0.09 and 0.15). 

     

 

Fig. 4.54 Grain size distribution histogram (a-c) of CoFe2-xDyxO4 (x = 0.03, 0.09 and 0.15) obtained 

by the statistical method. 
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 PSD histograms (a-c) of CoFe2-xDyxO4 (x = 0.03, 0.09 and 0.15) compounds are 

presented in Fig. 4.54. An increase in the average particle size with increasing dopant 

concentration can be observed from the histograms. These results are in accordance with the 

TEM results which also show formation of agglomerated particles. The average particles size 

is observed to be around 20-30 nm. 

4.6.1.3 CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15). 

    

    

    

Fig. 4.55 Grain size distribution histogram (a-e) of CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

obtained by the statistical method. 
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 Fig. 4.55 display the PSD histograms (a-e) of CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 

0.12 and 0.15) compounds. The results are in compliance with the TEM results confirming 

the formation of nanocrystalline compounds. A decrease in the average particle size with 

increasing dopant concentration is revealed from the histograms. The results also confirm the 

average particle size for all the compounds to be around 10 nm.  

4.6.1.4 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15). 

   

   

   

Fig. 4.56 Grain size distribution histogram (a-e) of CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

obtained by the statistical method. 
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PSD histograms (a-e) of CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

compounds are presented in Fig. 4.56. Tremendous decrease in the average particle size with 

doping of higher ionic radius Nd ions is seen for the compounds except (c). This 

discontinuity in the trend has also been confirmed by the TEM results. The average particle 

size for the compounds except (c) has been found to be less than 10 nm. 

4.6.1.5 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12). 

    

     

Fig. 4.57 Grain size distribution histogram (a-d) of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

obtained by the statistical method. 

 Fig. 4.57 shows particle size distribution histogram (a-d) of CoFe2-xBixO4 (x = 0, 0.03, 

0.06, 0.09 and 0.12) compounds. The nanocrystalline nature for the compounds is confirmed 

from the histograms. The results are in compliance with the TEM results confirming the 

average particle size of the compounds to be around 10 nm. Even though Bi has a melting 

point near 600 °C, no major secondary particle formation is observed. This confirms that the 

thermal energy is utilized in accommodating Bi ions in the lattice and not in particle growth. 
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4.6.2 Garnet Aluminites. 

  

  

  

 

Fig. 4.58 Grain size distribution histogram of  (a) Y3Al5O12 (b) Ce0.06Y2.94Al5O12 (c) 

Ce0.06Y2.94Cr0.0025Al4.9975O12 (d) Ce0.06Y2.88Er0.06Al5O12 (e) Ce0.06Y2.88Nd0.06Al5O12 (f) 

Ce0.06Y2.88Pr0.06Al5O12 (g) Ce0.06Y2.88Sm0.06Al5O12 sintered at 1000 ºC. 
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The Grain size distribution histogram of (a) Y3Al5O12 (b) Ce0.06Y2.94Al5O12 (c) 

Ce0.06Y2.94Cr0.0025Al4.9975O12 (d) Ce0.06Y2.88Er0.06Al5O12 (e) Ce0.06Y2.88Nd0.06Al5O12 (f) 

Ce0.06Y2.88Pr0.06Al5O12 (g) Ce0.06Y2.88Sm0.06Al5O12 is presented in Fig. 4.58. The figures 

reveal the average particle size of all the compounds to be around 10 nm confirming the 

nanosize of the obtained particles. The nanosize of the particles has a lot of impact on the 

solid state properties of the compounds and since the compounds are studied for their 

photoluminescence properties, the influence of particle size can also be studied. Even though 

SEM images display a fine nature of the compounds, TEM can be effectively put into use to 

know the exact size and morphology of the particles. 

4.7 Raman Spectroscopy. 

 Doping often introduces structural changes which are very difficult to trace with usual 

characterisation techniques. In case where the sintering temperature is quite low as in the 

present case (spinel ferrites), incomplete reaction may often lead to the precipitation of 

individual metal oxides as trace impurities. Raman spectroscopy has been utilised herein to 

check the monophasic formation of compounds and to investigate structural changes induced 

with doping. 

4.7.1 Garnet Ferrites. 

 Room-temperature Raman spectra of (a) Ce0.1Y2.9Fe5O12 (b) Ce0.1Y2.9Fe4.95Cr0.05O12 

and (c) Ce0.1Y2.9Fe4.95In0.05O12 in the region 100-1000 cm-1 are presented in Fig. 4.59. Only 17 

out of 25 (3A1g + 8 Eg + 14 T2g,) Raman active modes which are expected for the cubic garnet 

system are visible from the spectra. The spectra for both, the pristine as well as the doped 

compounds reveal the single phase formation of the polycrystalline compound. Noorhana 

Yahya et. al. [172] also reports a similar Raman spectrum for YIG confirming the results 

obtained. Due to the presence of 3 different lattices in the garnet structure, there is lot of 

complexity involved in indexing the observed signals according to the vibrational modes. The 
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figure reveals no extra signal or shift in the signals with Cr3+ and In3+ doping concentration of 

0.05. In case of In doped compound, doping takes place by the removal of the Fe3+ ions in 

either octahedral or tetrahedral lattice and therefore there is a possibility of observing a 

downshift in the value of vibrational frequency of the In-O bond to match that of the Fe-O 

bond due to the higher atomic mass of In3+ ion [344]. No change in the structure can be 

diagnosed with the inclusion of Cr3+ which has a smaller ionic radius than Fe3+. The 

vibrational modes of all the compounds matches perfectly in their position and appearance 

and therefore can be said to be structurally similar. From the spectra, signals at 173, 238, 272, 

345 and 376 cm-1 can be associated with the vibration for the Y3+ ions in the dodecahedral 

lattice 

 

Fig. 4.59 Room temperature Raman spectra of (a) Ce0.1Y2.9Fe5O12 (b) Ce0.1Y2.9Fe4.95Cr0.05O12 and (c) 

Ce0.1Y2.9Fe4.95In0.05O12 sintered at 1000 ºC. 

 The vibrational modes of the Infra Red (IR) spectroscopy for a compound are 

different from the ones observed for Raman spectroscopy. A difference between the Raman 

and IR vibrational modes for Ce0.1Y2.9Fe5O12 is reported elsewhere [345]. There are 4 different 

modes (ν1, ν2, ν3 and ν4) assigned for the tetrahedral lattice and 6 for the octahedral lattice (ν1, 
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ν2, ν3, ν4, ν5 and ν6). Out of these ν6 is inactive in both IR and Raman. Remaining 5 modes are 

Raman active while only 2 (ν3 and ν4) are IR active. The asymmetric IR stretching (T1) mode 

is evident for the compounds at 563 cm-1 along with a broad band in the region 600-700 cm-1 

and two weak signals at 865 cm-1 and 913 cm-1 which are representative for the garnet 

structure. On the contrary the band evident at 400 cm-1 which is highly intense in the IR 

region is weak in intensity in the Raman spectrum. Also, a weak signal is observed in the 

Raman spectrum at 563 cm-1 (asymmetric M-O stretching) indicating that ν3 and ν4 must be 

strong IR active modes only. The strong signals observed in the Raman spectrum must be the 

ν1, ν2 modes for the tetrahedral lattice and the ν1, ν2 and ν5 modes for the octahedral lattice. 

The weak signals observed in the Raman spectrum must be for the weaker ν3 and ν4 modes 

[344]. 

4.7.2 Spinel Ferrites.  

Raman spectroscopy is a highly sensitive tool for many lattice effects, such as 

structure transition, lattice distortion, charge-lattice and spin-lattice couplings, local cation 

distribution, and magnetic ordering. Pristine and doped CF compounds have a cubic 

inverse/mixed ferrite structure with O
7

h (Fd3m space group) which gives rise to 39 normal 

vibrational modes, out of which five are Raman active.
  
Room-temperature Raman spectrum 

of (a) CF (b) CoFe1.97Dy0.03O4 (c) CoFe1.97Gd0.03O4 (d) CoFe1.97Nd0.03O4 and (e) 

CoFe1.97Bi0.03O4  nanoparticles in the region 100-1000 cm
-1 

is presented in figure 4.60. The 

spectrum reveals the single phase formation of the polycrystalline compound. All the 5 (1A1g 

+ 1 Eg + 3 T2g) Raman active modes which are expected for the cubic spinel ferrite system are 

visible in the spectrum. The spectra reveal the presence 7 peaks in the Raman spectrum at 

around 308, 357, 469, 577, 617, 658 and 693 cm
-1

, most of which are the typical modes of the 

cubic inverse-spinel ferrite structure. The T2g mode expected at ~ 190 cm
-1

 for the compound 

is not clear from the spectrum, but a peak at 308 cm
-1

 is observed which can be attributed to 

the Eg mode [346]. Similar Raman spectrum for CF nanoparticles is also reported, confirming 
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the results reported herein [347]. Raman peak at 469 cm
-1

 is related to the octahedral site 

mode that reflects the local lattice effect in the octahedral sublattice of CF compounds [346]. 

Other intense peak at 693 cm
-1

 and a small peak at 617 cm
-1 

(the A1g mode) are the symmetric 

vibrations of the metal in the tetrahedral site. A peak is observed in the region of 658 cm
-1

 

which can be attributed to cobalt ions residing at defect sites that are probably located near 

the surface of the nanoparticles [346]. This peak is pronounced due to the higher surface-to-

volume ratio of the nanoparticles in this sample. Fe2O3 is the most common impurity phase 

formed during the synthesis of spinel ferrites. It gives two sharp signals at ~ 240 cm
-1

 and 300 

cm
-1 

with high intensity. The 240 cm
-1

 peak is absent in the spectrum and a protrusion is 

observed at 308 cm
-1

. This is comparatively weaker in intensity and can therefore be said as 

the property of CF and not Fe2O3 [257]. Altogether there are two different lattices in the 

spinel ferrite structure, and an attempt is made over here to assign the vibrational modes for 

the various signals observed in the spectrum based on the idea obtained from the literature.  

 The vibrational modes in the FTIR for a compound are poles apart from the ones 

observed in Raman spectroscopy. Difference in Raman and IR vibrational modes for doped 

CF compounds in the range 275 - 1000 cm
-1

 is reported elsewhere [348]. There are 4 different 

modes (ν1, ν2, ν3 and ν4) assigned for the tetrahedral lattice. All the 4 modes are Raman active 

while only 2 (ν3 and ν4) are IR active. FTIR stretching modes are evident for the compound at 

400 and 574 cm
-1

, which are the M-O symmetric and asymmetric stretching vibrations. On 

the contrary the signal evident at 393 cm
-1

 which is highly intense in the IR region is absent 

in the Raman spectrum proving it to be either a ν3 or a ν4 mode which are strong IR active 

modes and are weakly observed in the Raman spectrum. A weak signal is observed in the 

Raman spectrum at 574 cm
-1

 (asymmetric M-O stretching) indicating that ν3 and ν4 must be 

strong IR active modes only. The weak signals observed in the Raman spectrum must be for 

the weaker ν3 and ν4 modes. The strong signals observed in the Raman spectrum must be the 

ν1, ν2 modes for the tetrahedral lattice and the ν1, ν2 and ν5 modes for the octahedral lattice. 
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Fig. 4.60 Room temperature Raman spectra of (a) CF  (b) CoFe1.97Dy0.03O4 (c) CoFe1.97Gd0.03O4 (d) 

CoFe1.97Nd0.03O4 and (e) CoFe1.97Bi0.03O4 sintered at 600 ºC. 

  The Raman spectra presented above reveal a shift in the vibrational signals with 

doping. This can be justified on the basis that Fe3+ ion having smaller ionic radius is replaced 

by the dopants (Dy, Gd, Nd and Bi) all having higher ionic radii. The maximum shift is 

observed for Bi doped compounds having the maximum ionic radius among the dopants.  

4.8 X-ray Photoelectron Spectroscopy (XPS). 

 XPS is a powerful tool in determining the oxidation states and the binding energy of 

the various chemical species present in a compound. A change in the oxidation states brings 

along a change in the number of unpaired electrons and thereby changing the properties of 

any system. The spectra of all the elements along with the full scan are plotted and 

deconvulated using a peak fitting software. 

4.8.1 Garnet Ferrites. 

4.8.1.1 Ce0.1Y2.9Fe5O12. 

 XPS spectra of Ce0.1Y2.9Fe5O12 showing (a) FS and B.E. of (b) Fe 2p, (c) Y 3p and (d) 

O 1s is presented in Fig. 4.61. The spectra of the full scan (FS) is presented in figure (a). 
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From the FS spectrum, the respective peaks for O 1s, Fe 2p, Y 3p and Ce 3d, are observed 

which confirms the elements to be present in the system. The valence state of Fe decides the 

overall magnetic moment of the system. The overall synthesis is carried out in an oxygen 

atmosphere and therefore there is possibility of redox reaction to occur in which electron 

exchange can take place between Ce
3+

 and Fe
3+

 to form Fe
2+

 and Ce
4+

 ions thereby reducing 

the overall magnetic moment. 

    

    

Fig. 4.61 XPS spectra of Ce0.1Y2.9Fe5O12 showing (a) FS and B.E. of (b) Fe 2p, (c) Y 3p and (d) O 1s.  

XPS spectrum of Fe 2p is presented in figure (b). The spectrum shows two signals at 

725.1 eV and 711.58 eV. These peaks represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 state, 

confirming the valence state of iron to be Fe
3+

and not Fe
2+

. The corresponding spectrum for 

Y 3p is presented in figure (c). The figure display the signals for Y 3p1/2 and Y 3p3/2, at 312.4 

and 300.6 eV respectively which are the characteristic binding energies for the Y
3+

 ion. The 

binding energy of the oxygen having value of 530.4 eV corresponding to the O 1s is 



124 
 

presented in figure (d). Another peak at 531.7 eV is also observed which might be assigned to 

the defect oxide or the surface oxygen ions with low coordination situation [349,350]. The 

values obtained for the binding energies of all the elements are in agreement with the 

reported ones [351,352 ]. 

4.8.1.2 Ce0.1Y2.9Fe4.95Cr0.05O12.  

    

 

   

Fig. 4.62 XPS spectra of Ce0.1Y2.9Fe4.95Cr0.05O12  showing (a) FS and B.E. of (b) Fe 2p, (c) Cr 2p, (d) Y 

3p and (e) O 1s. 
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Fig. 4.62 displays the XPS spectra of Ce0.1Y2.9Fe4.95Cr0.05O12 showing (a) FS and B.E. 

of (b) Fe 2p, (c) Cr 2p, (d) Y 3p and (e) O 1s. The spectra of the full scan (FS) is presented in 

figure (a). From the FS spectrum, the respective peaks for O 1s, Fe 2p, Cr 2p, Y 3p and Ce 

3d, are observed which confirms the elements to be present in the system. XPS spectrum of 

Fe 2p is presented in figure (b). The spectrum reflects two signals at 725.46 eV and 711.94 

eV. These peaks represent the Fe 2p1/2 and Fe 2p3/2 for the Fe3+ state, confirming the valence 

state of iron to be Fe3+and not Fe2+. The Cr 2p states are shown in the figure (c). From the 

figure signals for the Cr 2p1/2 and Cr 2p3/2 are observed at 589 and 577 eV confirming the 

presence of Cr3+ state. The corresponding spectrum for Y 3p is presented in figure (d). The 

figure display the signals for Y 3p1/2 and Y 3p3/2 at 312.49 and 300.76 eV respectively which 

are the characteristic binding energies for the Y3+ ion. The binding energy of the oxygen 

having value of 529.86 eV corresponding to the O 1s is presented in figure (e).  

4.8.1.3 Ce0.1Y2.9Fe4.7Cr0.3O12.  

The effect of increasing concentration of Cr on binding energy of elements in the 

compounds has been investigated for this compound. Fig. 4.63 displays the XPS spectra of 

Ce0.1Y2.9Fe4.7Cr0.3O12 showing (a) FS and B.E. of (b) Fe 2p, (c) Cr 2p, (d) Y 3p and (e) O 1s. 

The spectra of the full scan (FS) is presented in figure (a). From the FS spectrum, the 

respective peaks for O 1s, Fe 2p, Cr 2p, Y 3p and Ce 3d, are observed which confirms the 

elements to be present in the system. XPS spectrum of Fe 2p is presented in figure (b). The 

spectrum reveals two signals at 723.8 eV and 710.5 eV. These peaks represent the Fe 2p1/2 

and Fe 2p3/2 for the Fe3+ state, confirming the valence state of iron to be Fe3+and not Fe2+. The 

Cr 2p states are shown in the figure (c). From the figure signals for the Cr 2p1/2 and Cr 2p3/2 

are observed at 586.1 and 577 eV confirming the presence of Cr3+ state. The corresponding 

spectrum for Y 3p is presented in figure (d). The figure display the signals for Y 3p1/2 and Y 

3p3/2, at 311.8 and 299.9 eV respectively which are the characteristic binding energies for the 
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Y3+ ion. The binding energy of the oxygen having value of 530.1 eV corresponding to the O 

1s is presented in figure (e).  

   

 

   

Fig. 4.63 XPS spectra of Ce0.1Y2.9Fe4.7Cr0.3O12  showing (a) FS and B.E. of (b) Fe 2p, (c) Cr 2p, (d) Y 

3p and (e) O 1s. 
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4.8.1.4 Ce0.1Y2.9Fe4.95In0.05O12. 

  

     

   

Fig. 4.64 XPS spectra of Ce0.1Y2.9Fe4.95In0.05O12  showing (a) FS and B.E. of (b) Fe 2p, (c) Y 3d, (d) In 

3d and (e) O 1s.   

Fig. 4.64 shows XPS spectra of Ce0.1Y2.9Fe4.95In0.05O12 showing (a) FS and B.E. of (b) 

Fe 2p, (c) In 3d, (d) Ce 3d, (e) Y 3p and (f) O 1s. The full scan (FS) spectrum is presented in 

figure (a). From the FS spectrum, respective peaks for O 1s, Fe 2p, Y 3d, In 3d and Ce 3d can 
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be clearly observed which confirms the presence of the elements in the system. XPS 

spectrum of Fe 2p is presented in figure (b). The spectrum reflects two signals at 725.46 eV 

and 711.94 eV. These signals represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 state, confirming 

the valence state of iron to be Fe
3+

and not Fe
2+

. The corresponding spectrum for Y 3d is 

presented in figure (c). From the figure the signals for Y 3d3/2 and Y 3d5/2 are observed at 

158.9 and 156.9 eV respectively, which are characteristic binding energies for the Y
3+

 state. 

The corresponding binding energies for Ce 3d and In 3d are shown in figure (d) and (e). The 

signals for the binding energies of Ce 3d3/2 and Ce 3d5/2 are observed at 900 and 882 eV 

matching for the Ce
3+

 state, thus ruling out the possibility of Ce
4+

 formation. The respective 

binding energies for the In 3d3/2 and In 3d5/2 are observed at 451.5 and 444.4 eV respectively 

which represents the In
3+

 state. The binding energy spectrum of the oxygen species 

corresponding to the O 1s is presented in figure (f). The value obtained for the binding energy 

(530.3 eV) is in complete agreement with the standard.  

4.8.1.5 Ce0.1Y2.9Fe4.7In0.3O12. 

 Fig. 4.65 shows XPS spectra of Ce0.1Y2.9Fe4.7In0.3O12 showing (a) FS and B.E. of (b) 

Fe 2p, (c) In 3d, (d) Ce 3d, (e) Y 3p and (f) O 1s. The spectra represent the compound with 

maximum In doping. Since In has a higher ionic radii than Fe, an increase in the binding 

energy of the elements is expected with increasing In concentration. The full scan (FS) 

spectrum is presented in figure (a). From the FS spectrum, respective peaks for O 1s, Fe 2p, 

Y 3d, In 3d and Ce 3d can be clearly observed which confirms the presence of the elements 

in the system. XPS spectrum of Fe 2p is presented in figure (b). The spectrum reflects two 

signals at 721.5 eV and 715.9 eV. These signals represent the Fe 2p1/2 and Fe 2p3/2 for the 

Fe
3+

 state, confirming the valence state of iron to be Fe
3+

and not Fe
2+

. The corresponding 

spectrum for Y 3d is presented in figure (c). From the figure the signals for Y 3d3/2 and Y 

3d5/2 are observed at 158.8 and 156.7 eV respectively, which are characteristic binding 

energies for the Y
3+

 state. The corresponding binding energies for In 3d are shown in figure 
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(d). The respective binding energies for the In 3d3/2 and In 3d5/2 are observed at 451.5 and 

444.4 eV respectively which represents the In
3+

 state. The binding energy spectrum of the 

oxygen species corresponding to the O 1s is presented in figure (e). The value obtained for 

the binding energy (535.4 eV) is higher than expected. This can be attributed to the changes 

brought about in the crystal structure with the inclusion of bigger In
3+

 ions. 

     

 

      

Fig. 4.65 XPS spectra of Ce0.1Y2.9Fe4.7In0.3O12  showing (a) FS and B.E. of (b) Fe 2p, (c) Y 3d (d) In 3d 

and (e) O 1s. 
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4.8.2 Spinel Ferrites. 

4.8.2.1 CoFe2O4. 

Fig. 4.66 displays the XPS spectra of CF showing (a) FS and B.E. of (b) Fe 2p, (c) Co 

2p and (d) O 1s. The full scan (FS) spectrum is presented in figure (a). From the figure, 

respective peaks for O 1s, Fe 2p and Co 2p which confirms the elements to be present in the 

system can be observed. Absence of carbon in the material can be confirmed based on the 

carbon peak which normally originates at 285 eV. The valence state of iron and cobalt 

decides the overall magnetic moment of the system. The compound under study is prepared 

in an oxygen rich atmosphere and therefore there is possibility of redox reaction to occur in 

which electron exchange can take place between Co
2+

 and Fe
3+

 to form Fe
2+

 and Co
3+

 ions. 

This might bring along a change in the overall magnetic moment. 

   

   

Fig. 4.66 XPS spectra of  CF  showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p and  (d) O 1s. 
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XPS spectrum of Fe 2p is presented in figure (b). The two signals at 725.46 eV and 

711.94 eV represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 state, confirming the valence state 

of iron to be Fe
3+

and not Fe
2+

. This also rules out the possibility of metallic iron in the 

compound. The corresponding spectrum for Co 2p is presented in figure (c). From the figure 

the signal for Co 2p1/2 and Co 2p3/2 are observed at 795 eV and 779 eV respectively which are 

characteristic binding energies for the Co
2+

 ion. The binding energy of the oxygen having 

value of 529.4 eV corresponding to the O 1s is presented in figure 5 (d). The values obtained 

for the binding energies of all the elements are in agreement with the standard values. Studies 

confirm the existence of the metal ions in the required valency thereby enhancing the overall 

magnetic moment.  

4.8.2.2 CoFe1.97Dy0.03O4. 

XPS spectra of  CoFe1.97Dy0.03O4  showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) 

Dy 4s, 4p, 4d  and  (e) O 1s compounds is presented in Fig. 4.67. The full scan (FS) spectrum 

is presented in figure (a). From the figure, respective peaks for O 1s, Fe 2p and Co 2p and Dy 

4s, 4p, 4d which confirms the elements to be present in the system can be observed. The 

valence state of iron and cobalt decides the overall magnetic moment of the system. XPS 

spectrum of Fe 2p is presented in figure (b). The two signals at 725.4 eV and 711.5 eV 

represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 state. The corresponding spectrum for Co 2p is 

presented in figure (c). From the figure the signal for Co 2p1/2 and Co 2p3/2 are observed at 

792.1 eV and 780.9 eV respectively which are characteristic binding energies for the Co
2+

 

ion. The spectrum for Dy shown in figure (d) reveals the presence Dy 4s, Dy 4p1/2, Dy 4p3/2 

and Dy 4d5/2 states. The corresponding binding energies for all these are 417, 337, 303 and 

157.2 eV respectively. The binding energy of the oxygen having value of 530.1 eV 

corresponding to the O 1s is presented in figure (e). The values obtained for binding energy 

for all the elements confirms the existence of metal ions in the required valency. 
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Fig. 4.67 XPS spectra of  CoFe1.97Dy0.03O4  showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) Dy 

4s, 4p, 4d  and  (e) O 1s.  

4.8.2.3 CoFe1.97Gd0.03O4. 

 Fig. 4.68 displays the XPS spectra of CoFe1.97Gd0.03O4 showing (a) FS and B.E. of (b) 

Fe 2p, (c) Co 2p, (d) Gd 4s, 4p, 4d and (e) O 1s. The full scan (FS) spectrum is presented in 

figure (a). From the figure, respective peaks for O 1s, Fe 2p and Co 2p and Gd 4s, 4p, 4d 

which confirms the elements to be present in the system can be observed.  



133 
 

     

 

   

Fig. 4.68 XPS spectra of  CoFe1.97Gd0.03O4  showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) Gd 

4s,4p,4d  and  (e) O 1s.  

 The valence state of iron and cobalt decides the overall magnetic moment of the 

system. XPS spectrum of Fe 2p is presented in figure (b). The two signals at 725.3 eV and 

712.2 eV represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 state. The corresponding spectrum 

for Co 2p is presented in figure (c). From the figure the signal for Co 2p1/2 and Co 2p3/2 are 

observed at 796.6 eV and 781.5 eV respectively which are characteristic binding energies for 
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the Co
2+

 ion. The spectrum for Gd shown in figure (d) reveals the presence Gd 4s, Gd 4p1/2, 

Gd 4p3/2 and Gd 4d5/2 states. The corresponding binding energies for all these are 369.1, 

299.1, 275 and 143.05 eV respectively. The binding energy of the oxygen having value of 

530.1 eV corresponding to the O 1s is presented in figure (e). 

4.8.2.4 CoFe1.97Nd0.03O4. 

     

 

 

Fig. 4.69 XPS spectra of  CoFe1.97Nd0.03O4   showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) Nd 

3d  and  (e) O 1s. 
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 XPS spectra of CoFe1.97Nd0.03O4 showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) 

Gd 4s,4p,4d  and  (e) O 1s is shown in Fig. 4.69. The full scan (FS) spectrum is presented in 

figure (a). From the figure, respective peaks for O 1s, Fe 2p and Co 2p and Nd 3d which 

confirms the elements to be present in the system can be observed. XPS spectrum of Fe 2p  is 

presented in figure (b). The two signals at 724.8 eV and 711.8 eV represent the Fe 2p1/2 and 

Fe 2p3/2 for the Fe
3+

 state. The corresponding spectrum for Co 2p is presented in figure (c). 

From the figure the signal for Co 2p1/2 and Co 2p3/2 are observed at 796.7 eV and 781.2 eV 

respectively which are characteristic binding energies for the Co
2+

 ion. The spectrum for Nd3+ 

state shown in figure (d) reveals the presence Nd 3d3/2 and Nd 3d5/2 states. The corresponding 

binding energies for these are 1004.3 and 983.7 eV respectively. The binding energy of the 

oxygen having value of 530.2 eV corresponding to the O 1s is presented in figure (e).  

4.8.2.5 CoFe1.97Bi0.03O4. 

 Fig. 4.70 XPS spectra of  CoFe1.97Bi0.03O4   showing (a) FS and B.E. of (b) Fe 2p, (c) 

Co 2p, (d) Bi 4f and  (e) O 1s. The full scan (FS) spectrum is presented in figure (a). From the 

figure, respective peaks for O 1s, Fe 2p and Co 2p and Nd 3d which confirms the elements to 

be present in the system can be observed. XPS spectrum of Fe 2p is presented in figure (b). 

The two signals at 724.9 eV and 711.4 eV represent the Fe 2p1/2 and Fe 2p3/2 for the Fe
3+

 

state, confirming the valence state of iron to be Fe
3+ 

and not Fe
2+

. It also eliminates the 

possibility of formation of metallic Fe as observed for other compounds. The corresponding 

spectrum for Co 2p is presented in figure (c). From the figure the signal for Co 2p1/2 and Co 

2p3/2 are observed at 796.3 eV and 780.5 eV respectively which are characteristic binding 

energies for the Co
2+

 ion. The spectrum for Bi shown in figure (d) reveals the presence Bi 

4f5/2 and Bi 4f7/2 states. The corresponding binding energies for these are 163.5 and 158.3 eV 

respectively. The binding energy of the oxygen having value of 529.7 eV corresponding to 

the O 1s is presented in figure (e). 
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Fig. 4.70 XPS spectra of  CoFe1.97Bi0.03O4   showing (a) FS and B.E. of (b) Fe 2p, (c) Co 2p, (d) Bi 4f 

and  (e) O 1s. 

The XPS spectra for all the compounds confirm the elements in the required valence 

states ruling out the possibilities of metal ions exhibiting multi valency. This also nullifies the 

possibility of redox reactions taking place in between the metal ions since the overall 
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synthesis is carried out in an oxygen rich atmosphere. The possibility of formation of metal 

ions with valency that might affect the overall solid state properties of the compounds is also 

nullified. The results presented thus approve the method of synthesis reported herein to be 

appropriate in yielding compounds with the desired properties. 



  

138 
 

SOLID STATE PROPERTIES 

 

5.1 Mössbauer Spectroscopy 

 Apart from particle dimensions of the compound and valence state of the metal ions, 

magnetic properties are also governed by the distribution of the metal ions in all the 

sublattices (dodecahedral, octahedral and tetrahedral) of garnet and spinel ferrites. The degree 

of interaction between metal ions is fully dependent on the type of metal ions that occupy 

these sublattices. As mentioned, an increase or decrease in the magnetic property is a result of 

such interactions and therefore it is necessary to probe the distribution of metal ions. The 

spectra obtained are fitted and analyzed using WIN NORMOS programme. 

5.1.1 Garnet ferrites 

5.1.1.1 Y3Fe5O12 

 

Fig. 5.1 Mössbauer Spectrum of Y3Fe5O12 recorded at room temperature. 

The Mössbauer spectrum of Y3Fe5O12 (YIG) is shown in Fig 5.1. The spectrum 

reveals the presence of six hyperfine Zeeman sextets representing iron in different chemical 
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environment. The exhibition of a six line hyperfine proves the ferrimagnetic nature of the 

compound. The hyperfine parameters obtained are shown in Table 5.1. The values obtained 

for the isomer shifts (δ) for the sextets are 0.069 - 0.179 mm/s for tetrahedral and 0.260 - 

0.319 mm/s for octahedral site respectively, which confirm the presence of iron in the Fe3+ 

high spin state [353]. Apart from these, another sextet is observed with the Isomer shift value 

of -1.019 mm/s. Isomer shift values are in the range of 0.90-0.95 mm/s for tetrahedral and 

1.05-1.10 mm/s for octahedral site, respectively for Fe2+ ions [354-356]. So, the sextet 6 can 

be a representative of Fe2+ ions in the octahedral lattice. Garnet structure is consists of defects 

and imperfections, and therefore the possibility of existence of a Fe2+ ion cannot be neglected. 

This possibility can only be confirmed by studying the compound with the help of XPS. The 

A and B sites are assigned to the sextets based on isomer shift and the magnetic hyperfine 

field values as reported [353,357-359]. Since the bond separation between Fe3+–O2- is larger 

for octahedral ions as compared to that of the tetrahedral ions, smaller overlapping of the 

orbitals of Fe3+ ions and oxygen anions (low s electron density compared to tetrahedral site) 

and the smaller covalency lead to a larger isomer shift at the octahedral site. So the sextet 

with a lower isomer shift corresponds to the tetrahedral site, and the sextet having a higher 

isomer shift represents the octahedral sites [357].  

The Quadrupole splitting (Δ) values of the first 5 sextets, representing the tetrahedral 

and the octahedral sites are found to be low indicating the overall presence of cubic 

symmetry at both the sites. Sextet 6 shows very high Quadrupole splitting value of 1.745 

mm/s which confirms the distorted geometry of this lattice. This can only happen if there 

exists the possibility of presence of Fe
2+

 ions which have higher ionic radius of 92 pm. This 

observation might affect the overall magnetic moment of the compound. The magnetic 

hyperfine field for two tetrahedral and two octahedral sublattices is 39.49, 39.35, 48.73 and 

47.87 respectively. The magnetic hyperfine field results confirm the distribution of the 

Mössbauer nuclei in both the sublattices of the compound. The percent distribution of the 
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Fe
3+

 in the tetrahedral and the octahedral sublattices is calculated from the relative areas of 

the hyperfine sextets. The relative areas calculated for the tetrahedral and the octahedral 

sextets are 61.8 and 38.2 % respectively. The ratio of the areas of the tetrahedral sextet to the 

octahedral sextet is approximately 3:2, which is in fair agreement with the normal distribution 

of the Fe3+ ions in both the sublattices of the iron containing garnets. The ratio conforms to 

the general chemical formula of the garnets.  

5.1.1.2 Y2.85Ca0.15Fe5O12 

 

Fig. 5.2 Mössbauer Spectrum of Y2.85Ca0.15Fe5O12 recorded at room temperature. 

Fig 5.2 represents the Mössbauer spectrum of Y2.85Ca0.15Fe5O12. The spectrum reveals 

the presence of five hyperfine Zeeman sextets confirming the presence of iron in the various 

crystal sublattices. This proves the ferrimagnetic nature of the compound. The hyperfine 

parameters obtained from the Mössbauer data analysis are shown in Table 5.1. The values 

obtained for the isomer shifts (δ) for the sextets are -0.082 - 0.182 mm/s for tetrahedral and 

0.269 - 0.270 mm/s for octahedral site respectively, which confirm the presence of iron in the 

Fe3+ high spin state. 
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Table 5.1 Mössbauer fitting parameters of Y3-xMxFe5O12 (M = Ca, Mg and x = 0, 0.15) obtained 

using Win NORMOS fitting programme. Isomer shift (δ), quadrupole splitting (Δ), line width 

(Γ), hyperfine magnetic field (Hhf) and relative areas (RA) are shown in the table. All the results 

are relative to Fe metal foil. 

Sample Site  (mm/s) IS (mm/s) QS (mm/s) Hhf (Tesla) RA (%) 

YIG Sextet1 0.680 0.179 -0.009 39.49 34.16 

 Sextet 2 0.370 -0.164 -0.081 39.35 24.10 

 Sextet 3 0.343 0.260 0.076 48.73 32.28 

 Sextet 4 0.130 0.319 -0.294 47.87 3.22 

 Sextet 5 0.279 0.069 0.339 21.01 3.56 

 Sextet 6 0.287 -1.019 1.745 33.25 2.69 

 
     

 

Ca-YIG Sextet 1 0.448 0.182 0.011 39.75 30.74 

 Sextet 2 0.322 -0.133 -0.002 39.77 27.85 

 Sextet 3 0.234 0.270 0.165 49.05 21.62 

 Sextet 4 0.353 0.269 -0.209 48.56 16.53 

 Sextet 5 0.290 -0.082 0.543 21.18 3.87 

 
     

 

Mg-YIG Sextet 1 0.422 0.145 0.034 39.54 30.70 

 Sextet 2 0.279 -0.104 0.021 39.57 21.94 

 Sextet 3 0.253 0.268 0.125 48.96 31.66 

 Sextet 4 0.398 0.249 -0.257 48.48 12.75 

 Sextet 5 0.144 -0.080 0.475 21.36 2.92 

 

Hyperfine structure does not evidence of the presence of Fe
2+

 ions. The Quadrupole 

splitting (Δ) values of the sextets are found to be low indicating the presence of cubic 

symmetry at both the sites. The only exception to this is sextet 5 which shows slightly higher 

value of 0.543 mm/s proving a distorted geometry for the lattice. Substitution of divalent Ca2+ 
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ions in the lattice induces oxygen deficiency, might result in structure distortion. The 

magnetic hyperfine field for three tetrahedral and two octahedral sublattices is 39.75, 39.77, 

21.18, 49.05 and 48.56 Tesla, respectively. The magnetic hyperfine field results confirm the 

distribution of the Mössbauer nuclei in both the sublattices of the compound. The relative 

areas calculated for the tetrahedral and the octahedral sextets are 62 and 38 % respectively, 

which are in agreement with the general chemical formula of the garnets.  

5.1.1.3 Y2.85Mg0.15Fe5O12 

 Fig 5.3 represents the Mössbauer spectrum of Y2.85Mg0.15Fe5O12. The spectrum 

reveals the presence of five hyperfine Zeeman sextets representing iron present in various 

crystal sublattices. The sextets also prove the ferrimagnetic nature of the compound. The 

hyperfine parameters obtained from the Mössbauer data analysis are shown in Table 5.1. The 

values obtained for the isomer shifts (δ) for the sextets are -0.080-0.145 mm/s for tetrahedral 

and 0.249-0.268 mm/s for octahedral site, representing iron in the Fe
3+

 high spin state. The 

hyperfine structure does not evidence of the presence of Fe
2+

 ions. 

 

Fig. 5.3 Mössbauer Spectrum of Y2.85Mg0.15Fe5O12 recorded at room temperature. 
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The Quadrupole splitting (Δ) values of the sextets are low indicating the presence of 

cubic symmetry at both the sites. The only exception to this is sextet 5 which shows slightly 

higher value of 0.475 mm/s proving a distorted geometry for the lattice. Substitution of 

divalent Mg2+ ions in the lattice induces oxygen deficiency which might result in such 

distortion. The magnetic hyperfine field for three tetrahedral and two octahedral sublattices is 

39.54, 39.57, 21.36, 48.96 and 48.48 Tesla, respectively. The relative areas calculated for the 

tetrahedral and the octahedral sextets are 55.56 and 44.44 % respectively resulting in a 3:2 

ratio.  

5.1.1.4 Ce0.1Y2.9Fe5O12 

 

Fig. 5.4 Mössbauer Spectrum of Ce0.1Y2.9Fe5O12 recorded at room temperature. 

 The room temperature Mössbauer spectrum of Ce0.1Y2.9Fe5O12 is presented in Fig. 

5.4. From the figure it is clearly observed that the spectrum reveals the existence of two six 

line hyperfine confirming the ferrimagnetic nature of the compound. The obtained hyperfine 

parameters from the Mössbauer analysis are shown in Table 5.2. The values obtained for the 

isomer shifts (δ) for the two sextets are 0.172 mm/s for tetrahedral and 0.409 mm/s for 
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octahedral site respectively, which confirm the presence of iron in the Fe
3+

 high spin state and 

not Fe
2+

 state.  The quadrupole splitting (Δ) values are found to be low indicating the overall 

presence of cubic symmetry at both the sites. The magnetic hyperfine field for a tetrahedral 

and octahedral sublattice is 39.16 and 48.66 Tesla, respectively. The magnetic hyperfine field 

results confirm the distribution of the Mössbauer nuclei in both the sublattices of the 

compound. The relative areas calculated for the tetrahedral and the octahedral sextets are 56.7 

and 43.3 % respectively. The ratio of the areas of the tetrahedral sextet to the octahedral 

sextet is approximately 3:2.  

5.1.1.5 Ce0.1Y2.9Fe4.95Cr0.05O12 

 

Fig. 5.5 Mössbauer Spectrum of Ce0.1Y2.9Fe4.95Cr0.05O12 recorded at room temperature. 

Mössbauer spectrum of Ce0.1Y2.9Fe4.95Cr0.05O12 is presented in Fig. 5.5. The figure 

reveals the existence of seven hyperfine Zeeman sextets for the compound representing iron 

in different sublattices and also confirms the ferrimagnetic nature. The hyperfine parameters 

obtained from the Mössbauer analysis are shown in Table 5.2. The values obtained for the 

isomer shifts (δ) for the sextets are -0.087 - 0.152 mm/s for tetrahedral and 0.269 - 0.298 
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mm/s for octahedral site, respectively which confirm the presence of iron in the Fe3+ high spin 

state. Sextet 6 shows high values of Isomer shift (-0.779 mm/s) along with a quadrupole 

moment of -0.735 mm/s. This indicates the existence of Fe2+ ions in the tetrahedral lattice 

[360]. High Isomer shift value of -1.413 mm/s along with a quadrupole moment of 2.138 

mm/s for sextet 7 can be an indicative of the existence of Fe2+ in the dodecahedral site [360]. 

The results of Quadrupole splitting obtained for sextets 6 and 7 indicate the distorted 

geometry of the lattices. The quadrupole splitting (Δ) values for sextets 1 - 5 are found to be 

low indicating the presence of cubic symmetry at these sites. The magnetic hyperfine field for 

two tetrahedral and three octahedral sublattices is 39.33, 39.33, 48.79, 48.02 and 21.12 Tesla, 

respectively. The magnetic hyperfine field results confirm the distribution of the Mössbauer 

nuclei in all the three sublattices of the compound. The relative areas calculated for the 

tetrahedral and the octahedral sextets are 53 and 45 % respectively. Other than this 2 % of 

Mössbauer nuclei are said to be located at the dodecahedral site.  

5.1.1.6 Ce0.1Y2.9Fe4.7Cr0.3O12 

 

Fig. 5.6 Mössbauer Spectrum of Ce0.1Y2.9Fe4.7Cr0.3O12 recorded at room temperature. 
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            Mössbauer spectrum of Ce0.1Y2.9Fe4.7Cr0.3O12 is presented in Fig. 5.6. The spectrum 

reveals the existence of two hyperfine Zeeman sextets for the compound confirming the 

ferrimagnetic nature. The hyperfine parameters obtained from the Mössbauer analysis are 

shown in Table 5.2. The values obtained for the isomer shifts (δ) for the two sextets are 0.156 

mm/s for tetrahedral and 0.375 mm/s for octahedral site, respectively which confirm the 

presence of iron in the Fe
3+

 high spin state ruling out the possibility of Fe2+ state. The 

quadrupole splitting (Δ) values for sextets are found to be low indicating the presence of 

cubic symmetry at these sites. The magnetic hyperfine field for a tetrahedral and octahedral 

sublattice is 37.65 and 47.44 Tesla which confirms the distribution of the Mössbauer nuclei in 

both the sublattices of the compound. The relative areas calculated for the tetrahedral and the 

octahedral sextets are 63.1 and 36.9 % respectively. This result indicates successful 

replacement of Fe3+ ions from the octahedral site by Cr3+ ions which influence the overall 

magnetic properties showcased by the compound.  

5.1.1.7 Ce0.1Y2.9Fe4.95In0.05O12 

 

Fig. 5.7 Mössbauer Spectrum of Ce0.1Y2.9Fe4.95In0.05O12 recorded at room temperature. 
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 Mössbauer spectrum of Ce0.1Y2.9Fe4.95In0.05O12 is presented in Fig. 5.7. The spectrum 

reveals the existence of seven hyperfine Zeeman sextets for the compound confirming the 

ferrimagnetic nature. The hyperfine parameters obtained from the Mössbauer analysis are 

shown in Table 5.2. The values obtained for the isomer shifts (δ) for the sextets are -0.076 – 

(-0.196) mm/s for tetrahedral and 0.290 - 0.306 mm/s for octahedral site, respectively which 

confirm the presence of iron in the Fe
3+

 high spin state. Sextet 6 shows high values of Isomer 

shift (-0.802 mm/s) along with a quadrupole moment of -0.706 mm/s. This result indicates 

the existence of Fe
2+

 ions in the tetrahedral lattice. Apart from this high Isomer shift and 

quadrupole moment values of -1.244 mm/s and 2.035 mm/s respectively, indicates the 

existence of Fe
2+

 in the dodecahedral site. 

The results of Quadrupole splitting obtained for sextets 6 and 7 indicate the distorted 

geometry whereas the values for sextets 1and 2 are found to be low, signifying the presence 

of cubic symmetry at these sites. The Quadrupole splitting values of sextet 3 and 4 points at 

distorted geometries of the lattices. These results also indicate the occupation of tetrahedral 

sites by the In
3+

 ions. The magnetic hyperfine field for three tetrahedral and two octahedral 

sublattices is 39.31, 39.40, 20.88, 48.71 and 48.22 Tesla respectively, confirming the 

distribution of the Mössbauer nuclei in all the three sublattices of the compound. The relative 

areas calculated for the tetrahedral and the octahedral sextets are 53 and 45 % respectively. 

Other than this 2 % of Mössbauer nuclei are said to be located at the dodecahedral site. These 

results are in accordance to the speculations that In3+ ions may occupy the tetrahedral sites as 

reported in the literature for the In3+ doped spinel system [361].  

5.1.1.8 Ce0.1Y2.9Fe4.7In0.3O12 

 Mössbauer spectrum of Ce0.1Y2.9Fe4.7In0.3O12 is presented in Fig. 5.8. The spectrum 

reveals the existence three hyperfine Zeeman sextets for the compound confirming the 

ferrimagnetic nature of the compound. The hyperfine parameters obtained from the 

Mössbauer analysis are shown in Table 5.2.  
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Table 5.2 Mössbauer fitting parameters of Ce0.1Y2.9Fe5-xMxO12 (M = Cr, In and x = 0, 0.05, 0.3) 

obtained using Win NORMOS fitting programme. Isomer shift (δ), quadrupole splitting (Δ), 

line width (Γ), hyperfine magnetic field (Hhf) and relative areas (RA) are shown in the table. All 

the results are relative to Fe metal foil. 

Sample Site Γ mm/s) IS (mm/s) QS (mm/s) Hhf (T) RA (%) 

YIG-II-III-0 Sextet 1 0.516 0.409 0.020 48.66 43.3 

 Sextet 2 0.587 0.172 0.010 39.16 56.7 

       

YIG-II-1 Sextet 1 0.369 0.152 0.030 39.33 29.54 

 Sextet 2 0.321 -0.087 -0.026 39.33 20.49 

 Sextet 3 0.294 0.269 0.131 48.79 26.77 

 Sextet 4 0.324 0.298 -0.252 48.02 13.17 

 Sextet 5 0.174 -0.272 0.670 21.12 5.15 

 Sextet 6 0.191 -0.779 -0.735 43.76 2.96 

 Sextet 7 0.221 -1.413 2.138 34.78 1.93 

       

YIG-II-6 Sextet 1 0.749 0.156 0.032 37.65 63.1 

 Sextet 2 0.543 0.375 0.019 47.44 36.9 

       

YIG-III-1 Sextet 1 0.490 0.181 0.034 39.31 23.62 

 Sextet 2 0.334 -0.076 -0.007 39.40 23.62 

 Sextet 3 0.218 0.290 0.237 48.71 13.25 

 Sextet 4 0.354 0.306 -0.160 48.22 28.97 

 Sextet 5 0.171 -0.196 0.522 20.88 5.02 

 Sextet 6 0.180 -0.802 -0.706 43.59 3.52 

 Sextet 7 0.202 -1.244 2.035 33.79 2.01 

       

YIG-III-6 Sextet 1 0.658 0.144 0.043 38.08 37.0 

 Sextet 2 0.578 0.382 0.031 46.13 36.9 

 Sextet 3 0.762 0.149 0.004 34.20 26.1 
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The values obtained for the isomer shifts (δ) for the sextets are 0.144 - 0.149 mm/s for 

tetrahedral and 0.382 mm/s for octahedral site, respectively which confirm the presence of 

iron in the Fe
3+

 high spin state and not in Fe2+ state. Low quadrupole splitting (Δ) values for 

the sextets indicate the presence of cubic symmetry at the lattices. The magnetic hyperfine 

field for two tetrahedral and one octahedral sublattice is 38.08, 34.20 and 43.58 Tesla 

respectively, confirming the distribution of the Mössbauer nuclei in both the sublattices of the 

compound. The relative areas calculated for the tetrahedral and the octahedral sextets are 63.1 

and 36.9 % respectively. The results confirm the successful replacement of Fe3+ by the In3+ at 

the octahedral site which might enhance the overall magnetic moment. 

 

Fig. 5.8 Mössbauer Spectrum of Ce0.1Y2.9Fe4.7In0.3O12 recorded at room temperature. 

5.1.2 Spinel Ferrites 

5.1.2.1 CoFe2O4 

 Co
2+

 ion has the electronic configuration of 3d
7
. In CF, Co

2+
 preferentially enters the 

octahedral site. Since the oxygen atoms surrounding Co
2+

 ion exert a weak field environment, 

the degenerate d-orbitals of Co
2+

 splits to give the resultant high spin electronic configuration 
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of t2g
5
 eg

2
. With this electronic configuration, Co

2+
 ion possesses the crystal field stabilization 

energy of -0.8 Δo and preferentially occupies the octahedral site [362,363]. Reports in the 

literature reflect on the random nature of CF and therefore application of Mössbauer 

spectroscopy becomes necessary to investigate the degree of inversion [86,246]. Mössbauer 

spectrum of CF is presented in figure 5.9. The presence of Mössbauer nuclei in five different 

chemical environments is confirmed from the five Zeeman sextets which also confirm the 

ferrimagnetic nature of the compounds. Mössbauer spectrum for this compound does not 

show any superparamagnetic behavior at room temperature. 

 

Fig. 5.9 Mössbauer Spectrum of CF recorded at room temperature. 

Mössbauer parameters obtained after fitting the spectrum are presented in Table 5.3. 

The values obtained for the isomer shifts (δ) for the five sextets are 0.206 mm/s for 

tetrahedral and 0.331 - 0.377 mm/s for octahedral site respectively, which confirm the 

presence of iron in the Fe
3+

 high spin state.  These results are in compliance with the ones 

obtained for the XPS study.  Isomer shift values are in the range of 0.90 – 0.95 mms
−1

 for 

tetrahedral and 1.05 – 1.10 mms
−1

 for octahedral site respectively, for Fe
2+

 ions [354-356]. 
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Obtained hyperfine structure confirms the absence of Fe
2+

 ions in the compound. The 

quadrupole splitting (Δ) values are low, indicating the presence of cubic symmetry at both the 

lattices. The magnetic hyperfine field results confirm the distribution of the Mössbauer nuclei 

in all the five sublattices (four octahedral and one tetrahedral) of the compound. The 

magnetic hyperfine field for a tetrahedral and four octahedral sublattices is 48.59, 51.29, 

48.74, 46.78, and 43.58 Tesla, respectively. The results display the Fe3+ distribution to be 

22.6 % (tetrahedral site) and 77.4 % (octahedral site) respectively, proving the degree of 

inversion to be 0.45 with the formula (Fe0.45Co0.55)[Co0.45Fe1.55]O4. This proves the possibility 

of the cation exchange in the nanocrystalline CF reported herein (CF is an inverse spinel in 

bulk form). 

5.1.2.2 CoFe1.97Dy0.03O4  

 

Fig. 5.10 Mössbauer Spectrum of CoFe1.97Dy0.03O4 recorded at room temperature. 

Mössbauer spectrum of CoFe1.97Dy0.03O4 is presented in figure 5.10. The presence of 

Mössbauer nuclei in three different chemical environments is confirmed from the three 

hyperfine Zeeman sextets. This also confirms the ferrimagnetic nature of the compound. 

Mössbauer spectrum for this compound does not show any superparamagnetic behavior at 
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room temperature. Mössbauer parameters for the spectrum are presented in Table 5.3. Values 

obtained for the isomer shifts (δ) of all the three sextets are 0.135 mm/s for tetrahedral and 

0.267 - 0.397 mm/s for the octahedral site respectively which confirm the presence of iron in 

the Fe
3+

 high spin state.  These results are in compliance with the XPS study. The quadrupole 

splitting (Δ) values are found to be low indicating cubic symmetry at both the lattices. 

Comparatively, higher Quadrupole splitting value of 0.195 mm/s is observed for sextet 1 

which is an indicative of a distorted geometry at that lattice. This may be due to the 

substitution of Dy3+ ions having higher ionic radius. The magnetic hyperfine field for a 

tetrahedral and two octahedral sublattices is 48.98, 50.09 and 46.93 Tesla, respectively. The 

results display the distribution of Fe3+ to be 48.99 % (tetrahedral site) and 51.09 % 

(octahedral site), respectively showing the degree of inversion to be 0.97 with the formula 

(Fe0.97Co0.03)[Co0.97Fe1Dy0.03]O4. This proves the inverse nature of the obtained spinel ferrite 

even though a very small amount of cation exchange is still observed. 

5.1.2.3 CoFe1.85Dy0.15O4 

 

Fig. 5.11 Mössbauer Spectrum of CoFe1.85Dy0.15O4 recorded at room temperature. 
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Mössbauer spectrum of CoFe1.85Dy0.15O4 sample is presented in figure 5.11. The 

exhibition of three Zeeman sextets proves the existence of the Mössbauer nuclei in three 

different chemical environments and also confirms the ferrimagnetic nature of the compound. 

Superparamagnetic behaviour is not exhibited by this compound at room temperature as seen 

from the Mössbauer spectrum. Mössbauer parameters obtained after fitting the spectrum are 

presented in Table 5.3. The values obtained for the isomer shifts (δ) of all the three sextets are 

0.203 mm/s for tetrahedral and 0.367 - 0.645 mm/s for octahedral site, respectively which 

confirm the presence of iron in the Fe
3+

 high spin state.  These results are in compliance with 

the XPS study showing absence of Fe
2+

 ions. The Quadrupole splitting (Δ) values indicate a 

cubic symmetry at both the sites. Only sextet 1 shows high value of Quadrupole splitting of 

0.197 mm/s indicating a distorted geometry at that lattice. This can be related to the higher 

doping percentage of Dy3+ ions with higher ionic radius. The magnetic hyperfine field results 

confirm the distribution of the Mössbauer nuclei in all the three sublattices (two octahedral 

and one tetrahedral) of the compound. The magnetic hyperfine field for a tetrahedral and two 

octahedral sublattices is 42.60, 48.40 and 48.70 Tesla, respectively. The percent distribution 

of the Fe
3+

 in the tetrahedral and the octahedral sublattices are found to be 35.04 % 

(tetrahedral site) and 64.96 % (octahedral site) respectively, showing the degree of inversion 

to be 0.65 with the formula (Fe0.65Co0.35)[Co0.65Fe1.20Dy0.15]O4. This proves the possibility of 

the cation exchange taking place in the nanocrystalline CoFe1.85Dy0.15O4 as expected. 

5.1.2.4 CoFe1.97Gd0.03O4 

Mössbauer spectrum of CoFe1.97Gd0.03O4 is presented in figure 5.12. The exhibition of 

three Zeeman sextets proves the existence of the Mössbauer nuclei in three different chemical 

environments. This also confirms the ferrimagnetic nature of the compounds. The Mössbauer 

spectrum does not showing any superparamagnetic behavior at room temperature. Mössbauer 

parameters obtained after fitting the spectrum are presented in Table 5.3. The values obtained 

for the isomer shifts (δ) of all the three sextets are 0.210 mm/s for tetrahedral and 0.331-0.458 
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mm/s for octahedral site, respectively which confirm the presence of iron in the Fe
3+

 high 

spin state.  These results are in compliance with the XPS study and do not evidence the 

presence of Fe
2+

 ions. 

 

Fig. 5.12 Mössbauer Spectrum of CoFe1.85Dy0.15O4 recorded at room temperature. 

The quadrupole splitting (Δ) values for sextet 2 and 3 are found to be low indicating 

the cubic symmetry at both the sites except sextet 1 which shows a value of 0.119 mm/s, thus 

indicating a distorted geometry. The magnetic hyperfine field for a tetrahedral and two 

octahedral sublattices is 43.09, 48.71 and 43.58 Tesla, respectively, thus confirming the 

presence of Mössbauer nuclei in different sublattices. The percent distribution of the Fe
3+

 in 

the tetrahedral and the octahedral sublattices is calculated to be 31.86 % (tetrahedral site) and 

68.14 % (octahedral site), respectively showing the degree of inversion to be 0.63 with the 

formula (Fe0.63Co0.37)[Co0.63Fe1.34Gd0.03]O4. This proves the possibility of the cation exchange 

taking place in the nanocrystalline CoFe1.97Gd0.03O4 as expected.  



  

155 
 

5.1.2.5 CoFe1.85Gd0.15O4 

 

Fig. 5.13 Mössbauer Spectrum of CoFe1.85Gd0.15O4 recorded at room temperature. 

Fig. 5.13 represents the Mössbauer spectrum of CoFe1.85Gd0.15O4. Exhibition of three 

Zeeman sextets prove the presence of Mössbauer nuclei in three different chemical 

environments which also confirms the ferrimagnetic nature of the compounds. The 

Mössbauer spectrum for this compound does not show any superparamagnetic doublet at 

room temperature. Mössbauer parameters obtained after fitting the spectrum are presented in 

Table 5.3. The values obtained for the isomer shifts (δ) of all the three sextets are 0.061 mm/s 

for tetrahedral and 0.386 - 0.465 mm/s for octahedral site, respectively which confirm the 

presence of iron in the Fe
3+

 high spin state thereby ruling out the possibility of  Fe
2+

 ions in 

the compound. The quadrupole splitting (Δ) values for sextet 2 and 3 indicate a cubic 

symmetry at both the sites except sextet 1 which shows a value of -0.129 mm/s, thus 

indicating a distorted geometry at this lattice. This can be attributed to the higher doping 

percentage of Gd
3+

 ions with greater ionic radius than Fe
3+

 ions. The magnetic hyperfine field 

for a tetrahedral and two octahedral sublattices is 40.90, 20.38 and 43.58 Tesla, respectively 

proving the existence of Fe
3+

 in different lattices. The percent distribution of the Fe
3+

 in the 
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tetrahedral and the octahedral sublattices is calculated to be 19.18 % (tetrahedral site) and 

80.82 % (octahedral site), respectively showing the degree of inversion to be 0.35 with the 

formula (Fe0.35Co0.65)[Co0.35Fe1.50Gd0.15]O4. This confirms the possibility of the cation 

migration taking place in the nanocrystalline CoFe1.85Gd0.15O4 as expected.  

Table 5.3 Mössbauer fitting parameters of CoFe2-xMxO4 (M = Dy, Gd and x = 0, 0.03 and 0.15) 

obtained using Win NORMOS fitting programme. Isomer shift (δ), quadrupole splitting (Δ), 

line width (Γ), hyperfine magnetic field (Hhf) and relative areas (RA) are shown in the table. All 

the results are relative to Fe metal foil. 

Sample Site Γ (mm/s) IS (mm/s) QS (mm/s) Hhf (T) RA (%) 

CF Sextet 1 0.232 0.206 -0.019 48.59 22.63 

 Sextet 2 0.391 0.377 0.010 51.29 23.17 

 Sextet 3 0.148 0.331 -0.071 46.78 12.53 

 Sextet 4 0.394 0.349 -0.061 43.58 13.54 

 Sextet 5 0.192 0.346 0.006 48.74 28.13 

       

CDF-1 Sextet 1 0.2876 0.397 0.195 50.09 12.71 

 Sextet 2 0.3155 0.135 -0.028 48.98 48.99 

 Sextet 3 0.5215 0.267 -0.065 46.93 38.30 

       

CDF-5 Sextet 1 0.2974 0.645 0.197 48.70 4.66 

 Sextet 2 0.3945 0.367 -0.003 48.40 60.30 

 Sextet 3 0.9353 0.203 -0.005 42.60 35.05 

       

CGF-1 Sextet 1 0.2945 0.458 0.119 48.71 16.58 

 Sextet 2 0.3150 0.331 -0.023 48.28 51.56 

 Sextet 3 1.0359 0.210 -0.034 43.09 31.87 

       

CGF-5 Sextet 1 0.4913 0.465 -0.129 20.38 14.65 

 Sextet 2 0.4739 0.386 -0.013 47.75 66.17 

 Sextet 3 0.5946 0.061 -0.039 40.90 19.18 
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5.2 Magnetisation versus applied magnetic field. 

 Magnetic materials like garnet and spinel ferrites are studied for their magnetic 

properties using a magnetometer in a DC magnetic field. These oxides consist of sublattices 

or sites into which the metal ions are located. Every metal ion in these sites has a particular 

magnetic characteristic and interacts with the neighbouring ions. In the mixed-metal oxide 

systems mentioned above, the interaction takes place via the intermediate oxygen ion super 

exchange mechanism. This interaction between the ions, results in various magnetic 

characteristics which are important in the classification of these systems for various medical 

and technological applications. The compounds under study have been characterised with the 

help of a Vibrating Sample Magnetometer (VSM) at 300 and 5 K by subjecting them to an 

environment of varying magnetic fields. 

5.2.1 Garnet Ferrites 

5.2.1.1 Y3Fe5O12 

 

Fig. 5.14 DC magnetic Hysteresis loop of Y3Fe5O12 at 300 K. 

The magnetic moment of the garnet system depends on the individual contribution of 

the magnetic moment of all the three individual lattices, viz; dodecahedral (Mc), octahedral 
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(Ma) and tetrahedral (Md). The octahedral and the tetrahedral lattice in YIG are populated by 

the magnetic Fe
3+

 ions which are aligned antiparallel to each other. Theoretically, the overall 

magnetic moment in YIG can be explained on the following basis. There is a cancellation of 

the magnetic moment of 15 μB by three Fe
3+

 ions in the tetrahedral lattice by the two Fe
3+

 

ions in the octahedral lattice (10 μB) by the antiferromagnetic coupling via superexchange 

mechanism, generating an overall magnetic moment of 5μB.  

M = (Md - Ma ) - Mc  

    = 3MFe
3+ - 2MFe

3+
  (M = magnetic moment) 

    = 5μB  (Mc = 0) 

The dodecahedral lattice is mainly occupied by the nonmagnetic Y
3+

 ions and therefore do 

not contribute to the overall magnetic moment.  

 Fig. 5.14 displays the magnetization versus magnetic field (M-H) hysteresis loop of 

Y3Fe5O12 at room temperature in the magnetic field ranging from ± 20 KOe. The figure 

reveals the ferrimagnetic nature of the compound complementing the Mössbauer results. The 

results obtained for saturation magnetisation, remanance and coercivity are presented in table 

5.4. The results display low value for saturation magnetisation signifying the requirement of a 

low field to align the magnetic moments in the direction of the applied magnetic field.  The 

value of the remnant magnetisation is very low suggesting the reversal of direction of most of 

the magnetic moments with the application of magnetic field in the opposite direction. A low 

hysteresis loss is also confirmed from the low values of coercivity and the shape of the 

hysteresis loop thus making the material appropriate for the use in the electronics.  

5.2.1.2 Y3-xCaxFe5O12 (x = 0.15, 0.30, 0.60 and 0.75) 

 The hysteresis behaviour of Y3-xCaxFe5O12 (x = 0.15, 0.30, 0.60 and 0.75) obtained by 

subjecting the compounds to a magnetic field of 20 KOe at room temperature are presented in 

Fig. 5.15. The results for the magnetic parameters are presented in Table 5.4. The results 
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display appreciable values for saturation magnetisation, remanance and coercivity thus 

confirming the ferrimagnetic nature of the compounds. Doping of Ca takes place in the 

dodecahedral site replacing the Y3+ ions. Similar to YIG, in the Ca doped compounds there is 

no contribution of the dodecahedral site to the net magnetic moment. So the overall magnetic 

moment is expected to remain the same with Ca doping. But the results obtained contradict 

the speculations.  

   

   

Fig. 5.15 DC magnetic Hysteresis loops of Y3-xCaxFe5O12 (x = 0.15, 0.30, 0.60 and 0.75) at 300 K. 

Figures (a-d) represent the compounds with increasing dopant concentration. 

 The results show a decrease in the magnetic parameters of the doped compounds as 

compared to that of the pristine compound. This can be explained as follows. A divalent Ca
2+
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ion replaces a trivalent Y
3+

 ion thus resulting in the formation of oxygen vacancies which 

reduces the superexchange coupling. Since the overall magnetic moment for the compounds 

is the resultant of such superexchange coupling via oxygen, the decrease observed in the 

magnetic parameters can be explained based on the formation of oxygen vacancies. The 

results show a decrease in magnetic parameters with increase in the concentration of Ca
2+

 

ions thus supporting the statement made above. The distortion in the crystal lattice that is 

induced with the oxygen vacancies and inclusion of higher ionic radius Ca
2+

 ions may be 

another factor responsible for a drop in the magnetic properties. 

5.2.1.3 Y3-xMgxFe5O12 (x = 0.05, 0.10, 0.15 and 0.20) 

  

 

Fig. 5.16 DC magnetic Hysteresis loops of Y3-xMgxFe5O12 (x = 0.05, 0.10, and 0.20) at 300 K. Figures 

(a-c) represent the compounds with increasing dopant concentration. 

 Inclusion of Mg2+ ions is aimed at the larger dodecahedral site. But, there are handful 

reports available for the spinel ferrites, claiming the preference of octahedral site by the Mg2+ 
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ions. If this holds true then two results are possible. First, precipitation of Fe as Fe2O3 is 

expected which reflects in the XRD. But no such peaks representing the formation of Fe2O3 

foreign phase is seen from the diffractograms confirming the single phase formation. 

Secondly, migration of Fe3+ may take place to the dodecahedral site which might affect the 

magnetic properties.  

Table 5.4 Room temperature magnetic parameters of the compounds displaying the values of 

saturation magnetisation (Ms), remnant magnetisation (Mr), coercivity (Hc), squareness ratio 

(Mr/Ms) and curie temperature (Tc). 

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms Tc (K) 

Y3Fe5O12 25.5 6 107 0.24 517 

      

Y2.85Ca0.15Fe5O12 24.5 5 97 0.20 522 

Y2.70Ca0.30Fe5O12 24.8 4.1 80 0.17 530 

Y2.40Ca0.60Fe5O12 24.2 4 91 0.17 531 

Y2.25CaxFe0.75O12 21.1 4.3 99 0.20 530 

      

Y2.95Mg0.05Fe5O12 21.8 1 27 0.05 - 

Y2.85Mg0.15Fe5O12 23.3 1.7 43.4 0.07 - 

Y2.8Mg0.20Fe5O12 23.7 1.8 41 0.08 - 

 

Magnetic hysteresis loops of Y3-xMgxFe5O12 (x = 0.05, 0.10, 0.15 and 0.20) are shown 

in Fig. 5.16. The figures show a complete dependency of the magnetic properties on the 

magnetic field applied. The magnetic parameters obtained are listed in Table 5.4. Appreciable 

values for the magnetic parameters are observed proving the ferrimagnetic nature of the 

compounds. A drop in the magnetic properties of the compounds is observed with the doping. 

This can be explained on a similar basis like that for the Ca doped compounds. Formation of 

oxygen vacancies with the divalent Mg2+ doping in place of Y3+ and distortion in the crystal 

lattice may be some of the factors responsible for such a drop in the magnetic properties. 
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Mössbauer analysis for a representative compound did not evidence the presence of Fe2+ ions 

or cation migration, thus suggesting that the decrease in the magnetic properties may be 

solely due to the distortion induced due to the divalent doping resulting in the formation of 

oxygen vacancies in the compounds. 

5.2.1.4 Ce0.1Y2.9Fe5O12 

 

Fig. 5.17 DC magnetic Hysteresis loop of Ce0.1Y2.9Fe5O12 at 300 and 5 K. 

 The magnetic hysteresis loops of Ce0.1Y2.9Fe5O12 at 300 and 5 K are presented in Fig. 

5.17. Unlike YIG, the overall magnetic properties of this compound is dependent and decided 

by the third lattice also, i.e. the dodecahedral lattice. The magnetic moments of the 

dodecahedral are said to be aligned parallel to the resultant of the antiferromagnetic coupling 

between the tetrahedral and the octahedral lattice. In this compound a slight concentration of 

Ce3+ is incorporated at the dodecahedral site in place of Y3+. Ce3+ has an electron in the 4f 

subshells and therefore contributes to the overall magnetic moment. Many reports are 

available supporting this statement [5,364].  

 The magnetic properties observed for the compound are listed in Table 5.5. The 

compound shows a decrease in the value for saturation magnetisation as compared to that of 

YIG. This observation contradicts the results reported for Ce doped YIG which shows an 
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increase in saturation magnetisation with Ce doping. There are several possibilities which can 

be related to the decrease observed. One can be the occurrence of a redox reaction between 

Fe3+ and Ce3+ ions in an oxygen rich atmosphere to give Fe2+ and Ce4+ ions. But this 

possibility can be nullified as there are no extra peaks seen in the XRD representing CeO2 

phase. Apart from this, XPS also rules out the possibility of Fe2+ and Ce4+ states. Secondly, 

formation of Fe2+ ions could enhance the magnetic moment as it prefers the octahedral 

coordination. None of these factors explain the decrease observed in the magnetic properties, 

therefore the distortion in the crystal induced due the inclusion of Ce3+ can be said responsible 

for a decrease in saturation magnetisation. An increase in the saturation magnetization value 

at 5 K is observed as compared to the value at 300 K. The value of saturation magnetization 

is found to be 34 emu/g at 5 K which can be clearly seen from the hysteresis curve. This rise 

in the saturation magnetization value is due to the reduction in the randomization of the 

magnetic moments caused due to the thermal vibration, thereby increasing the saturation 

magnetization.  

5.2.1.5 Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

 The hysteresis curve depicting the saturation magnetization versus the applied field 

(M-H) is shown in Figure 5.18. The change in saturation magnetization observed when 

substitution of Cr3+ ions is carried out by replacing the Fe3+ ions in the octahedral lattice is 

investigated. Figure 5.18 (a) display the difference in the saturation magnetization value of 

Ce0.1Y2.9Fe5-xCrxO12 at 300 K and 5 K. The magnetic parameters observed for all the dopants 

are listed in Table 5.5. There is an increase in the value of saturation magnetization from 25 

to 26 emu/g with the inclusion of Cr3+ ions. In garnets the value of the saturation 

magnetization depends heavily on the coupling that takes place between the two magnetic 

sublattices i;e. octahedral (a) and tetrahedral (d). The substitution of Cr3+ ions with a lower 

magnetic moment in place of Fe3+ reduces the overall magnetic moment in the octahedral site 

thereby reducing the antiferromagnetic coupling arising from octahedral lattices. This in turn 
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increases the overall magnetic moment of the compound and therefore an increase in the 

value of saturation magnetization is observed.  

   

   

   

Fig. 5.18 DC magnetic Hysteresis loops of Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

at 300K. Figures (a-f) represent the compounds with increasing dopant concentration. Figure (a) 

shows the hysteresis loops at both 300 and 5 K.  
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A similar observation has been made for all the other doped compounds. All the 

compounds show a higher value for the saturation magnetisation as compared to that of the 

pristine. The value of remanance and coercivity are found to be very low. The results indicate 

towards the randomisation of the magnetic moments and low hysteresis loss for these 

compounds. Similar to the pristine compound, a tremendous increase in the saturation 

magnetization value at 5 K is observed as compared to the value at 300 K. The value of 

saturation magnetization is found to be 36 emu/g at 5 K which can be clearly seen from the 

hysteresis curve. This rise in the saturation magnetization value is due to the reduction in the 

randomization of the magnetic moments caused due to the thermal vibration, thereby 

increasing the saturation magnetization.  

5.2.1.6 Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

 The hysteresis curve depicting the saturation magnetization versus the applied field is 

shown in Fig. 5.19. The figures with increasing alphabetical order represent the compounds 

with increasing In concentration. A change in the saturation magnetization is observed when 

substitution of In3+ ions is carried out by replacing the Fe3+ ions in the octahedral lattice. 

Theoretically, an increase in the magnitude of overall magnetic moment is expected which 

can be explained as follows. In3+ is a diamagnetic ion with completely filled 5d orbitals. The 

substitution of a diamagnetic In3+ ion in place of a paramagnetic Fe3+ is speculated to reduce 

the antiferromagnetic coupling arising from the Fe3+ ions from the octahedral lattices thereby 

increasing the resultant magnetic moment [365,366].  

In practice a decrease in the magnitude of the magnetic moment is observed with the 

initial substitution. A change in the saturation magnetization value from 25 emu/g to 23 

emu/g is observed with a fractional change brought about in the composition of the 

compound. Several reasons can be provided to explain this contrast in results observed. 

Firstly, this can be explained on the basis of a probable spin canting mechanism. In3+ is a 
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diamagnetic ion with higher ionic radius and therefore its inclusion in place of a magnetic 

Fe3+ ion can induce non-collinear spin arrangement that can probably lead to the canting of 

the spins [366]. Spin canting once induced, persists with increasing dopant concentration as 

reported [65]. But the results obtained show an increase in saturation magnetisation for the 

succeeding compound with double the dopant concentration and continues increasing. 

Therefore the possibility of a spin canting can be nullified.  

Table 5.5 Room temperature magnetic parameters of the compounds displaying the values of 

saturation magnetisation (Ms), remnant magnetisation (Mr), coercivity (Hc) and squareness ratio 

(Mr/Ms). Values in brackets represents the measurements at 5 K. 

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms 

Ce0.1Y2.9Fe5O12 25 (34) 10 (8) 112 (94) 0.40 (0.24) 

     

Ce0.1Y2.9Fe4.95Cr0.05O12 26 (36) 16 (9) 170 (101) 0.62 (0.25) 

Ce0.1Y2.9Fe4.9Cr0.1O12 25.2 3 60 0.12 

Ce0.1Y2.9Fe4.85Cr0.15O12 24.5 2.1 44.5 0.09 

Ce0.1Y2.9Fe4.8Cr0.2O12 27.8 4.1 73.2 0.15 

Ce0.1Y2.9Fe4.75Cr0.25O12 25.3 3.3 69.3 0.13 

Ce0.1Y2.9Fe4.7Cr0.3O12 25.5 1 23.3 0.04 

     

Ce0.1Y2.9Fe4.95In0.05O12 23 (33) 3 56 0.13 

Ce0.1Y2.9Fe4.9In0.1O12 25 1.9 42.4 0.08 

Ce0.1Y2.9Fe4.85In0.15O12 26.8 3.3 57.4 0.12 

Ce0.1Y2.9Fe4.8In0.2O12 25.8 1.9 40.5 0.07 

Ce0.1Y2.9Fe4.75In0.25O12 27 3 60.4 0.11 

Ce0.1Y2.9Fe4.7In0.3O12 25.5 1.7 37.4 0.07 
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Fig. 5.19 DC magnetic Hysteresis loops of Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

at 300 K. Figures (a-d) represent the compounds with increasing dopant concentration. Figure (a) 

shows the hysteresis loops at both 300 and 5 K. 
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Another possibility can be an induced migration of Fe3+ ions from tetrahedral to 

octahedral lattice with the substitution of In ions in the tetrahedral lattice instead of 

octahedral lattice. Although In3+ ion has a higher ionic radius, occupation of the tetrahedral 

lattice by these ions has been reported for spinel ferrites [361]. The work reports about the 

effect on the magnetic properties with a doping concentration of 0.3 and suggests probable 

tetrahedral site occupancy by the In3+ ions. Similar unusual properties have also been 

observed in the present work. The Mössbauer studies for the first doped compound indicate a 

higher percentage of Fe3+ ions in the octahedral site thus confirming the speculation of cation 

migration. The values obtained for all the magnetic parameters are listed in Table 5.5. An 

increase in the saturation magnetization value is observed when measured at 5 K which can 

be seen from the Fig. 5.19 (a). The value of saturation magnetization is found to be 33 emu/g 

at 5 K which can be clearly seen from the hysteresis curve. This rise in the saturation 

magnetization value is due to the reduction in the randomization of the magnetic moments 

caused due to the thermal vibration, thereby increasing the saturation magnetization.  

5.2.2 Spinel Ferrites 

 CF is a well known magnetic compound with magnificent magnetic properties. The 

exhibition of such magnetic properties is a result of magnetic interaction between the 

tetrahedral and the octahedral sublattices which harbors the magnetic Fe3+ and Co2+ ions. This 

sections deals with such magnetic interaction between the transition metal ions and the R.E. 

and Bi as dopants.  

5.2.2.1 CoFe2O4 

 The DC magnetic hysteresis loop of CF is presented in Fig. 5.20. The figure 

represents the magnetic measurements at both 300 and 5 K. A difference in the display of 

magnetic behaviour can be clearly observed from the figure. The magnetic parameters at both 

the temperatures are presented in Table 5.6. A large increase in the magnetic properties is 



  

169 
 

observed when measured at 5 K. This increase in the values may be because of the proper 

ordering of the magnetic moments along the direction of the field, which in turn are 

randomized at elevated temperatures (at 300 K) due to the thermal vibrations. High values for 

saturation and remnant magnetisation are observed thus showing a higher squareness ratio. 

The squareness ratio observed at 5 K is higher than that at 300 K. This can be due a better 

alignment of the magnetic moments along the direction of the field, thus yielding higher 

value.  

As compared to magnetite, CF and doped compounds show high value of coercivity. 

The coercivity of magnetic nanocrystals is related to the magnetic anisotropy. At a given 

temperature, the required magnetic field strength for overcoming anisotropy to flip the 

magnetic spin increases with increasing anisotropy energy barrier. Strong L-S couplings in 

Co
2+

 cations result in much higher coercivity in CF. The coercivity of nanocrystals also has a 

contribution from the surface anisotropy of nanocrystals. Since the compound under study 

consist of the particles of varying sizes, it is very difficult to gauge the influence of the 

particle size on the resultant coercivity values.  

 

Fig. 5.20 DC magnetic Hysteresis loops of CF at 300 and 5 K. 
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5.2.2.2 CoFe2-xDyxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

    

  

 

Fig. 5.21 DC magnetic Hysteresis loops of CoFe2-xDyxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) at 300 

K. Figures (a-e) represent the compounds with increasing dopant concentration. Figure (a) shows the 

hysteresis loops at both 300 and 5 K. 
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 Fig. 5.21 shows the magnetic hysteresis loops of CoFe2-xDyxO4 (x = 0.03, 0.06, 0.09, 

0.12 and 0.15) at room temperature except Fig. 5.21 (a), which exhibits the properties at both 

5 and 300 K. The results for the magnetic parameters are listed in Table 5.6. As discussed 

earlier, the magnetic properties are heavily dependent on the interactions between the two 

sublattices, i.e., the tetrahedral and the octahedral sublattice. These lattices interact 

magnetically yielding the resultant magnetic properties and the resultant magnetisation is a 

property of the type of metal ions that occupy these two sublattices. In the Dy doped 

compounds, variation in magnetic properties is observed with increasing dopant 

concentration. Magnetic Dy3+ ions are substituted in place of magnetic Fe3+ ions in the 

compounds. Dy3+ ions being larger in size prefer to occupy the larger octahedral sites than the 

smaller tetrahedral sites. This in turn triggers the metal ion migration from one site to 

another. 

In CF, Co2+ ions are present in a high spin oxygen environment and therefore occupy 

the larger octahedral sites as they possess a CFSE of -0.8 Δo. When larger Dy3+ ions enter the 

octahedral site, migration of Co2+ ions to the tetrahedral lattice and a reverse transfer of Fe3+ 

from the octahedral to the tetrahedral site take place. Co2+ ions get preferentially migrated as 

they possess higher ionic radius than Fe3+ ions. This migration of ions reduces the induced 

strain in the crystal lattice thus stabilizing the crystal. This process of ion migration in turn 

alters the magnetic interaction and therefore variation in the magnetic properties is observed. 

Second reason for a change in the magnetic properties is the resultant particle size of the 

polycrystalline compounds. Dy3+ ions are very large and therefore a lot of energy is utilized in 

the diffusion of these ions in the crystal lattice. Therefore, large portion of the supplied 

energy during sintering (in the form of heat) is utilized for this process at the expense of 

crystallization, thereby yielding nanocrystalline compounds. Increase in the size of the 

obtained particles and the resultant interaction of the metal ions in the lattice together decides 

the overall magnetic properties. Difference in the magnetic behaviour is observed when a 
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representative compound is studied at 5 K. A drastic increase in the magnetic parameters is 

observed which may be due to the predominance of a ferrimagnetic phase at low temperature. 

At such low temperature the thermal vibrations resulting in the randomization of the 

magnetic moments is reduced thereby enhancing the alignment of the magnetic moments in 

the direction of the applied field resulting in an increase in the magnetic properties.  

5.2.2.3 CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15)  

 The magnetic hysteresis loops with increasing dopant concentration of CoFe2-xGdxO4 

(x = 0.03, 0.06, 0.09, 0.12 and 0.15) are shown in Fig. 5.22. The figures reflect the magnetic 

properties measured at room temperature except Fig. 5.22 (a) which shows the properties at 5 

and 300 K. Table 5.6 displays all the magnetic properties of the compounds with increasing 

Gd3+ ion concentration. Gd belongs to the R.E. group of metal ions possessing larger ionic 

radius which induces metal ion migration in the compound. This further changes the 

distribution of metal ions in the crystal lattice which affects the overall magnetic properties of 

the compounds with effect to the change in the interaction among the metal ions occupying 

the tetrahedral and the octahedral lattices.  

As seen from the table, a drastic decrease in the values of saturation magnetisation 

and remanance with increasing doping is observed, which can be attributed to a probable 

cation migration and the variation in particle size brought by the doping of larger Gd3+ ions. A 

selective migration of Co2+ ions can be confirmed from the variation seen in the coercivity 

values. A change in the magnetic parameters is observed at 5 K as compared to that at 300 K 

which may be due to the predominance of a ferrimagnetic phase at low temperature. At such 

low temperature the thermal vibrations resulting in the randomization of the magnetic 

moments are drastically reduced thereby enhancing the proper alignment of the magnetic 

moments in the direction of the applied field resulting in an increase of the magnetic 

properties.  
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Fig. 5.22 Room temperature DC magnetic Hysteresis loops of CoFe2-xGdxO4 (x = 0.03, 0.06, 0.09, 

0.12 and 0.15) at 300 K. Figures (a-e) represent the compounds with increasing dopant 

concentration. Figure (a) shows the hysteresis loops at both 300 and 5 K.  

5.2.2.4 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15)  

 A change in the magnetic properties brought about with doping of Nd in CF is 

monitored by studying the magnetic properties at 300 K for all the compounds and at 5 K for 
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a representative compound. The hysteresis behaviour of CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 

0.12 and 0.15) are shown in Fig. 5.23. The magnetic parameters for all the doped compounds 

at 300 and 5 K are listed in the table 5.6. Similar to the compounds in the earlier sections, the 

properties show variation with doping. The contribution from cation distribution and the 

particle size is major when accounting for the magnetic properties displayed by the 

compounds. As seen from the XRD results, variation in the lattice parameters are observed 

with doping. Inclusion of larger Nd3+ ions in the lattices induces the cation migration thereby 

bringing about changes in the lattice parameters. Since the lattice parameters are dependent 

on the distribution of metal ions in the different lattices, variations observed in the lattice 

parameters are justified. Another contribution towards variation in properties comes from the 

size of the particles. TEM measurements confirm the variation in particles size, thereby 

nullifying its sole control over the properties observed. Therefore the variations observed in 

the magnetic properties can be attributed to the contribution from both the cation distribution 

and particle size.  

Comparative magnetic measurements at 300 and 5 K are carried out on a 

representative sample. A great difference in the magnetic properties can be observed from the 

nature of the hysteresis loops. A broad loop is obtained with greater coercivity when the 

compound is studied at 5 K showing maximum alignment of the magnetic moments parallel 

to the applied magnetic field. An increase in the squareness ratio is also observed at low 

temperature as a result of increase in remnant magnetisation. Both these results reflect on the 

inability of the magnetic field to completely flip the direction of the magnetic moments 

thereby resulting in a greater hysteresis loss. Saturation magnetisation values show an 

increase at 5 K as compared to that at 300 K which can be attributed to the proper orientation 

of the magnetic moments in the direction of magnetic field, which is randomized at 300 K 

due to the thermal vibrations. This study reflects on the control of temperature on the 

resultant magnetic properties. 
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Fig. 5.23 Room temperature DC magnetic Hysteresis loops of CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 

0.12 and 0.15) at 300 K. Figures (a-e) represent the compounds with increasing dopant 

concentration. Figure (a) shows the hysteresis loops at both 300 and 5 K. 
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5.2.2.5 CoFe2-xBixO4 (x = 0.03, 0.06, 0.09 and 0.12) 

  

   

Fig. 5.24 Room temperature DC magnetic Hysteresis loops of CoFe2-xBixO4 (x = 0.03, 0.06, 0.09, 0.12 

and 0.15) at 300 K. Figures (a-d) represent the compounds with increasing dopant concentration. 

Figure (a) shows the hysteresis loops at both 300 and 5 K. 

 Effect on the magnetic properties of CF with the inclusion of a diamagnetic ion like 

Bi3+ was studied. Bi is a common dopant added in magnetic garnets to enrich the magneto-

optical properties of the system [6,58,194]. Bi3+ being larger in radius are speculated to 

induce stress in the crystal lattice thereby introducing a small amount of microdistortion and a 

probable cation migration. This can therefore bring about variation in the lattice parameters 

thereby varying the overall magnetic properties displayed by the compounds. The magnetic 
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hysteresis loops for the increasing dopant concentration of Bi are shown in Fig. 5.24. The 

magnetic parameters obtained at both 300 and 5 K are shown in the Table 5.6.  

Table 5.6 Room temperature magnetic parameters of the compounds displaying the values of 

saturation magnetisation (Ms), remanance (Mr), coercivity (Hc), squareness ratio (Mr/Ms), Curie 

temperature (Tc), and blocking temperature (TB).Values in brackets represents the 

measurements at 5 K. 

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms Tc (K) TB (K) 

CoFe2O4 74 (80) 33 (68) 1326 (13939) 0.44 (0.86) 747 235 

       

CoFe1.97Dy0.03O4 70.3 (79.4) 33.3 (62) 1435 (10149) 0.47 (0.78) 680 228 

CoFe1.94Dy0.06O4 58.3 25.5 1565 0.44 627 - 

CoFe1.91Dy0.09O4 66.5 30 1618 0.45 645 - 

CoFe1.82Dy0.12O4 51.6 18.4 1275 0.36 608 - 

CoFe1.85Dy0.15O4 41.4 9.7 656 0.24 649 - 

       

CoFe1.97Gd0.03O4 61 (71) 23 (54) 1215 (15602) 0.37 (0.75) 627 222 

CoFe1.94Gd0.06O4 49.4 27.6 2073 0.56 654 - 

CoFe1.91Gd0.09O4 49.5 16.7 1051 0.34 632 - 

CoFe1.82Gd0.12O4 42.2 24.6 2250 0.58 690 - 

CoFe1.85Gd0.15O4 37.6 19.5 2164 0.52 688 - 

       

CoFe1.97Nd0.03O4 64.8 (71.2) 24.3 (55.5) 1223 (12297) 0.38 (0.78) 717 228 

CoFe1.94Nd0.06O4 31.7 13.1 1226 0.41 650 - 

CoFe1.91Nd0.09O4 56 23.8 1384 0.43 720 - 

CoFe1.82Nd0.12O4 37.6 18.5 1833 0.49 722 - 

CoFe1.85Nd0.15O4 44.5 13.3 988 0.30 662 - 

       

CoFe1.97Bi0.03O4 71.1 (78.8) 32.7 (67.4) 1204 (15015) 0.46 (0.86) 781 228 

CoFe1.94Bi0.06O4 67.5 30.4 1283 0.45 719 - 

CoFe1.91Bi0.09O4 66 33.6 1286 0.51 708 - 

CoFe1.88Bi0.12O4 64.6 35.6 1274 0.55 697 - 
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An increase in squareness ratio is observed for the compounds with increasing dopant 

concentration. This is attributed to the increase in remanance of the compounds. Coercivity 

also shows an increase thereby showing a rise in the hysteresis loss for the compounds. A 

marginal decrease in the value of saturation magnetisation is observed with increasing Bi 

concentration. Bi3+ being a diamagnetic ion, does not contribute to the magnetic moment of 

the system, and therefore an appreciable change is speculated with increasing Bi 

concentration. But unusual results are observed. This can be possible only if there is an 

increase in the particle size with doping. Bi has its melting point close to the temperature at 

which the compounds are sintered. This is expected to facilitate the crystallization process 

and also increase the particle size due to agglomeration. The ED patterns confirm the highly 

crystalline nature but no appreciable change in particle size is noticed from the TEM images. 

The results for particle size distribution also confirms the average particle size to be around 

10 nm thereby ruling out the possibility of an increase in particle dimension with doping. 

Therefore, a major contribution from the cation distribution may be said to be responsible for 

the observed magnetic properties. 

A comparative study of the magnetic properties for the first doped compounds is 

carried out at 5 and 300 K. An enormous rise in the magnetic properties can be seen from the 

Fig. 5.24 (a). Alike other doped compounds mentioned in the earlier sections, an increase in 

the magnetic properties at 5 K is observed due to the dominance of the ferrimagnetic state at 

lower temperature. 

5.3 AC Magnetic Susceptibility and Magnetisation versus temperature studies 

 For ferrimagnetic materials, the atomic thermal motions counteract the coupling 

forces between the adjacent atomic dipole moments, causing some dipole misalignment, 

regardless of whether an external field is present. This results in a decrease in the saturation 

magnetization for ferrimagnets. Saturation magnetization is high at 0 K at which thermal 

vibrations are low. With increasing temperature, the saturation magnetization diminishes 
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gradually and then abruptly drops to zero at a temperature called the Curie temperature (Tc). 

Thus Curie temperature is defined as the temperature at which all the magnetic moments in a 

crystal are aligned in a random fashion having an overall, zero magnetic moment. AC 

Magnetic Susceptibility studies are utilised to determine the Curie temperature for garnets 

and spinel ferrites. Magnetisation versus temperature studies from 5 to 300 K are also carried 

out in the ZFC and FC mode in a constant magnetic field of 10 KOe.  

5.3.1 Garnet Ferrites 

 Garnet ferrites are compounds which are composed of large agglomerates. In the 

present study all the compounds are believed to have similar particle size and therefore the 

influence of particle size on the Tc of these compounds is ruled out. As discussed earlier, 

overall magnetic moment of garnets is the resultant of antiferromagnetic superexchange 

between the tetrahedral and the octahedral cations via the intermediate oxygen.   

5.3.1.1 Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75) 

 Plots of relative magnetic moment versus temperature are presented in Fig. 5.25. The 

nature of the curve depicts the bulk characteristic of the particles confirming the SEM images 

obtained. The plots reveal the ferrimagnetic to paramagnetic transition for the compounds 

with a sudden drop in the relative moment starting off with a constant magnetic moment. As 

listed in Table 5.4, Tc for YIG is obtained at 517 K. At this temperature, a change in the 

nature, from ferrimagnetic to paramagnetic takes place for YIG. This value is close to the 

ones reported in the literature [1,3]. As discussed already, the overall magnetic moment in 

YIG is a resultant of the antiferromagnetic superexchange between the octahedral and the 

tetrahedral sublattice. The third dodecahedral lattice is populated by the diamagnetic Y3+ ions 

and therefore does not contribute to the magnetic moment. When doped with divalent Ca2+ 

ions which are non magnetic in nature, there is no further addition to the total magnetic 

moment. Instead introduction of divalent cations in place of trivalent Y3+ ions induces oxygen 
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vacancies and also introduces microdistortion in the lattice. The oxygen vacancies introduced 

may therefore show a decrease in the magnetic moment as seen from the values obtained for 

saturation magnetisation with increasing Ca concentration. A porous nature of the compounds 

is confirmed from the SEM images. This minimises the magnetic interaction between the 

particles which might be a factor responsible for the increase in Tc for the Ca doped 

compounds.  

 

Fig. 5.25 Temperature dependence of the relative magnetic moment of Y3-xCaxFe5O12 (x = 0, 0.15, 

0.30, 0.60 and 0.75). Figures (a-e) represent the compounds with increasing dopant concentration.  

5.3.1.2 Ce0.1Y2.9Fe5O12  

The variation of the magnetic moment with temperature in the absence (ZFC) and 

presence (FC) of magnetic field for the compounds Ce0.1Y2.9Fe5O12 is presented in Fig. 9 

5.26. A ferrimagnetic nature of the oxides is confirmed from the M-T curves. It can be noted 

that these oxides constitute of submicron sized multi-domain particles, and since 

superparamagnetism is a property exhibited by the single domain particles, no difference in 

the ZFC and FC curves of the oxides is observed. The figure reveals the ZFC value to be 

equal to FC value at lower temperature, thus confirming the presence of spontaneous 
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magnetisation in the compound. The figure also demonstrates the dependency of magnetic 

moment on temperature. At an elevated temperature of 300 K in the presence of the magnetic 

field, the individual magnetic moments are randomly aligned thereby lowering the overall 

magnetic moment. As the temperature is lowered, the randomization of the magnetic 

moments due to the thermal vibrations is reduced. Therefore the individual magnetic 

moments align themselves in the direction of the applied magnetic field, thereby increasing 

the overall magnetic moment. All these observations are true for the doped compounds also, 

as the sintering conditions maintained for all the garnets ferrites is the same and therefore a 

multi-domain nature for the oxides is speculated. 

 

Fig. 5.26 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of Ce0.1Y2.9Fe5O12. A magnetic field of 10 kOe is maintained for the FC measurement. 

5.3.1.3 Ce0.1Y2.9Fe4.95Cr0.05O12  

It is a well known fact that a change in the composition shows a great effect on the 

magnetic properties which is also true in our case. The variation of the magnetic moment 

with temperature (M-T) observed in ZFC and FC measurements for Ce0.1Y2.9Fe4.95Cr0.05O12 is 

presented in Fig. 5.27. A ferrimagnetic nature of the oxides is confirmed from the M-T 

curves. The results confirm that the magnetic moment of doped compound is greater than that 

of the pristine oxide. The overall magnetic moment of the garnet system depends on the 
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individual contribution of the magnetic moment of all the three individual lattices, viz; 

dodecahedral (Mc), octahedral (Ma) and tetrahedral (Md). The octahedral and the tetrahedral 

lattice in YIG are populated by the magnetic Fe
3+

 ions which are aligned antiparallel to each 

other. There is a cancellation of the magnetic moment of Fe
3+

 ions in the tetrahedral lattice by 

the Fe
3+

 ions in the octahedral lattice by the antiferromagnetic coupling via superexchange 

mechanism, generating an overall magnetic moment of 5μB.  

 

Fig. 5.27 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of Ce0.1Y2.9Fe4.95Cr0.05O12. A magnetic field of 10 kOe is maintained for the FC measurement. 

 The dodecahedral lattice is mainly occupied by the nonmagnetic Y
3+

 ions and 

therefore do not contribute to the overall magnetic moment. In the present compound, there is 

a partial inclusion of Ce
3+

 ion in place of Y
3+

 ions possessing an electron in the 4f sub-shell 

which is expected to show positive contribution towards the overall magnetic moment as 

mentioned in the literature. In the present study, the contribution of the magnetic Cr
3+

 ions 

towards the overall magnetic moment is explained. An increase in the value of magnetic 

moment is observed with doping. CFT approach could successfully explain the observed 

difference in the magnetic properties of the pristine and the doped sample. 

According to the CFT, Cr
3+

 ion with 3d
3
 electronic configuration, possess the crystal 

field stabilization energy (CFSE) of -1.2 Δo and therefore when doped, selectively enters the 
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octahedral lattice. This is true in the present compound and is well complemented by the 

Mössbauer results. Since there are in total 3 unpaired electrons in the t2g orbitals of Cr
3+

 ions, 

it exhibits the spin only magnetic moment of 3.87 μB. Theoretically the spin and the orbital 

moments contributes together to generate the total magnetic moment of 5.20 μB. Practically it 

is observed that the orbital contribution is aligned opposite to that of the spin contribution and 

therefore a reduction in the magnetic moment is seen and the value is found to be 3.8 μB 

[67,245,367]. This phenomenon is specifically observed for the Cr
3+

 ions residing in the 

octahedral environment, which is reflected in the M-T results for the doped compounds 

showing an increase in the total magnetic moment. An appreciable increase in the value of 

magnetic moment with doping is observed and is found to be 4.70 μB as compared to the 4.40 

μB of the pristine oxide. 

5.3.1.4 Ce0.1Y2.9Fe4.95In0.05O12  

 

Fig. 5.28 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of Ce0.1Y2.9Fe4.95In0.05O12. A magnetic field of 10 kOe is maintained for the FC measurement. 

 The variation of the magnetic moment with temperature (M-T) observed in ZFC and 

FC measurements for Ce0.1Y2.9Fe4.95In0.05O12 is presented in Fig. 5.28. As observed for the 

former compounds, there is no difference observed in the nature of the ZFC and the FC 

curves proving the magnetic moment to be equal at full temperature range. This proves the 
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presence of spontaneous magnetisation in the compound which is the property of 

ferromagnetic compounds. A considerable difference in the magnetic moment of the doped 

compound is observed. In garnets, the total magnetic moment is the result of 

antiferromagnetic coupling between the tetrahedral and the octahedral lattices through a 

superexchange mechanism via the intermediate oxygen ions. As speculated, diamagnetic In3+ 

ions when doped for the magnetic Fe3+ ions prefer to occupy the bigger octahedral sites 

instead of the smaller tetrahedral sites. This in turn should decrease the antiferromagnetic 

coupling between the two sublattices and shows an increase in the magnetic moment. But the 

results obtained are unusual as mentioned in section 5.2.1.6. Therefore the occupation of the 

tetrahedral lattice by the In3+ is confirmed from the Mössbauer results. Since there is 

reduction in the Fe3+ content in the tetrahedral site, the overall moment at the tetrahedral site 

decreases and therefore a reduction in the overall magnetic moment is observed for this 

compound. Comparative decrease in the saturation magnetisation is also observed for this 

compound. 

5.3.2 Spinel Ferrites 

5.3.2.1 CoFe2O4 

 

Fig. 5.29 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of CF. A magnetic field of 10 kOe is maintained for the FC measurement. 
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 The dependency of the magnetic property on temperature is reported herein. The ZFC 

and FC susceptibility curves of CF nanoparticles are given in Fig. 5.29. From the figure, a net 

irreversibility is observed between the ZFC and FC curves i.e. the ZFC curve shows a clear 

maximum at a critical temperature and decreases rapidly to zero with decreasing temperature, 

while FC remains almost constant below this critical temperature, which is typical of a 

superparamagnetic behaviour. The as-synthesized nanoparticles can therefore be considered 

as magnetic single domains with a blocking temperature (TB) of 235 K corresponding to the 

maximum value of the ZFC curve.  

It is well known that CF can deviate from the thermodynamically stable structure and 

can be described by the appropriate formula as (Co
2+

λFe
+3

1-λ)[Co1-λ
2+

Fe1+λ
3+

]O4, where 

parentheses and square brackets correspond to the tetrahedral and octahedral lattices of the 

spinel structure, respectively. The degree of structure inversion is measured by λ < 1. For 

instance, λ is found to be about 0.4 [86] and 0.84 [246] in 8 nm and 5.5 nm sized CF particles 

respectively, prepared by the coprecipitation method and polyol method. It is estimated to be 

about 0.69 [368] and 0.8 [85] in 20 nm and 5 nm sized particles respectively prepared by the 

micellar technique. In all cases, the magnetic properties appear to be sensitive to the cation 

distribution between the octahedral and tetrahedral sites. A certain number of Co
2+

 cations 

migrate from the octahedral sites to the tetrahedral ones, accompanied by a reverse transfer of 

Fe
3+

 ions from the tetrahedral to the octahedral ones in order to relieve the strain. The 

population of Co
2+

 cations in the octahedral spinel sites decreases, which affects the magnetic 

properties of CF by lowering the single ion anisotropy of Co
2+

 ions present in the crystal 

lattice and thereby affecting the TB value. Mössbauer spectroscopy is employed to confirm 

the structural deviation from an inverse-spinel-like lattice of the particles reported herein. The 

degree of inversion is found to be 0.55.  

The major factor for determining the superparamagnetic properties of nanocrystals is 

magnetocrystalline anisotropy. It originates from the L-S coupling at the crystal lattices. 
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According to Stoner-Wohlfarth single domain theory [52], the magnetocrystalline anisotropy 

energy, EA, of a single domain nanocrystal is approximated by  

EA = KV sin
2
 θ  

where K is the magnetocrystalline anisotropy constant, V is the volume of nanocrystal, and θ 

is the angle between the easy axis of nanocrystal and the direction of field-induced 

magnetization. The magnetocrystalline anisotropy serves as an energy barrier to block the 

spin relaxation, which changes the magnetic state from ferrimagnetic to superparamagnetic. 

The height of EA determines the blocking temperature at which the thermal activation can 

overcome EA and the nanocrystals transform into the superparamagnetic state. Both the 

magnetocrystalline anisotropy constant K and the volume of nanocrystals control the 

magnetic anisotropy. The magnitude of K is closely related to the strength of L-S coupling. 

As a result, the superparamagnetic properties of nanocrystals can be directly correlated with 

the variation of L-S coupling strength.  

The magnetic anisotropy is the result of the accumulative contribution of individual 

magnetic cations. Therefore, the magnetic coupling at the individual lattice site can be 

straightforwardly correlated to magnetic properties such as superparamagnetism. For a crystal 

with a cubic spinel structure, metal cations occupy the tetrahedral (A site) and octahedral (B 

site) lattice sites. Since the ligand field is weak in spinel ferrites, all cations assume high spin 

states. Fe
3+

 cation with 3d
5
 electronic configuration usually has its orbital angular momentum 

quenched in a weak ligand field. Therefore, the contribution to the magnetic anisotropy 

should only come from Co
2+

 cations in CF. The L-S coupling strength of the Co
2+

 determines 

the relative magnitude of magnetic anisotropy. The cubic symmetry is often lowered to a 

trigonal field in spinels due to the structural distortion from the Jahn-Teller effect and/or the 

nonstructural distortion from the interactions between the central cation and the cations 

outside the nearest neighborhood of the central ion. Co
2+

 cation with 3d
7
 electronic 
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configuration at B site in CF has a triplet 
4
T1g ground state. Even though the trigonal field is 

introduced with the T1g ground state further splitting into A2 and E states, the Co
2+

 cation with 

a degenerated ground state of E is still considered to have a strong L-S coupling, and 

therefore contributes greatly to the magnetic anisotropy of CF [348]. The strong L-S 

couplings at Co
2+

 lattice sites generate a large anisotropy constant K and results in much 

higher anisotropy energy barrier in CF nanocrystals. Hence, we observe higher blocking 

temperature for CF nanocrystals. The display of superparamagnetic properties by CF 

nanocrystals facilitates the fundamental understanding of magnetism at the nanometer scale. 

The studies confirm that CF is a better magnetic material than magnetite. The presence of 

Co
2+

 ions in the octahedral lattice and the contribution of L-S coupling towards the resultant 

magnetic properties are significantly higher. The L-S contribution of Fe
2+

 ions in magnetite is 

lower than Co
2+

 in CF and therefore CF nanocrystals clearly display better magnetic 

characteristics than Fe3O4 nanocrystals. Clearly, the CF nanoparticles are good candidates for 

technological applications in terms of magnetic characteristics.  

5.3.2.2 CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.30 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of CoFe1.97Dy0.03O4. A magnetic field of 10 kOe is maintained for the FC measurement. 
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 Fig. 5.30 represents the variation of magnetisation with Field Cooling (FC) and Zero 

Field Cooling (ZFC) from 5-300 K of CoFe1.97Dy0.03O4. As seen for the pristine compound, 

the transition from a ferrimagnetic to superparamagnetic state can be seen at TB. The value 

for the blocking temperature is listed in the Table 5.6. A difference in behaviour is observed 

between the ZFC and FC curves for the sample i.e, the ZFC curve shows a clear maximum at 

a critical temperature and decreases rapidly to zero with temperature decrease, while FC 

remains almost constant below this critical temperature, which is typical of a 

superparamagnetic state. The as-obtained nanoparticles can therefore be considered as 

magnetic single domains with a blocking temperature (TB) corresponding to the maximum 

value of the ZFC curve. Surprisingly, the TB values for the substituted ferrite samples are 

smaller by about 7 K than that of CF. As reported, the Néel theory explains the dependency 

of the blocking temperature on K (the magnetocrystalline anisotropy constant), and/or V (the 

average particle volume) and is related by the following equation [369] 

25kBTB = KV  

In the present case, the particle size decreases with Dy3+ substitution which leads to a 

decrease in the average particle volume. TB decreases with Dy3+ substitution suggesting that 

the contributions of V and a probable cation distribution contributes significantly to the 

lowering of TB. The magnetic properties appear to be sensitive to the cation distribution 

between the octahedral and tetrahedral sites. Moreover, the inclusion of R.E. ions of large 

radii into the octahedral lattice sites (the most probable) of the spinel lattice could induce 

some rearrangement. Indeed, it is reported that the original distribution of the cations in the 

octahedral and tetrahedral spinel sites may be drastically influenced by the substitution of 

other ions [52,212], so doping with the Dy3+ ions probably destroys the original distribution 

equilibrium thereby transferring the Co2+ ions to the tetrahedral site. It is a selective transfer 

of Co2+ ions as compared to the Fe3+ ions, because the Co2+ ions (0.745 Å) are bigger than Fe3+ 

(0.645 Å). Probably, a certain number of these cations should migrate from the octahedral 
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sites to the tetrahedral ones, accompanied by a reverse transfer of Fe3+ ions from the 

tetrahedral to the octahedral ones in order to relax the strain introduced by R.E. substitution. 

The population of Co2+ cations in the octahedral spinel sites decreases, which affects the 

magnetic properties of the Dy3+ substituted ferrites by lowering the single ion anisotropy of 

the Co2+ ions present in the crystal lattice and thereby lowering the TB value. Mössbauer 

results also complement this by confirming the distribution of Co2+ ions in both the lattices.  

 

Fig. 5.31 Temperature dependence of the relative magnetic moment of CoFe2-xDyxO4 (x = 0, 0.03, 

0.06, 0.09, 0.12 and 0.15). Figures (a-f) represent the compounds with increasing dopant 

concentration. 

 The determination of Tc was done for CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 

0.15) starting from RT. The curves representing the response of relative magnetic moment to 

the subjected temperature are presented in Fig. 5.31. Hopkinson type behaviour is shown by 

the curves [371]. The maximum in magnetization behaviour just below Tc in the presence of 

a small magnetic field is referred to as the Hopkinson effect and is very well explained by 

Wohlfarth and Stoner. This type of behaviour is shown by nanocrystalline single domain 

particles which are neither very small to be superparamagnetic nor very large to be multi-

domain in nature.   
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 The Dy doped compounds show a lower Tc value as compared to CF. Magnetisation 

in spinels is a result of the superexchange mechanism between the metal ions in the 

tetrahedral (A) and octahedral lattices (B) via oxygen. In inverse ferrites the Fe3+
A-O-Fe3+

B 

interactions dominate and are stronger than the Fe3+
B-O-Fe3+

B interactions. The higher Tc 

value of CF can be attributed to the higher population of Fe3+ in the tetrahedral (A) sublattice 

which increase the A-O-B interaction resulting in an increase in the overall magnetic 

moment. Metal ions distribution alters with the doping of bigger Dy3+ ions. Doping of Dy 

induces the migration of Co2+ ions from octahedral to the tetrahedral lattice and back transfer 

of Fe3+ ions from tetrahedral to the octahedral site. Transfer of Fe3+ ions decrease the A-O-B 

interaction and therefore a huge drop in the Tc is observed with doping of Dy. With 

increasing Dy content a mixed behaviour is observed in the value of Tc which can be due to a 

combined effect of cation migration and variation in particle size as seen from the TEM and 

PSD analysis.  

5.3.2.3 CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.32 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of CoFe1.97Gd0.03O4. A magnetic field of 10 kOe is maintained for the FC measurement. 

 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) 

from 5-300 K of CoFe1.97Gd0.03O4 is shown Fig. 5.32. The dependency of TB on volume of the 
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particles and spin-orbit coupling has been explained for the Dy doped compound which 

applies for the Gd doped compound also. Decrease in TB is observed for Gd doped compound 

which can be attributed to the migration of Co2+ ions to the tetrahedral site thereby decreasing 

the Co2+ ion anisotropy at the octahedral site and also the TB. Similarly, a decrease in volume 

observed with a decrease in the particle size also contributes to a decrease in TB. 

 

Fig. 5.33 Temperature dependence of the relative magnetic moment of CoFe2-xGdxO4 (x = 0, 0.03, 

0.06, 0.09, 0.12 and 0.15). Figures (a-f) represent the compounds with increasing dopant 

concentration. 

 Fig. 5.33 displays the dependence of the relative magnetic moment of CoFe2-xGdxO4 

(x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) on temperature. Hopkinson behaviour is seen for Gd 

doped compounds alike the Dy doped ones. Sharp increase in magnetisation is seen prior to 

Tc for Gd doped compounds, which shifts towards higher temperature region with increasing 

doping concentration. The values observed for the Tc with increasing dopant concentration 

show a mixed behaviour. As discussed in the former section, Tc depends on the degree of 

interaction between the tetrahedral and the octahedral lattice which in the turn depends on the 

population of Fe3+ ions occupying these two lattices. Gd3+ is a large ion and specifically 

occupies the octahedral site thereby inducing the Co2+ ion migration to the tetrahedral site. 
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This in turn reduces the Fe3+ concentration in the tetrahedral site reducing the A-O-B 

interaction. The Co2+
A-O-Fe3+

B interactions are weaker as compared to the Fe3+
A-O-Fe3+

B 

interactions and therefore a decrease in Tc is seen.  

5.3.2.4 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.34 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of CoFe1.97Nd0.03O4. A magnetic field of 10 kOe is maintained for the FC measurement. 

 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) 

from 5-300 K of CoFe1.97Nd0.03O4 is shown in Fig. 5.34. A difference in behaviour of both 

the curves can be seen from the figure. Even though a reduction in magnetic moment is seen 

with decreasing temperature, possession of spontaneous magnetisation can be observed at 5 

K. The TB for the compound is found to be 501 K which is lesser than that observed for CF. 

Neel explained the dependency of TB on particle volume and L-S coupling. The compound 

consists of particles with size smaller that that obtained for CF. Decrease in size reduces the 

average particle volume which in turn decreases the TB. Addition of Nd to CF induces cation 

migration which brings about a decrease in Co2+ ion concentration in the octahedral site 

thereby showing a drop in the value of TB observed. 
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Fig. 5.35 Temperature dependence of the relative magnetic moment of CoFe2-xNdxO4 (x = 0, 0.03, 

0.06, 0.09, 0.12 and 0.15). Figures (a-f) signify the compounds with increasing dopant concentration. 

 Fig. 5.35 shows the temperature dependence of the relative magnetic moment of 

CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). The compounds exhibits behaviour 

contrary to the Gd doped compounds. Even though Hopkinson behaviour is seen for these 

compounds, the peak position is found to shift on the lower side of temperature with 

increasing dopant concentration. These compounds consist of agglomerated particles as 

observed from the TEM images.  Tc is very much dependent on the particle size and 

therefore the variation observed in Tc with increasing dopant concentration can be partly 

attributed to the variation in particle size observed. Another factor that decides the value of 

Tc is the magnetic interaction that takes place between the metal ions in the tetrahedral (A) 

and the octahedral (B) lattice. Nd3+ ions when doped in CF, induces cation migration that 

weakens the A-O-B interaction due to the migration of Fe3+ ions (5 µB) from the tetrahedral to 

octahedral lattice. Even though Co
2+

 ions (3.8 µB) are back transferred to the tetrahedral site, 

the resultant moment between Co2+
A-O-Fe3+

B is less, because Co2+ ions are less magnetic than 

the Fe3+ ions. Even though the dopants are magnetic in nature, the contribution to the 

magnetic moment is nil. Therefore the Tc exhibited by the doped compounds is less. 
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5.3.2.5 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

 

Fig. 5.36 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) from 5-

300 K of CoFe1.97Bi0.03O4. A magnetic field of 10 kOe is maintained for the FC measurement. 

  

 

Fig. 5.37 Temperature dependence of the relative magnetic moment of CoFe2-xBixO4 (x = 0, 0.03, 

0.06, 0.09, 0.12 and 0.15). Figures (a-e) signify the compounds with increasing dopant concentration. 

 Variation in magnetisation with Field Cooling (FC) and Zero Field Cooling (ZFC) 

from 5-300 K of CoFe1.97Bi0.03O4 is displayed in Fig. 5.36. Cooling the compound in the 
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presence of magnetic field shows a slight rise in the magnetic moment because at lower 

temperature the thermal destabilization is cut off and the moments align parallel to the 

applied field. A ferrimagnetic-superparamagnetic transition can be seen from the figure at TB 

equal to 501 K. This value is found to be lesser than that obtained for CF (507 K). The 

decrease in TB value can be attributed to particle size of the compounds and the magnetic 

anisotropy constant which depends on the concentration of Co2+ ions in the octahedral lattice. 

A probable cation migration in the compound with doping of large Bi3+ ions can be said to be 

responsible for decrease in Co2+ ion concentration in the octahedral lattice, thereby reducing 

the TB value. PSD results confirm the average particle size to be around 10 nm which 

confirms a reduction in average particle volume thereby complementing the reduction in TB.  

Fig. 5.37 displays the temperature dependence of the relative magnetic moment of 

CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15). Hopkinson type behaviour is exhibited 

by these compounds showing an increase in magnetisation prior to Tc. Bi is a diamagnetic ion 

unlike R.E. dopants with zero magnetic moment. It also has its melting point close to the 

sintering temperature of the compounds. Increasing Bi concentration in the compounds would 

add to lowering of crystallization temperature of the compounds and agglomeration of the 

particles. This could therefore contribute to a decrease in Tc as observed from the results 

listed in Table 5.6. As mentioned in section 5.2.2.5, the possibility of agglomeration of 

particles, leading to increase in particle size is ruled out. Therefore, decrease observed in Tc 

cannot be attributed to the particle size of the compounds. Other factors that can be 

responsible are cation migration and a probable distortion in the crystal lattice due to the 

inclusion of larger Bi3+ ions. Both these factors can be said to be equally responsible for the 

drop observed in Tc. From Table 4.8 it is evident that some amount of microdistortion is 

induced with increasing Bi doping which in turn stimulates cation migration. Cation 

migration reduces the Fe3+ concentration at the A site and therefore reduces the magnetic 

interaction resulting in a linear decrease in Tc with increasing dopant concentration. 



  

196 
 

5.4 DC Electrical Resistivity 

 YIG belongs to the family of ferrimagnetic insulators and has localized 3d bands. In 

YIG, 3d bands (Fe3+) lie above the uppermost completely filled O-2p band. Under normal 

situation these garnets should exhibit high metallic conduction. Experimentally it is found 

that pure garnets are insulators with conductivity less than 10-12 ohm-1 cm-1, at room 

temperature [8].  

5.4.1 Garnet Ferrites 

5.4.1.1 Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75) 

 Ca-substituted YIG is an example of a charge-uncompensated material, where it is 

widely assumed that the substituted metal ions (Ca2+) are charge-compensated by the 

formation of Fe4+ ions at low temperatures, and the M4+ ions are compensated by formation of 

Fe2+ ions. Other mechanisms for charge compensation like formation of oxygen vacancies 

have also been suggested. The substitution of Ca into YIG is accompanied by an increase in 

oxygen vacancies in the lattice. In general, oxygen vacancies may have one or two captured 

electrons or remain vacant. Ca substituted YIG is known to be a p-type material wherein 

charged oxygen vacancies are known to act as donors [15]. 

 The DC electrical resistivity plots of Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75) 

measured from 100 – 500 ˚C are presented in Fig. 5.38. Plot 5.38 (a) represents the resistivity 

pattern of YIG. As mentioned in the literature, YIG exhibits very high room temperature 

resistivity that prevails till the magnetic Tc and then drops abruptly. Two types of resistivity 

regions for the compounds can be seen from the graph. First one is the insulator region from 

100-235 oC and the second is the semiconducting region from 235-500 oC. The insulator 

property can be attributed to the high band gap between valence and the conduction band. 

The second semiconducting region can be due to the thermal conduction of electrons. 

Therefore YIG can be said to a high temperature semiconductor. 
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Fig. 5.38 DC Electrical Resistivity plots of Y3-xCaxFe5O12 (x = 0, 0.15, 0.30, 0.60 and 0.75) measured 

from 100 – 500 ˚C. Figures (a-e) represent the compounds with increasing dopant concentration. 

 With the doping of Ca2+ in YIG, a sudden change in the conduction mechanism is 

observed. This is limited to a certain Ca concentration as beyond that an increase in resistivity 

is observed which again drops with further doping. Ca inclusion induces the formation of 

oxygen vacancies which can carry charge or remain vacant as per the reports found in the 

literature [15]. Assuming them to harbour electronic charge, this electron can migrate 

between the Fe3+ ions resulting in the formation of Fe2+ and Fe3+ species in the lattice. 

Formation of these species therefore enhances conduction in these compounds and therefore a 

sharp decrease in resistivity of the compounds is observed with Ca doping. A second 

possibility can be assumed by considering the band type conduction (p-type), wherein the 

dopant band can be assumed to be seated just above the valence band of oxygen reducing the 

resistivity with increasing temperature. 

5.4.1.2 Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20) 

 Resistivity patterns similar to Ca doped YIG were speculated for the Mg doped YIG. 

To our surprise, a completely different picture of resistivity is obtained as presented in Fig. 
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5.39. Resistivity values higher than YIG are obtained with doping of Mg. Reduction in the 

lattice parameter is observed with Mg doping indicating the formation of oxygen vacancies. 

Even though divalent Mg2+ ions are said to induce oxygen deficiency, no such event can be 

observed from the resistivity patterns. Therefore the high resistivity observed for the Mg 

doped compounds are unexplainable. But, a sudden transition from insulator to 

semiconductor can be seen for these compounds. 

 

Fig. 5.39 DC Electrical Resistivity plots of Y3-xMgxFe5O12 (x = 0, 0.05, 0.10, 0.15 and 0.20) measured 

from 100 – 500 ˚C. Figures (a-e) represent the compounds with increasing dopant concentration 

5.4.1.3 Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

 Fig. 5.40 displays the DC electrical resistivity plots of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 

0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) measured from 100 – 500 ˚C. These compounds show a 

typical resistivity patters like obtained for YIG. Decrease in resistivity is seen with a marginal 

Ce doping percentage. A comparative decrease in the resistivity is observed with Cr doping 

which further decreases with increasing doping percentage. This trend is reversed after 0.1 
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doping concentration and an increase in resistivity is observed thereafter. Similar to Mg 

doped YIG high temperature insulator to semiconducting transition is exhibited by these 

compounds. High resistivity exhibited by these compounds makes them suitable for 

application in electronics example transformers etc. 

 

Fig. 5.40 DC Electrical Resistivity plots of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 

0.3) measured from 100 – 500 ˚C. Figures (a-g) represent the compounds with increasing dopant 

concentration. 

 

5.4.1.4 Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) 

 DC electrical resistivity plots of Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 

and 0.3) measured from 100 – 500 ˚C are displayed in Fig. 5.41. A high temperature 

semiconducting nature roughly after the magnetic Tc is observed for the doped compounds 

which is similar to YIG. Alike YIG and other garnets ferrites studied, two resistivity regions 

are also observed for the In doped compounds. The probable mechanism for this behaviour 

has already been discussed earlier. So it can be inferred that these compounds find its 

applicability in the electronic industry and can substitute compounds showing Eddy current 

losses. 



  

200 
 

 

Fig. 5.41 DC Electrical Resistivity plots of Ce0.1Y2.9Fe5-xInxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 

0.3) measured from 100 – 500 ˚C. Figures (a-g) represent the compounds with increasing dopant 

concentration. 

 

5.4.2 Spinel Ferrites 

 Spinel CF’s are a group of oxides having two different sublattices harboring different 

metal ions. There are many factors that govern the electrical conduction in CF’s. First and 

foremost is the distribution of Fe2+/Fe3+ ions in the lattices. It has been proved that redox pairs 

of the type Fe3+ + Co2+ ↔ Co3+ + Fe2+ are formed in the lattice. There is a possibility that these 

ions might be having their electronic band spaced close to each other for such electron 

exchange to occur. As a consequence of this, electron hoping takes place between Fe2+ ― 

Fe3+ and hopping of holes takes place between Co3+ ― Co2+. This makes the electrical 

conduction possible in CF’s [76]. Resistivity plots at times show two different phases of 

conduction associated with prominent change in slope. This is governed by the type of 

hopping (electronic or hole) conduction that predominates in that region. Cation migration 

also plays a crucial role in deciding the magnitude of resistivity. Since the electron hopping is 
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the fastest among hopping type of conduction, it can be only possible when the population of 

Fe3+ in a lattice is more. Therefore, the completely inverse CF (bulk) shows the highest 

resistivity because of the predomination of hole hopping in this system [19]. Apart from this, 

lots of other reports are available which points out at the contribution of grain size and grain 

boundary (Debye length between two grains) in the magnitude of resistivity [76,79]. It has 

been proved that increase in grain size decreases the resistivity. This fall in the value of 

resistivity is attributed to a decrease in the Debye length that ensures better contact between 

grains and ensures better electron transport between grains thereby enhancing conduction.  

5.4.2.1 CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.42 DC Electrical Resistivity plots of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

measured from 100 – 500 ˚C. Figures (a-f) represent the compounds with increasing dopant 

concentration. 

 The DC electrical resistivity plots of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 

0.15) measured from 100 – 500 ˚C are presented in Fig. 5.42. All the compounds show a 

decrease in resistivity with increase in temperature thereby exhibiting a semi-conductor 

property. As observed from the figure, with increase in doping concentration, an increase in 
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electrical conduction is observed thereby showing a decrease in resistivity. As understood 

from the literature, electrical conductivity is enhanced with more Fe population at the 

octahedral site. Nanocrystalline pristine CF does not have a perfect inverse spinel cation 

distribution. But, a majority of Co2+ ions are at the octahedral site. When doped with Dy3+ 

ions, cations migration is induced which forces Fe3+ ions from tetrahedral to the octahedral 

lattice, thereby increasing the Fe population in the octahedral lattice. Since it is understood 

that conduction is enhanced with more Fe in the octahedral lattice, a decrease in resistivity is 

observed with increasing dopant concentration. Room temperature resistivity show an 

increase for doped compounds as compared to that of pristine CF. This may be due to a 

decrease in grain size when doped with larger Dy3+ ions as already discussed in the earlier 

sections. Therefore, it can be said that cation distribution has a greater impact on the 

resistivity values of the compounds. 

5.4.2.2 CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.43 DC Electrical Resistivity plots of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

measured from 100 – 500 ˚C. Figures (a-f) represent the compounds with increasing dopant 

concentration. 
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 Fig. 5.43 shows the DC electrical resistivity plots of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 

0.09, 0.12 and 0.15) measured from 100 – 500 ˚C. The compounds exhibit a semiconducting 

nature by showing a decrease in resistivity with increasing temperature. Moving within the 

series, an initial doping of 0.05 concentration show a sharp decrease in resistivity at higher 

temperature but shows the highest resistivity at room temperature. Both, the particle size and 

cation distribution may be responsible for such a behaviour. There is a drastic change in the 

particle size with the initial doping as confirmed from the TEM and PSD studies. Mössbauer 

analysis also complements the observation. Mössbauer analysis for the compound shows a 

minimum cation migration thereby confirming the maximum Co2+ ion concentration in the 

octahedral site. This encourages the sluggish hole hopping mechanism and therefore show an 

increase in resistivity for the compound. Further increase in dopant concentration, show a 

mixed behaviour. This can be associated to the variation in cation distribution as observed 

from the XRD results showing variation in the lattice parameters. Therefore, it can be 

concluded that factors like variation in particle size and cation distribution are responsible for 

the variation seen in the electrical resistivity for these compounds.  

5.4.2.3 CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 The DC electrical resistivity plots of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 

0.15) measured from 100 – 500 ˚C are presented in Fig. 5.44. A decrease in the resistivity for 

all the compounds is observed with increase in temperature, confirming the semiconducting 

nature of the compounds. Variations in the slope of the plots are observed with increasing 

temperature, suggesting changes in the conduction mechanism in these regions. With 

increasing Nd concentration decrease in resistivity is observed. This phenomenon is 

associated with cation migration wherein Fe is migrated from the tetrahedral to octahedral 

lattice thereby promoting the electron hopping conduction. Resistivity value of the pristine 

compound at 100 
o
C is lower than the doped ones. A high particle size of the pristine 

compound accounts for such low value observed. In fact, variation in resistivity is observed 
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among the doped compounds. TEM images and PSD studies reveal the compounds with 

different particle sizes. Therefore the variation observed in resistivity with doping can be due 

to varying particle size obtained. 

 

Fig. 5.44 DC Electrical Resistivity plots of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

measured from 100 – 500 ˚C. Figures (a-f) represent the compounds with increasing dopant 

concentration. 

 

5.4.2.4 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

 The DC electrical resistivity plots of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

measured from 100 – 500 ºC are presented in Fig. 5.45. A drop in resistivity values is 

observed with temperature confirming the semiconducting nature of the compounds. 

Compound with Bi concentration of 0.06 shows some anomaly with respect to the resistivity 

behaviour.  An initial increase in resistivity is observed with increasing temperature. Presence 

of moisture could be a reason for such behaviour. A similar behaviour has been reported for 

Cd doped CF below 100 ºC [19]. Alike other compounds mentioned in the previous section, 

unevenness in the resistivity values has been observed. This can be associated with the 
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change in cation distribution confirmed from the XRD studies showing varying lattice 

parameter with increasing doping. High resistivity values are observed for all the dopant 

concentration initially as compared to CF. As confirmed from the TEM and PSD analysis, the 

doped compounds consists of finer particles. Since nanoparticles have small size and larger 

inter-particle distance, electron transfer is poor for these particles comparatively. Therefore 

higher resistivity values are observed. 

 

Fig. 5.45 DC Electrical Resistivity plots of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) measured 

from 100 – 500 ºC. Figures (a-e) represent the compounds with increasing dopant concentration. 

5.5 Dielectric Studies 

 Microwave technology is moving up to higher frequencies and higher bandwidths. 

Nonconducting materials are essential to ensure total penetration of electromagnetic fields. 

Ferrimagnetic oxides of iron combine the properties of a magnetic material with that of an 

electrical insulator. Ferrite elements are widely used in microwave devices, isolators, 

circulators, phase shifters etc. For applications requiring nonreciprocal operation, as in 
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circulators and isolators, there is no alternative to magnetic devices. Due to the very high 

specific resistance, remarkable flexibility in tailoring the magnetic properties, ease of 

preparation, and, last but not the least, price and performance considerations make ferrites the 

first choice materials for microwave applications.  

5.5.1 Dielectric Properties versus Frequency  

5.5.1.1 Garnet Ferrites 

5.5.1.1.1 Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25) 

 The plots of dielectric constant (ε) and dielectric loss tangent (tan δ) versus frequency 

of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2 and 0.25) are shown in Fig. 5.46 and 5.47. 

A frequency dependence of ε and tan δ for the compounds can be seen from the figures. It 

can be seen that the ε and tan δ of the compounds drop dramatically with increasing 

frequency. Even though, the figure doesn’t represent a clear picture for the clubbed 

compounds, a magnified picture of the change in ε is shown in the inset of the Fig. 5.46, 

making the change in ε quite prominent. Very high values of ε and tan δ are reported for YIG 

[161]. But, the compounds under study show dramatic decrease with Ce and Cr substitution 

at the dodecahedral and the octahedral lattice. This substitution of cations changes 

polarization mechanism of YIG, which therefore show reduction in the values of ε and tan δ. 

Generally speaking, there are mainly two types of dielectric relaxation polarization 

mechanisms (electrons–holes relaxation polarization and ions relaxation polarization) in 

ferrite materials in the studied frequency range. The dielectric characteristic is decided by the 

collective contribution of both types, which includes contribution of the local displacement of 

electrons and ions in external electric field. The total polarizability can be represented as the 

sum of these: 

 αTot =  αe + αi  

where αe and αi are the electronic and ionic relaxation polarizability, respectively.  
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Fig. 5.46 Plots of dielectric constant of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2 and 0.25) with 

varying frequency from 1 KHz - 3 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Cr concentration. The inset shows magnified plots of 0, 0.05 and 1.0 doped 

compositions. 

 

Fig. 5.47 Plots of dielectric loss tangent of Ce0.1Y2.9Fe5-xCrxO12 (x = 0, 0.05, 0.1, 0.15, 0.2 and 0.25) 

with varying frequency from 1 KHz - 3 MHz at room temperature. Figures (a-f) represents the 

compounds with increasing Cr concentration. 
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The primary polarons in the YIG ferrites are electrons and holes obtained by the following 

reactions: 

Fe3+ + e- ↔ Fe2+ 

O2- + 2h ↔ O 

which occurs in the oxygen loss process at high sintering temperature above 1300 ºC. 

Therefore, the electronic relaxation gives main contribution to the polarization. The local 

displacements of the electrons in the opposite direction to external electrical field lead to 

large ε. The abundant relaxation electrons in the YIG are obtained by the electronic hopping 

between Fe3+ and Fe2+ due to high sintering temperature. Correspondingly, the contribution of 

the ionic relaxation polarization to the ε is weak. The compounds are sintered at low 

temperature of 1000 ºC. Therefore, the electron concentration is much lower than that in YIG 

as variation of ferric valency is limited at low sintering temperature [161]. Hence, the ε is 

much smaller than that for YIG. The characters of curves indicate a non-Debye-type 

dispersion and should be associated with limitation of ferric valency variation. The total 

dielectric loss in the doped compounds mainly comes from the loss of relaxation electrons in 

polarization process. The electron concentration in the Cr doped compounds drops very much 

due to reduction of Fe and hence limiting electron hopping between Fe3+ and Fe2+. 

Contribution from sintering temperature can also be taken into account for reduction 

observed in the dielectric constant for the doped samples. An exception to this is compound 

with dopant concentration of 0.1 which show anomaly with high ε and tan δ values.  

5.5.1.1.2 Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.2, 0.25 and 0.3) 

 Fig. 5.48 and 5.49 displays the plots of ε and tan δ of Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 

0.1, 0.2, 0.25 and 0.3) in the frequency range 1 KHz to 3 MHz. A reduction in the values of ε 

and tan δ is observed with increasing frequency. This behaviour is observed due to the 

inability of the induced electrical dipoles to respond to the change in the AC electric field. 

Inclusion of In3+ in place of Fe3+ causes a reduction in the Fe content and therefore limitation 
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of the electron hopping between Fe3+ and Fe2+ is observed. As observed from 5.49, the value 

obtained for tan δ are very less, thereby making the material efficient for the application in 

the test frequency range.  

 

Fig. 5.48 Plots of dielectric constant of Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.2, 0.25 and 0.3) with 

varying frequency from 1 KHz - 3 MHz at room temperature. Figures (a-e) represents the compounds 

with increasing In concentration. 

 

Fig. 5.49 Plots of dielectric loss tangent of Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1, 0.2, 0.25 and 0.3) with 

varying frequency from 1 KHz - 3 MHz at room temperature. Figures (a-e) represents the compounds 

with increasing In concentration. 
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5.5.1.2 Spinel Ferrites 

 Literature survey reveals that detailed studies on the electrical properties of CF have 

been carried out. However, a systematic study on the dielectric properties of nanosized CF 

has seldom been reported. Ferrites, which are very good dielectric materials, have a wide 

range frequency applications ranging from microwave to radio frequencies. The electrical 

properties of spinel ferrites are dependent upon several factors, namely, the method of 

preparation, the grain size, the chemical composition, etc [25,75,80,81,83,130]. Conduction 

mechanism in ferrites is quite different from that in semiconductors. In ferrites the 

temperature dependence of mobility affects the conductivity and show variation with 

temperature. Ferrites behave as inhomogeneous dielectric materials in which the individual 

high conducting grains are separated by low conducting grain boundaries. The study of the 

electric properties of ferrites gives valuable information regarding the behaviour of localized 

electric charge carriers leading to a greater understanding of the mechanism of dielectric 

polarization of the ferrites. 

5.5.1.2.1 CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 The ε and tan δ of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with varying 

frequency from 20 Hz - 10 MHz at room temperature are shown in Fig. 5.50 and 5.51. As 

seen from the figure, ε decreases rapidly with increasing frequency for all the compounds and 

remains constant at higher frequencies, showing the usual dielectric dispersion behaviour. 

The dispersion of ε with frequency is due to Maxwell–Wagner type interfacial polarization in 

agreement with Koop’s phenomenological theory [130]. According to Rabinkin et al, the 

polarization in ferrite is through a mechanism similar to the conduction process [130]. The 

presence of Fe3+ and Fe2+ ions renders a dipolar nature for ferrite materials. Rotational 

displacement of dipoles results in orientational polarization. In ferrites, rotation of Fe2+ ↔ 

Fe
3+

 dipoles may be visualized as the exchange of electrons between the ions so that the 

dipoles align themselves in response to the alternating field. The existence of inertia to the 
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charge movement would cause relaxation of the polarization. The polarization at lower 

frequencies may result from electron hopping between Fe2+ ↔ Fe3+ ions in the ferrite lattice. 

The polarization decreases with increase in frequency and reaches a constant value due to the 

fact that beyond a certain frequency of external field the electron exchange Fe2+ ↔ Fe3+ 

cannot follow the alternating field. In the present system, the presence of Co3+/Co2+ ions gives 

rise to p-type carriers. The local displacement of p-type carriers in the direction of an external 

electric field also contributes to net polarization in addition to that of the n-type carriers. 

However, the contribution due to p-type carriers is smaller than the electronic exchange 

between Fe2+/Fe3+ and has an opposite sign. Since the mobility of p-type carriers is smaller 

than n-type carriers, their contribution to the polarization decreases more rapidly even at 

lower frequencies. As a result the net polarization decreases with increase in frequency, as is 

observed in the present system. Similar results were reported earlier by Popandian et al [371].  

Iwauchi and Rezlescu et al have established a strong correlation between the 

conduction mechanism and dielectric behaviour of ferrites [130]. The electronic exchange in 

these ferrites results in the local displacement of charges in the direction of the applied field, 

which determines the polarization in ferrites. As both electrical conductivity and dielectric 

behaviour are transport properties and their variation with composition is similar, it may be 

presumed that the same mechanism is responsible for these phenomena. The resistivity and 

dielectric constant show an inverse trend of variation with cobalt content due to their inverse 

interdependence. An increase in the ε is observed with doping of Dy in the CF system. As 

discussed in the section 5.4, a cationic rearrangement takes place due to the addition of bigger 

Dy3+ ions in CF. Decrease in resistivity values is expected due to the migration of Fe3+ ions 

from the tetrahedral to the octahedral lattice, thereby increasing the probability of Fe2+ ↔ Fe3+ 

pairs. Since the Fe2+ ↔ Fe3+ pair formation enhances the ε value, higher values observed with 

increasing Dy3+ concentration is expected. Also, a decrease in the tan δ is observed with 

increasing dopant concentration. 
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Fig. 5.50 Plots of dielectric constant of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Dy concentration. 

 

Fig. 5.51 Plots of dielectric loss tangent of CoFe2-xDyxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Dy concentration. 

The tan δ is considered to be the most important part of the total core loss in ferrites. 

The tan δ pattern is seen to be similar to that of ε. Fig. 5.51 displays the variation of tan δ as a 
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function of composition as well as frequency for all the samples. Low tan δ values obtained 

for the samples under study is attributed to the more homogeneous and structurally perfect 

ferrites prepared by sol–gel method. Decrease in tan δ with change in composition and 

frequency is in accordance with Koops model [130]. As observed from the figure, the tan δ 

values for the doped compounds are lower than CF and can be explained based on the 

cationic distribution as seen for ε. 

5.5.1.2.2 CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) 

 Plots of ε of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with varying 

frequency from 20 Hz - 10 MHz at room temperature are shown in Fig. 5.52. A rapid 

variation of ε with frequency is seen from the figure. The value of ε is found to decrease with 

increasing frequency as expected but increases with increasing dopant concentration. As 

discussed in the earlier subsection, doping of Gd in CF induces cation rearrangement which 

transfers Fe3+ ions to the octahedral site as understood from Mössbauer results. High 

concentration of Fe3+ in the octahedral site favours the generation of Fe3+/Fe2+ ion pairs 

thereby enhancing polarisation. The values obtained for the doped compounds are very high 

as compared to CF. This may be attributed to the fine particles size of the compounds 

obtained with doping. The particle size of the doped compounds is any time smaller than CF 

and therefore high ε values are seen. 

 The tan δ plots for the compound are displayed in Fig. 5.53. A similar behaviour like 

that of ε is seen for compounds with increasing dopant concentration. The values for tan δ 

show a decrease with increasing frequency. As compared to the values observed for CF, tan δ 

values for the doped compounds are far less and decreases with increasing dopant 

concentration. The exhibition of low values proves the efficiency for the doped compounds in 

minimising the energy losses and making them suitable candidates for technological 

application in the test frequency region. 
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Fig. 5.52 Plots of dielectric constant of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Gd concentration. 

 

Fig. 5.53 Plots of dielectric loss tangent of CoFe2-xGdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Gd concentration. 
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5.5.1.2.3 CoFe2-xNdxO4 (x = 0.03, 0.06, 0.09, 0.12 and 0.15) 

 

Fig. 5.54 Plots of dielectric constant of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Nd concentration. 

 Fig. 5.54 displays the plots of ε of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 

0.15) with varying frequency from 20 Hz - 10 MHz at room temperature. As expected, a drop 

in ε is seen for all the compounds with increasing frequency. The speculations for high ε 

values with increasing dopant concentration are confirmed for some dopant concentrations. 

Compounds with dopant concentration of 0.09 and 0.15 show low values equivalent to CF 

although higher values with increasing dopant concentration are expected. TEM images 

reveal an increase in particle dimension for both these compounds. A significant contribution 

is made to the ε values by the non-conducting grain boundaries. Since increase in particle size 

decrease the grain boundary by a reasonable margin, decrease in polarisation and hence ε is 

seen. 

 Plots of tan δ for the compounds are shown in Fig. 5.55. Leaving aside the initial 

frequency range, the values of tan δ are almost found to be unaffected by the change in 
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frequency. Unlike ε values, the tan δ values for all the doped compounds are low and spaced 

closed to each other. Alike compounds, discussed in the previous section, the values observed 

for tan δ for these compounds are very low confirming low energy losses.  

 

Fig. 5.55 Plots of dielectric loss tangent of CoFe2-xNdxO4 (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Nd concentration. 

 

5.5.1.2.4 CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) 

 Dielectric constant (ε) of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) with varying 

frequency from 20 Hz - 10 MHz at room temperature are shown in Fig. 5.56. Very high 

values of ε are observed for the doped compounds which decrease with increasing dopant 

concentration. As expected, a decrease in ε is observed with increasing frequency. Results for 

PSD analysis reveals fine nature of the doped compounds with particle size averaging around 

10 nm. Even though, TEM images display contradictory results showing an agglomerated 

nature. A vast difference in the particle is seen between pristine and the doped compounds, 

with CF showing an agglomerated nature. Decrease in particle size and an increase in grain 

boundary are accounted for this vast difference observed in ε.   
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Fig. 5.56 Plots of dielectric constant of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) with varying 

frequency from 20 Hz - 10 MHz at room temperature. Figures (a-e) represents the compounds with 

increasing Bi concentration. 

 

 

Fig. 5.57 Plots of dielectric loss tangent of CoFe2-xBixO4 (x = 0, 0.03, 0.06, 0.09 and 0.12) with 

varying frequency from 20 Hz - 10 MHz at room temperature. Figures (a-f) represents the compounds 

with increasing Bi concentration. 

 The plots displaying the tan δ for the compounds are shown in Fig. 5.56. A 

very unusual behaviour for this property is exhibited by the compounds with low 
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concentration of Bi, although the highly doped compounds show very low losses. As 

compared to the other dopants utilised, Bi shows the highest ε values but contrastingly is not 

complemented well by the tan δ values. Since Bi has its melting point close to the sintering 

temperature, an increase in particle size could take place resulting in a decrease in grain 

boundary, hence decreasing tan δ. 

5.5.2 Dielectric Properties versus Temperature 

5.5.2.1 Garnet Ferrites 

5.5.2.1.1 Ce0.1Y2.9Fe5O12 

 

Fig. 5.58 Plots of dielectric constant of Ce0.1Y2.9Fe5O12 as a function of temperature in the range 30-

135 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

The temperature dependence of ε and tan δ for Ce0.1Y2.9Fe5O12 at ranging frequencies 

is shown in Fig. 5.58 and 5.59. For the Ce0.1Y2.9Fe5O12 compound, as the temperature 

increases, a maximum of ε and tan δ appears in the temperature range from 50 to 100 ºC. The 

relaxation polarizability (αT) is inversely related to temperature [161]. On one hand, the 

amount of polarons increases with increase in temperature and on the other hand, increase in 
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temperature can result in a decrease in ε due to the decrease in αT [161]. The ε of the 

compounds markedly increases with an increase in temperature, then decreases at around 120 

ºC and then remains constant with a further increase in temperature. An increase in ε and tan 

δ is observed with in temperature because relaxation electrons are primary polarons in the 

compounds and the amount of relaxation electrons increases continuously and rapidly with 

increasing temperature. A drop in ε and tan δ is observed with increasing frequency as 

expected. 

 

Fig. 5.59 Plots of dielectric loss tangent of Ce0.1Y2.9Fe5O12 as a function of temperature in the range 

30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-3 MHz. 

5.5.2.1.2 Ce0.1Y2.9Fe5-xCrxO12 (x = 0.05, 0.15 and 0.3) 

 Plots of ε and tan δ of Ce0.1Y2.9Fe4.95Cr0.05O12 as a function of temperature in the 

range 30-500 
o
C are shown in Fig. 5.60 and 5.61. A shift in the relaxation region is observed 

with a small Cr doping concentration of 0.05. A complementing behaviour is displayed by 

both the properties as a function of temperature. Both ε and δ show an increase in the value 

with increasing temperature and decreases with increasing value of frequency. A sudden 

increase in the value of ε is observed in the region 175 – 225 ºC. Beyond this region a  
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Fig. 5.60 Plots of dielectric constant of Ce0.1Y2.9Fe4.95Cr0.05O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

 

 

Fig. 5.61 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.95Cr0.05O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-3 MHz. 

gradual increase in the value of ε is observed. This is because, electrons are primary polarons 

in the compounds and the amount of relaxation electrons increases continuously and rapidly 

with increasing temperature. Room temperature ε values at all frequencies are independent of 
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frequency and displays high values at low frequency and higher temperature. The tan δ values 

observed for the compound are found to be almost zero in the large temperature range for all 

the frequency values, signifying the applicability and better efficiency of the compound in the 

test temperature region. 

 

Fig. 5.62 Plots of dielectric constant of Ce0.1Y2.9Fe4.85Cr0.15O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

 

Fig. 5.63 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.85Cr0.15O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-3 MHz. 
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 Plots of dielectric constant and dielectric loss tangent of Ce0.1Y2.9Fe4.85Cr0.15O12 as a 

function of temperature in the range 30-500 
o
C are displayed in Fig. 5.62 and 5.63. With 

increase in Cr concentration, the ε behaviour with increasing temperature exhibits 3 

relaxation regions in the temperature range of 150 – 250 ºC, 250 – 350 ºC and 350 – 400 º C. 

The intensity of these regions decreases with increase in frequency. As compared to the 

earlier compounds, a shift in the relaxation region to the higher temperature is observed. 

Exact reason to this behaviour is not known. Alike former compound, a limited frequency 

dependency is shown by the compound. Variation of ε and δ with temperature is only seen 

for the initial frequencies and then behaves independent with respect to frequency. Low 

values equivalent to zero are observed for δ signifying the efficiency of the compound in a 

long temperature range. 

 

5.64 Dielectric Constant of Ce0.1Y2.9Fe4.7Cr0.3O12 as a function of temperature in the range 30-135 
o
C. 

The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

The plots of ε and tan δ of Ce0.1Y2.9Fe4.7Cr0.3O12 are shown in Fig. 5.64 and 5.65. This 

is the highest Cr doped compound of the series. A strange changeover in the dielectric 
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behaviour is observed for this compound. A sharp decrease in the value of ε is observed. This 

can be attributed to a tremendous decrease in the number of Fe with Cr doping. This process 

decreases the possibility of Fe3+/Fe2+ formation thereby decreasing the number of relaxation 

electrons, hence ε. Alike other compounds in the series, tan δ values are found to be close to 

zero, therefore proving the efficiency of the compound in the large range of temperature. 

 

Fig. 5.65 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.7Cr0.3O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-10 MHz. 

5.5.2.1.3 Ce0.1Y2.9Fe5-xInxO12 (x = 0.05, 0.1 and 0.3) 

The plots representing the ε and tan δ of Ce0.1Y2.9Fe4.95In0.05O12 as a function of 

temperature in the range 30-500 
o
C are displayed in Fig. 5.66 and 5.67. The plots reveal an 

increase in both these entities with increasing temperature. This behaviour is exhibited 

because electrons are the primary polarons in this compound and the amount of relaxation 

electrons increases continuously and rapidly with increasing temperature. As expected, 

compound exhibits a decrease in both these factors with increase in frequency. As observed 

for the compounds in the earlier series, very low values of tan δ, equivalent to zero are 
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observed in a very long range of temperature thus signifying the low energy losses due to 

heating. These results display the efficiency of the compound in its application as dielectric 

material in the field of technology. 

 

Fig. 5.66 Plots of dielectric constant of Ce0.1Y2.9Fe4.95In0.05O12 as a function of temperature in the range 

30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

 

 

Fig. 5.67 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.95In0.05O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-10 MHz. 
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Fig. 5.68 Plots of dielectric constant of Ce0.1Y2.9Fe4.9In0.1O12 as a function of temperature in the range 

30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

 

Fig. 5.69 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.9In0.1O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-3 MHz. 

Fig. 5.68 and 5.69 displays the plots of ε and tan δ of Ce0.1Y2.9Fe4.9In0.1O12 as a 

function of temperature in the range 30 - 500 
o
C. Reduction in the value of ε and an increase 
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in tan δ is the characteristic feature observed for this compound. Appearance of a high 

intensity relaxation peak in the region 200 – 350 ºC is observed for this compound in the 

lower frequency values. Reduction in the intensity of the peak is seen with increasing 

frequency. Such relaxation peaks are also observed for the Cr doped series of compounds. As 

seen for the earlier compounds, an increase in ε and tan δ is observed with increase in 

temperature. Also, a reduction in these values is seen with increasing frequency as expected. 

Heating the compound induces electron hopping in the compound and therefore an increase 

in ε is observed. The tan δ values are found to be very low for the compound in the 

temperature range 30 – 300 ºC. The test region proves the efficacy of the compound and thus 

exhibits the region of application for the compound. 

Plots of ε and tan δ of Ce0.1Y2.9Fe4.7In0.3O12 as a function of temperature in the range 

from 30 - 500 
o
C are presented in Fig. 5.70 and 5.71. Both the properties show frequency 

dependency at low frequency and temperature dependency at higher temperature region. As 

compared to the former compound, an increase in the values of ε and a reduction in the δ are 

revealed by the figures. Reduction in the intensity of the relaxation peak in the region 200 – 

300 ºC is also observed as seen from the figure, but no shift with respect to temperature is 

seen.  

A complementary increase in tan δ is seen with respect to ε in the relaxation region. A 

prominent reduction in the value of ε at higher temperature is observed for this compound as 

compared to the pristine compound. As discussed earlier for the Cr doped compounds, In is 

doped in place of Fe in the compounds discussed herein. The overall polarisation in these 

compounds is due to the generation of Fe3+/Fe2+ ion pairs. Since the overall concentration of 

Fe is low for these compounds, the ion pairs generated are also low. Another contribution 

towards the reduction of this pair is made by the lower sintering temperature [161]. Therefore 

low values of ε are observed. Very low values of tan δ are also seen for the compounds in a 

long temperature region from 30 – 300 ºC. 
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Fig. 5.70 Plots of dielectric constant of Ce0.1Y2.9Fe4.7In0.3O12 as a function of temperature in the range 

30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 3 MHz. 

 

Fig. 5.71 Plots of dielectric loss tangent of Ce0.1Y2.9Fe4.7In0.3O12 as a function of temperature in the 

range 30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-10 MHz. 
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5.5.2.2 Spinel Ferrites 

5.5.2.2.1CoFe1.88Bi0.12O4 

 

Fig. 5.72 Plots of dielectric constant of CoFe1.88Bi0.12O4 as a function of temperature in the range 30-

500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz – 10 MHz. 

 

 

Fig. 5.73 Plots of dielectric loss tangent of CoFe1.88Bi0.12O4 as a function of temperature in the range 

30-500 
o
C. The plots display the dielectric behaviour of the compound from 1 KHz-10 MHz. 
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 Plots of ε of CoFe1.88Bi0.12O4 as a function of temperature in the range 30-500 
o
C at 

different frequencies are shown in Fig. 5.72.  It is evident that by increasing the temperature, 

the dielectric constant increases gradually up to the particular point designated as the 

dielectric transition temperature (Td). Beyond this temperature, the values of dielectric 

constant for all samples were found to decrease. Similar behaviour has been reported earlier 

[77]. The behaviour of ε with the temperature can be explained as follows. At relatively low 

temperature, the charge carriers on most cases cannot orient themselves with respect to the 

direction of the applied field. Therefore, they possess a week contribution to the polarization 

and thus ε. As the temperature increases, the bound charge carriers get enough excitation 

thermal energy to be able to obey the change in the external field more easily. This in turn 

enhances their contribution to the polarization leading to an increase of the ε of the sample 

[77]. Another hump in the region 325 – 375 ºC is observed, although its origin is not known. 

A gradual decrease in the intensity is found with increasing frequency.  

 Fig. 5.73 shows the plots of tan δ of CoFe1.88Bi0.12O4 exhibiting temperature 

dependency in the range 30-500 
o
C at different frequencies. The compound exhibits an 

anomalous behaviour at low frequency (1 KHz) showing very high values. A sharp decrease 

in tan δ is observed with increasing frequency and the value observed is equivalent to zero at 

very high frequencies, thus proving the applicability of this compound at higher frequencies 

exhibiting minimum energy losses. 

5.6 UV-Visible Absorbance/Diffuse Reflectance Spectroscopy 

 The absorbance spectra of the pristine and doped compounds are shown in the Fig. 

5.74. The spectra reveal the absorbance pattern of the compounds in the range of wavelength 

from 200 – 800 nm. No absorption peaks are visible for the pristine compounds in the entire 

wavelength range, thus confirming the localized nature of the electrons in the compound. The 

dopants exhibit a quite different nature in the UV-Visible region. A broad band ranging from 
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200 – 400 nm is seen for all the compounds. Variation in intensity of this band was observed 

with different dopants showing a maximum for Nd doped compound and a minimum for Ce 

doped YAG. This band is a typical Charge Transfer Band (CTB) signifying the high energy 

transitions taking place in the compound (LMCT/MLCT). These transitions take place 

between the metal and ligand orbitals and provide information about the metal ion 

surroundings. Since maximum interest is dedicated to the intra-metal transitions like d-d 

(transitions metal ions) and f-d (Lanthanide ions) exhibited by these compounds, no real 

interest in investigating the CTB is devoted.  

 

Fig. 5.74 Room temperature absorbance spectra of doped YAG compounds. 

    A shoulder is observed for the Cr doped compound at a wavelength of 378 nm. 

Even though, its origin could be traced. The absorbance spectra for all the doped compounds 

reveal the presence of another peak with its maxima at around 468 nm. Since the peak 

originates in the visible region of the wavelength and has a moderate intensity, a 4f – 5d 

transition is suspected as the origin for this peak. This is the λmax for the compounds and the 

same wavelength is used as the excitation wavelength in the luminescence experiment. 



  

231 
 

According to the observation made from the spectra, an increase in the intensity is noticed 

with increase in the number of unpaired electron for the R.E. dopants. Sm compound is the 

only exception which shows anomaly by showing a comparative decrease in intensity with 

five unpaired electrons in the 4f subshells. 

5.7 Photoluminescence Studies 

5.7.1 Emission spectra 

 

Fig. 5.75 Emission spectra of doped YAG compounds with excitation wavelength of 468 nm. 

 The emission spectra of doped compounds with 468 nm as the excitation wavelength 

are displayed in Fig. 5.75. The slit width maintained is 1.5. A broad emission band with its 

maxima at ~520 nm is observed from the figure. All the doped compounds show the maxima 

in the same region and no shift in the maxima is observed with varying dopant type. A major 

difference in the intensity for the dopant type is observed. A maximum intensity is observed 

for Ce doped YAG, followed by Er and Ce co-doped compound with Eu and Ce co-doped 

compound showing the least intensity. Variation in intensity can be related to the 
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enhancement or quenching of the emission centres with varying dopant type. This can also be 

related to the particle size of the obtained compounds. As understood from the literature, a 

drop in luminescent intensity is expected with a decrease in the particle size. Smaller the 

particles, higher are the number of defects and therefore maximum quenching [33].  

5.7.1.1 Ce doped YAG 

 Cerium-activated YAG is one of the popularly used phosphors to combine with single 

blue LEDs to generate white light [97-107] and therefore a lot of work is carried out on Ce 

doped and Ce, R.E. co-doped compounds. Fig. 5.75 presents the photoluminescence spectra 

of doped YAG, wherein a broad emission band at nearly 528 nm is observed by exciting at 

468 nm. Excitation bands at 341, 468 and 685 nm are observed upon keeping the emission 

wavelength of 520 nm. The excitation results are shown in Fig. 5.77 (a). A free Ce3+ ion with 

4f1 electronic configuration has two ground states, namely 2F5/2 and 2F7/2. Once the electron is 

excited from 4f to 5d sub-shell, the 5d electron of the exited 4f05d1 configuration forms a 2D 

term, which is split by spin-orbit coupling and two lower energy levels of 2D3/2 and 2D5/2 states 

are formed [100]. Therefore, the excitation bands peaked at 341 and 468 nm is attributed to 

2F5/2 (or 2F7/2) → 2D3/2 and 2F5/2 (or 2F7/2) → 2D5/2 transition, respectively. Electrons on the higher 

energy level of 2D5/2 state are unstable, which would relax to 2D3/2 state with electron–phonon 

interaction. Therefore, the broad emission band in Fig. 5.75 is attributed to 2D3/2 → 2F7/2 or 

2F5/2 transition. Because the radial wave function of the excited 5d electron extends spatially 

well beyond the closed 5s25p6, its states are strongly perturbed by the crystal field. Thus, both 

the strongest excitation band and the strongest emission band are associated with the lowest-

lying 5d state, which is affected by crystal field. Ce is the major contributor to the 

luminescent properties in the compounds mentioned in this section, and therefore the broad 

emission peak of highest intensity is observed in the experimental wavelength range for all 

the compounds. The deconvulated spectrum for the Ce doped YAG is presented in Fig. 5.76. 

The spectrum displays the two well separated emission peaks showing considerable 
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difference in energy between them. Thus the high energy emission is attributed to the 2D → 

2F5/2 transition and the lower energy emission is attributed to the 2D → 2F7/2 transition.  

 

Fig. 5.76 Deconvulated peaks of Ce3+ emission displaying the 2D → 2F5/2, 
2F7/2 transitions. 

5.7.1.2 Ce and Cr co-doped YAG 

 The emission pattern of Ce and Cr co-doped YAG with 468 nm excitation wavelength 

is shown in the Fig. 5.75. The figure reveals the presence of a broad band resembling the 

emission for the Ce3+ state. Apart from this a small emission peak attributed for the emission 

due to the Cr3+ state is seen at around 688 nm. Highly intense emission peak at around 690 is 

reported for Ce and Cr co-doped YAG [99]. The doping concentration of Cr in the compound 

is 0.0025. Therefore peak of comparatively low intensity is seen for the compound reported 

herein. Cr has a ground state of 4A2. With the laser light shining on it, the d electrons get 

promoted to 4F1 and 4F2 excited states.  From here, the electrons undergo a rapid decay by a 

non-radiative process into a 2E level. A radiative process is then followed and seen in the 

emission pattern at 688 via the 2E → 4A2 return to the ground state. The intensity of the peak 

representing the Ce emission decreases in intensity suggesting a probable energy transfer 

from Ce to Cr [99]. 
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5.7.1.3 Ce and Er co-doped YAG. 

 Er is one of the highly studied dopant due to its ability to exhibit upconversion 

phenomenon with a probable application as lasers [269]. The emission pattern of Ce and Er 

co-doped YAG is displayed in Fig. 5.75. Alike Cr doped compound, the Ce and Er co-doped 

compound also show a broad emission peak at 520 nm which is the emission peak of the Ce3+ 

state as expected. Apart from this, the profile does not reveal any peak for the Er3+ state. Er 

shows upconversion phenomena with 960 nm excitation which is out of range for the 

instrument utilised in studying the luminescence behaviour of the sample with only 800 nm 

as the maximum wavelength. But the spectrum obtained provides information rather on the 

emission pattern and intensity of Ce3+ emission. A marginal decrease in the intensity of Ce3+ 

emission is observed with Er doping. 

5.7.1.4 Ce and Nd co-doped YAG 

 The emission spectrum with 468 nm excitation wavelength is presented in Fig. 5.75. 

The spectrum exhibits a single broad peak resembling the Ce3+ emission. A tremendous 

decrease in the emission intensity of this peak is observed. The decrease in the intensity could 

be a result of quenching or an energy transfer process similar to the one occurring in Cr 

doped compound. Nd3+ exhibits emission beyond 900 nm which is out of range for the 

instrument utilised. For this compound, influence of addition of Nd3+ on the emission 

intensity of Ce3+ is seen. The results indicate a negative influence with a drop in intensity.  

5.7.1.5 Ce and Pr co-doped YAG 

 The emission spectrum of Ce and Pr co-doped YAG is shown in Fig. 5.75. A broad 

emission peak of Ce3+ state is observed with intensity lower than the Ce doped YAG. Apart 

from this a peak at 610 nm is observed which is the significant peak representing the 1D2 → 

3H4 transition of Pr3+ only, since no emission peak is observed in the Ce doped YAG phosphor 

at 610 nm. The XRD results show a monophasic formation of the compound. However, since 
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there was no impurity phase observed with Pr addition, the decrease of the Ce3+ emission is 

not ascribed to any crystal deformity etc. Therefore it is believed that the reason for the 

decrease of the yellow emission of Ce3+ is an energy transfer from Ce3+ to Pr3+ which may 

take place radiatively or non-radiatively. Literature reports a radiative energy transfer that 

occurs from the relaxed lowest 5d energy band of Ce3+ to 1D2 energy level of Pr3+ and a non-

radiative energy transfer occurs from the lowest 5d band of Ce3+ to 3P0 energy level of Pr3+ 

[299].  

 

Fig. 5.77. A magnified emission spectra of Ce, Pr - YAG showing the (
1
D2 → 

3
H4) at 640 nm. 

The relaxed lowest 5d band is located at about 18,500 cm-1 [54], and therefore the 

energy transfer may occur radiatively at the singlet D state itself and 1D2 → 3H4 red emission 

occurs. If the energy transfer is non-radiative from 5d band of Ce3+ to 3P0 energy level of Pr3+, 

a strong green emission due to 3P0 → 3H4 as well as a red emission (1D2 → 3H4) should appear. 

Green emission occurs at 485 nm. Even if it occurs in the compound under study, it must be 

overlapped by the shoulder previous to Ce3+ emission. Indeed only a very weak red emission 

from 3P0 → 3H5 was additionally observed at about 640 nm as shown in Fig. 5.77. In the 
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consequence, the radiative energy transfer may be the main factor for the decrease in Ce3+ 

emission intensity.  

5.7.1.6 Ce and Sm co-doped YAG 

 The emission spectrum of Ce and Sm co-doped compound is shown in Fig. 5.75. As 

expected a broad emission pattern for Ce3+ is seen. Along with this, compound also shows 

Sm3+ related sharp characteristic emission lines of 4G5/3 → 6H5/2 transition at 566 nm, 4G5/ 2 → 

6H7/2 at 616 nm and 4G5/2 → 6H9/2 transition at 650 nm. As observed from the figure, a decrease 

in the intensity of the Ce3+ emission is observed. Like Pr doped and other compounds, XRD 

does not show any impurity peak with Sm addition, thereby proving the monophasic nature 

of the compound. Therefore, the decrease observed in the intensity of the Ce3+ peak may be 

associated to energy transfer between Ce3+ to Sm3+ states as reported by H. Yang and Y.-S. 

Kim [299] 

5.7.1.7 Ce and Eu co-doped YAG 

 The emission spectrum of Ce and Eu co-doped YAG is shown in Fig. 5.75. As 

expected, a broad peak centring at 520 nm with 468 nm excitation is seen for the compound 

which is the 5d to 4f transition of Ce3+ state. The intensity of the Ce3+ peak is less than the 

intensity observed in singly doped Ce-YAG compound. Apart from this, very weak peaks 

corresponding to the transition from 5D0 → 7F1 (590 nm), 5D1 → 7F3 (594 nm), 5D0 → 7F2 (608 

nm), 5D0 → 7F3 (650 nm), 5D0 → 7F4 (710 nm) are also observed. All the transitions observed 

in the spectrum are of weak intensity. 

5.7.1.8 Ce and Tb co-doped YAG 

 The emission spectrum of Ce and Tb co-doped YAG is shown in Fig. 5.75. The 

emission spectrum centring at 520 nm is a result of the excitation wavelength of 468 nm 

showing a decrease in intensity as compared to the singly doped Ce-YAG compound. A 
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probable energy transfer from Ce3+ to Tb3+ can be a reason for such a decrease. But, the 

literature reports a reverse transfer of Tb3+ to Ce3+ in the co-doped compounds [299].  

 

Fig. 5.78 Emission pattern of Ce and Tb co-doped YAG with excitation at 277 nm. 

 Emission pattern for the compound is also observed when excited at 277 nm. The 

spectrum is presented in Fig. 5.78. The spectra reveals series of sharp emission peaks as a 

result of the transitions due to 5D3 → 7F5 (362 nm), 5D3 → 7F4 (416 nm), 5D4 → 7F6 (490 nm), 

5D4 → 7F5 (540 nm), 5D4 → 7F4 (585 nm), representative peaks for Tb3+ state. 

5.7.2 Excitation spectra 
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Fig 5.79 Excitation spectra of doped YAG compounds with emission wavelength of 520 nm. Figures 

(a-h) represent (a) Y2.94Ce0.06Al5O12 (b) Y2.94Ce0.06Cr0.0025Al4.9975O12 (c) Ce0.06Y2.88Er0.06Al5O12 (d) 

Ce0.06Y2.88Nd0.06Al5O12 (e) Ce0.06Y2.88Pr0.06Al5O12 (f) Ce0.06Y2.88Sm0.06Al5O12 (g) Ce0.06Y2.88Eu0.06Al5O12 (h) 

Ce0.06Y2.88Tb0.06Al5O12. 
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 The excitation wavelength of 468 nm is confirmed by running excitation spectra 

keeping the emission wavelength of 520 nm. The spectra of all the doped compounds are 

displayed in Fig. 5.79. Three peaks are observed at 341, 468 and 685 nm. The first two are 

the representative peaks for Ce3+ state. The last peak at 685 nm is observed in all the spectra 

like other two, indicating its origin from Ce3+ state only. Other than this, as an exception, Tb 

doped compound shows an extra peak at 277 nm which is the 4f to 5d transition of the Tb3+ 

state.  
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SUMMARY AND CONCLUSIONS 

 

6.1 Summary 

Preparation, characterisation and the solid state properties of series of mixed metal 

oxide compounds are presented in this thesis. Sol-gel autocombustion method and glycine 

nitrate combustion method were utilised for the preparation of mixed metal oxides like 

garnet ferrites, garnet aluminites and spinel ferrites. Detailed characterisation and solid state 

properties of these compounds were carried out. Magnetic and electrical properties of garnet 

and spinel ferrites were studied with respect to the different types of metal ions substituted at 

different sublattices. Variation in magnetic properties was observed with the doping of metal 

ions in these systems.  

Change in photoluminescent properties with the doping of transition metal (Cr) and 

R.E. were also studied. Variation in the luminescent intensity was observed with the doping 

of different metal ions. The overall process of preparation of different mixed metal oxides 

belonging to different crystal systems along with detailed characterisation and solid state 

properties are summarised in this chapter. This chapter presents a concise report of the work 

described in the previous chapters and the general conclusions arrived from them.  

Chapter 1 enlightened the readers regarding the advent of material science and its 

growth parallel with the developments seen in human civilisation. A brief understanding 

about the impact of innovations and developments in the technological industry with the 

introduction of new material was provided. Wide spectrum applications of nanomaterials 

from biosciences to memory storage were highlighted in this chapter. 

Chapter 2 featured the detailed literature survey regarding the different methods of 

preparation utilised by various material scientists in the preparation of materials of interest. 

An account of various metal ion substitutions carried out and the different solid state 
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properties studied done on garnets and spinels were summarised over here. Effect of 

substitution of different metal ions on the solid state properties like magnetic, electrical, 

dielectric and photoluminescent were dealt in this chapter. 

Chapter 3 discussed the methods of preparation utilised for doped garnets and spinel 

ferrites. Significance of pH on the method of preparation was highlighted over here.  

Importance of method conditions, in yielding nanosized oxides was very well presented in 

this in this chapter. A concise explanation of the various characterisation techniques like 

XRD, TG-DTA, FTIR, SEM, TEM, PSD analysis, XPS, Raman spectroscopy, Mössbauer 

spectroscopy and DRS utilised in confirming phase formation, crystalinity etc. was provided 

over here. Apart from this, different solid state properties like DC magnetisation, AC 

magnetisation, DC electrical resistivity, Dielectric studies and photoluminescence studies 

carried out for the compounds were also discussed in this chapter. 

Chapter 4 dealt with all the characterisation tools utilised for the compounds. All 

these are summarised in the sequential order. TG-DTA was used to study the decomposition 

behaviour of the gels of representative compositions obtained during the sol-gel and glycine 

nitrate methods of synthesis. The decomposition of the gels was carried out in an oxidising 

atmosphere from RT to 1000 ºC. The changes occurring during the full transformation of the 

matter, i.e. from gel to final oxide were observed.  

XRD was utilised to investigate the crystalinity, crystal structure and the monophasic 

nature of the obtained oxides. Change in the lattice parameters with effect to doping were 

monitored from the variation observed in the appearance of the highest intensity peak. 

Information about the crystallite size of the compounds, cation migration, cationic radius, 

hopping lengths etc. were obtained from the diffraction patterns.  The changes observed in 

the gel matrix at every stage of calcination process were monitored using FTIR spectroscopy 

technique. Detailed information of formation and cleavage of the bonds was provided by this 
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technique. It also provided information regarding the variations observed in the stretching 

vibration of the of the metal oxide bonds (M-O), the strength of the bonds and the bond 

character.  

The compounds were sintered at elevated temperatures for longer durations. 

Therefore particle size and shape changes were expected due to agglomeration of the 

particles. The morphology and the particle size of the secondary particles were monitored by 

using the SEM microscopy. Information regarding agglomeration and porosity of the 

obtained compounds was gained from this technique. 

TEM was utilised in knowing the exact particle size of the compounds. Since the 

method of preparation targets at the preparation of nanosized compounds, the formation of 

the same was monitored using TEM technique. Valuable information about the crystalinity 

and the type of compounds (polycrystalline, agglomerated etc.) was obtained from the ED 

patterns of the compounds. The PSD analysis was done to check the range of particle sizes 

obtained for the compounds. The method of preparation aims at obtaining mono dispersed 

particles with small range of distribution which contributes to the displayed solid state 

properties. A DLS method was utilised in obtaining the size distribution of the particles.  

Raman Spectroscopy was utilised in confirming the monophasic nature of the 

compounds prepared because of its high sensitivity towards displaying the presence of 

impurities and phase changes occurring in the compounds. Since Fe2O3 is the most common 

impurity that can occur in ferrites, its presence can be detrimental for the solid state 

properties exhibited by the compounds. The spectra for the compounds showed no impurity 

peaks therefore confirming the monophasic nature. The overall preparation of the compounds 

was carried out in an oxidising atmosphere. Therefore possibilities of redox reaction were 

speculated with the type of metal ions utilised for the preparation of the compounds. Change 

in oxidation state induces changes in the properties, and for this reason XPS spectroscopy 
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was utilised to confirm the oxidation states of the metal ions. The results displayed metal ions 

with desired oxidation states thereby precluding the possibility of any redox reactions.  

Chapter 5 discussed the solid state properties exhibited by the compounds. A detailed 

report on the variations of solid state properties with the change in type of dopant, 

concentration of the dopant, change in the particle dimensions etc was provided in this 

chapter. A detailed report on each of the solid state studies carried out is provided below. 

Acquiring knowledge about the cation distribution is crucial in understanding the 

solid state properties exhibited by ferrites therefore room temperature Mössbauer 

spectroscopy technique was utilised to study the cation arrangement these compounds. 

Exhibition of Mössbauer parameters relative to the sublattices was seen for all the 

compounds proving the Fe3+ Mössbauer nucleus distribution in different sublattices in the 

compounds. Information about existence of these Mössbauer nuclei in different chemical 

environment and percent distribution into different sublattices was also confirmed from the 

results. 

The DC magnetic studies of all the garnet and spinel ferrites were carried out with the 

help of VSM. Room temperature studies for all the ferrites confirmed the ferrimagnetic 

nature of the compounds although variations in the field requirements were seen. The garnet 

ferrites got saturated at smaller applied field and show very less saturation magnetisation, 

remanance and coercivity. On the other hand, doped CF compounds were found to get 

saturated at higher applied magnetic fields and showed high value of saturation 

magnetisation, remanance and coercivity. Variations in magnetic properties were seen within 

the series by changing dopant type and with increasing dopant concentration. AC 

Susceptibility studies were carried out for the ferrites. A ferromagnetic to superparamagnetic 

transition was witnessed for representative doped CF compounds at blocking temperature 

(TB), when the compounds were cooled from 300 to 5 K. Determination of Curie temperature 
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(Tc) of ferrites was carried out with the help of AC Susceptibility set up. Variation in Tc with 

change in composition was observed which was attributed to the changing degree of metal-

metal interactions. Another factor that affected this value was the changing particle size.  

The electrical properties possessed by garnet and spinel ferrites were investigated by 

utilising the DC electrical resistivity set up. As observed, the garnets exhibited high 

resistivity at room temperature. A sudden change in the resistivity pattern i.e., insulator – 

semiconductor was observed. Only exception was Ca doped YIG which exhibited room 

temperature semiconductor behaviour. Spinel ferrites on the other hand were found to exhibit 

semiconductor nature as expected showing a decrease in resistivity with temperature. 

Variation in resistivity was observed with changing dopant type and concentration. Dielectric 

constant for the compounds was determined with changing frequency and temperature. 

Dielectric constant for all the compounds showed a declining trend with increasing 

frequency. An increase in dielectric constant was seen with increasing temperature. Variation 

in the value was also seen with changing dopant and increasing dopant concentration. 

Similarly dielectric loss also showed dependency on the applied frequency, temperature and 

composition. 

In the process of finding out the λmax for the aluminium garnets, the compounds were 

subjected to DRS. The spectra revealed the presence of two bands, one for the CTB and 

another for the 4f to 5d transition that takes place in R.E. metal ions. λmax value of 468 nm 

was observed for all the compounds and was used as the excitation wavelength for the 

photoluminescent studies. The photoluminescent properties of the doped YAG compounds 

were studied at different excitation wavelengths. Emission at 520 nm was observed for the 

compounds when excited at 468 nm. Variation in emission intensity was observed with the 

changing dopant type. A probable energy transfer mechanism from Ce to the doped metal 

ions was suspected for some doped compounds. 
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6.2 Conclusion 

 To conclude, the preparation of garnets and spinel oxides was carried out 

successfully. The preparative methods utilized were appropriate in yielding monophasic 

crystalline compounds. TG-DTA measurements revealed the combustion temperature along 

with the thermal pattern of the gels. The corresponding vibrations for the metal oxide bonds 

were observed in the FTIR spectra for each of the class of oxides. TG-DTA curves and FTIR 

spectra were found to complement each other for the gels obtained during the sol-gel 

autocombustion method. 

The X-ray diffraction studies revealed the formation of monophasic crystalline 

compounds and the patterns obtained matched with the standard ICDD. The broad peaks 

observed in the case of spinel oxides reveal the formation of nanocrystalline compounds, very 

well complimented by the TEM and PSD analysis. Variation in lattice constant was observed 

with doping for most of the oxides which confirmed a probable cation rearrangement in the 

compounds. The SEM micrographs of the garnets reveal the agglomerated nature for the 

garnet ferrites as a result of high and prolong sintering temperature. A flaky morphology of 

the spinel oxides was observed from SEM. The TEM images of garnets revealed the 

formation of well sintered oxides. Formation of nanocrystalline spinel oxides was observed 

from the TEM images. The ED patterns of all the compounds reveal the formation of 

crystalline compounds.  

No change in the Raman spectra was observed with doping for both the classes of 

oxides (garnet and spinel) confirming the monophasic nature and the spectra were in 

compliance with the ones reported in the literature. The Binding energy for the elements 

obtained from the XPS measurements were in agreement with the standard, confirming the 

desired valence states of the elements ruling out the possibility of a probable redox reaction 

between the metal ions. 
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Mössbauer spectra revealed the presence of different Zeeman sextets for the 

compounds. Variation in Mössbauer fitting parameters was seen with doping. Cation 

migration suspected for the compounds was proved from the Mössbauer spectroscopy results.  

The magnetic studies with varying magnetic field revealed the ferrimagnetic nature of the 

ferrites. Variation in the value of saturation magnetisation, coercivity and remanance was 

observed with doping percentage and type of dopant. A drastic change in the M-H pattern 

was observed with the lowering of measurement temperature as expected.  

AC- susceptibility measurements for the ferrites display variation in the value of Tc 

with a change in doping percentage and type. Change brought about in the magnetic 

interaction with effect to the change in type and concentration of dopant was suspected as a 

reason for such behaviour. A transition from ferrimagnetic to superparamagnetic phase at the 

TB was observed from the M-T measurements. Variation in TB with type of dopant was 

observed. A probable cation migration and variation particle dimensions were suspected to 

affect the value of TB.  

The DC-resistivity measurements carried out on a 2-probe set up for the compounds 

displayed the Arrhenius behaviour. Measurements carried out in the range from RT to 500 
o
C 

revealed the semiconducting nature for most compounds as expected. Variation in resistivity 

was observed with changing dopant type and concentration. Cationic rearrangement and 

variation in particle size were suspected to affect the resistivity values. A probable insulator-

semiconductor transition was suspected for some garnet ferrite compounds. Decrease in the 

value of dielectric constant and dielectric loss with frequency was observed for all the 

compounds. Likewise with increasing temperature, the compounds showed an increase in the 

value for dielectric constant. Dielectric loss tangent for all the compounds was low proving 

low energy losses. Both, dielectric constant and dielectric loss tangent showed variation with 

dopant type and concentration.  
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UV-DRS results revealed the CTB and 4f to 5d transitions taking place in the R.E. 

metal ions. Variation in the absorbance intensity in the UV-DRS pattern was observed with 

the various dopants. λmax value of 468 nm was used to excite the compounds and the emission 

patterns were observed at 520 nm during the photoluminescent studies of the rare earth doped 

aluminum garnets. The emission patterns obtained from the luminescent studies showed 

changes in the emission intensity with the type of dopant. Probable energy transfer from Ce3+ 

to dopant metal ion was suspected for the change in intensity observed. The luminescent 

spectra were in accordance with the reported ones.  

The thesis presents the investigations carried out in a small area of the material 

science world. An overall idea about the control of preparative methods and experimental 

conditions to obtain the materials of interest is projected from this work. Still, a lot of scope 

exists for those curious minds to reveal, learn and to make vital contributions in the 

technological and biomedical fields. 
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