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INTRODUCTION

The field of material chemistry is progressing at a tremendous pace in the various
field of science and technology. The growth of material chemistry has not merely the
extension of the field but newer areas like an optical, laser, optoelectronics, sensors, fuel
cells, catalysts, magnetic, biomedical applications, etc have emerged as major thrust areas
in recent years. Among the materials, transition and rare earth metal compounds exhibit a
wide range of properties due to the presence of ‘d” and ‘f* unpaired electrons and variable

valence states of the metals.

The advancement in thestudies of nano or micro materials with controlled
chemical and physical parameters has provided opportunities in exploring various new
phenomenons. By controlling the structure, shape,and size of the particles, a significant
improvement in magnetic, optical, luminescence and catalytic propertiesof the materials
can be achieved[1-4]. Here, the designing andfunctionalizing of inorganic materials with
controlled preparations targeting specific sizes and shapes have been attracting the

eyeballs of researchers overthe years.

In recent times metal oxides have been at the heart of numerous dramatic
advances in the field of chemistry, physics andmaterials science. Owing to their extensive
structural, physical, chemical properties and functionalities, they stand out as one of the
most common, most diverse and most probably the richest class of materials. Theycan
adopt a wide range ofgeometries with different crystal and electronic structure, which can

exhibit metallic,semiconductor, or insulator behavior.



In the nano size, the properties of metal oxides vary considerably than in its bulk
counterparts. The substitution of various metals in the host lattice is also responsible for
tuning the properties of the metal oxides towards specific applications. The properties
such as optical, optoelectronic, magnetic, electrical, mechanical, thermal, catalytic,
photochemical, etc can be tuned which makes themexcellent potential candidates for

various high-level technological applications[5-14].

Among the several metal oxides studied, spinel structures with the general
formula AB,O, are present at the core of current nanoscience owing to of its huge
application potential. Here specifically, spinel ferrites are mixed-valence oxides where
oxygen anions form a close-packed cubic array, whereas metallic cations inhabit
randomly, occupying one-eighth of the tetrahedral sub-lattice and one-half of the
octahedral sub-lattice [15]. Very fascinating characteristics of the spinel ferrites are their
exceptional magnetic features frequently escorted by other useful properties, such as

catalytic activity [15,16].

Spinel ferrites can be divided into three types(a) normal spinel (b) inverse
spineland (c) mixed spinel. In inverse spinel structure of ferrite, Fe(lll) ions are
uniformlyshared at both sites whereas, M(I1) ions occupythe octahedral sites. Fe;O4 and
NiFe,O, are common examples of inverse spinel ferrite.In a normal spinel structure,
M(11) ions are positioned at tetrahedral sites while Fe(lll) ions are placed at octahedral
sites. Normal spinel ferrites include ZnFe,O4.Mixed spinels lie between
the normal and inverse spinel structure.They have a random distribution of M(Il) and
Fe(Il) ions in the tetrahedral and octahedral sites.By selectingappropriate combinations

of substituent ions in the spinel ferrite, a wide range of properties such as magnetizations,
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magnetocrystalline anisotropy, magnetostriction constants,and hysteresis could be
achieved and also can be manipulated. Hence, there is hugeattention given tospinel ferrite
nanoparticles by the researchers over the globe, starting from their preparation,
characterizations and followed by their severalpotential applications. Spinel ferrites are
economical and easy to prepare and haveexcellent stabilityover a wide range of
conditions. Depending on the type of the cations and their occupancy in the two
sub-lattices they can be magnetic or non-magnetic materials.One of the most prominent
features of spinel ferrite nanoparticles is their ability to formsuperparamagnetic
material[17]. This phenomenon plays akeyroleinnumerousbhiomedical applications,
catalysis,and environmental remediation strategies.Based on the magnetic properties,
ferrites can be classified as “soft ferrites” and “hard ferrites” depending on their low or
high coercivity, respectively. Soft ferrites consist ofthe small value of coercivity, so they

give rise to low hysteresis loss at higher frequencies.

Ferrites are extensivelyemployed in the electromagnetic core of transformers[18],
switching circuits in computers and radio-frequency (RF) inductors, e.g. lithium ferrite,
Nickel ferrite andMn—Zn ferrite.Hard ferrites consist of the large value of coercivity after
magnetization, so they can be applied in permanent magnets [19],in radios, e.g. barium
and strontium ferrite. In a series of nanoparticles ferrites of the type MFe,O4 (Where M =
Mn%*, Co?*, Ni**, and Zn*"), the type and quantity of substituent ionplaya key role in
generating the changes in the physical properties since the substitution of impurity ions

can give rise to new ferrite materials with improved properties.

Although many investigations have been initiated by different researchers around

the globe on cobalt and copper ferrites individually, however, a limited extent of work



has been found in the literature on monophasic Cu?* substituted CoFe,O. The
substitution of Cu®" is expected to alter the magnetic, electronic, catalytic, sensing and
biomedical properties. There are hardly any reports available on the effect of non-
magnetic Sb®* ion, In** ion substitution on CoFe,O4 and Co-Cu ferrite [20,21]. The
substitution of Sb®" ions and In®" ion is expected to alter the magnetic, electric and
dielectric properties of the host material. Also to the best of our knowledge, the detailed
structural, magnetic and dielectric behavior of magnetic ions like RE** (Where RE= Gd,
Dy, Sm, Yb, Eu), Cr** and Mnion substituted Cobalt-Copper ferrite has not been reported
yet. The substitution of these ions is expected to improve the magnetic and dielectric

properties.

So it isaimed to prepare a magnetic material having improved electric, catalytic,
gas sensing and biomedical properties by sol-gel auto combustion process at a relatively
lower temperature.lIt will be very interesting to analyze the effect of the simultaneous
introduction of divalent and trivalent ions on the properties of CoFe,O4. Also, the
procured literature supports intensive research on the substitution of these metal ions in
CoFe,04 with higher mole percentages but the effect of fractional substitution has seldom
been reported. Hence in this report, the basic composition CoFe,O4 and Cog¢Cug 1Fe;04
has been substituted with small fractions of these ions. The prepared compositions have
been thoroughly characterized employing various characterization techniques. The
prepared compounds have been further evaluated for their magnetic, electrical, dielectric

properties and inhibitory activity against different emerging pathogens.

Owing to the energy crisis and environmental pollution, energy efficiency has

become an essentialaspect for all of the energy-consuming products, which is not limited
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toan industrial circle but also in everyday life. Light and illumination sources are crucial
in numerous fields. It has been reported that electric lighting covers up to 25% of the
average energy budget, and lighting and displays occupy 20% of the electricity budget in

the world[22].

For several decades down-conversion and Up-conversion luminescent materials
havedrawnthe attention of the researchers dueto their numerous applications[23-32].For
luminescent properties,the host material is a vitalaspect and plays akey role to achieve
highly efficient luminescence. It should possess low phonon frequency, which reduces
the non-radiative transitions significantly and henceprovides strong photoluminescence.
The Ln,O; types of rare earth sesquioxide especiallycubic Gd,O; and Y,03 are
considered as suitablelaser host materials for the progress of down-conversion and Up-
conversion luminescent material by substituting with RE* ions. The essentialconditions
required for ideal host material likeexcellent chemical durability, photothermal and
photochemical stabilities, low phonon energy, low toxicity, high refractive index, high
melting point, and broad transparency range are readily accessible in these materials.
These phosphor materials offer intense photoluminescence owing to frequency

downshifting as well as Up-conversion processes.

In the down-conversion process, the materials absorb high energy photons and
emita large number of photons having low energy. In Up-conversion process materials
absorb two or more photons of lower energy (NIR or IR photons) and convert them into
high energy photons.The RE ions when substituted in a host material and excited by
anappropriate wavelength, offer high luminescence yield with desirable chromaticity.

The RE ions consist of abundant energy levels, a lot of them are metastable. They are rich
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enoughto generate a large number of narrowband emissions ranging from ultraviolet
(UV) to near-infrared (NIR) regions. The luminescence observed in these materials is
credited to the f-f or f-d transitions of RE ions and the intensity rely on the site symmetry
and the nature of the host matrix. The lanthanide ion consists oflong-lived ladder-like
energy levels, which can maintain the large population and emit large photoluminescence
intensity for the activator substituted phosphor. The lanthanide ions provide very rich
emissions ranging from ultraviolet (UV) to near-infrared (NIR) regions. Thus, the desired
emission could be attained after substituting the lanthanide ion in anappropriate host

material.

When the RE ions such as Eu**, Tb*, Er**, Ho*"and Yb** are incorporated into
the Ln,Os structures; the emission efficiency was reported to enhance drastically[33-38].
The major emission colors of Ln,Ossubstituted with Tb**,Dy** Eu*" andTm?** ions are
green, yellow, red, and blue respectively. By making use of multiple substituents in the
same host matrix and by adjusting the quantityof the substituents various colors can be
achieved.The white light-emitting diodes aresteadily becoming a new form of lighting,
and they have already surpassed the traditional incandescent and fluorescent sources
owing to their eco-friendly and energy-saving lighting applications in the general
lighting. Theyhave advantages over traditional incandescent or fluorescent lightings, like
higher luminous efficiency, long persistence, energy-saving, and environmentally
friendly properties. White light emission can be achieved by a combination of red, green
and blue, in suitable proportions. The RE ions are rich producers of red, green, blue and

complementary colors. Therefore, white light emission from different combinations of



RE ions has been reported in the literature by several researchers in different host

materials[32].

The Eu®**substituted red phosphors have been investigated extensively over the
years due to itsgood stability and higher brightness than almost all other red-emitting
phosphors[39-44]. The Eu®" activated Y,O; is one of the most frequently used
commercial lighting and cathode-ray phosphor[45,46]. The Tb*is one of the activator
ionswhich has received enormous attention for its intense green photoluminescence and
consists ofa large number of energy levels in which many of them are long-lived[47-53].
However, it may also emit weak blue and red photoluminescence.The Dy** ion as an
activator has two intense fluorescence transitions from the *Fg, level to the ®His, and
®H.3, levels emitting blue and yellow light [44,54-57]. Many researchers attempted to
improve this emission intensity by employing different preparationroutes and by the
inclusion of sensitizers. It is observed that after the co-doping of Yb** (sensitizer) with an
activator ion, the emission intensity was enhanced[58-61]. Also,Bi**ion acts as
anexcellent sensitizer and has large absorption in VUV/UV regions and emission in the

visible region[62—64].

The concept of frequency Up-conversion (UC) was reported in 1960 by Auzel.
The emission characteristics of UC materials are majorly dependent on the crystal
structure of the host matrix.The energy transfer between the sensitizer and activator ion
activelyrely on their separation distance and is determined by their composition ratio in
the host matrix. Thus, the UC materials are capable candidates as a spectral converter and
generally contains an inorganic host and the incorporated RE ions.In order to attain

desired and efficient UC color output, strategies like adjusting the activators like Ho®",
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Er¥, and Tm*" with ladder-like arranged energy levels are frequentlyselected,while the
Yb*" which comprised of large absorbance in the NIR region around 980 nm acts as a
sensitizerto obtain red, green and blue UC outputs[58,59,65]. Under NIR excitation of
980 nm, the Yb** ions continuously absorb 980 nm photons and transfer the energy to the
activator ion, which results in the emission of photons.The Er**substitutedRE oxides are
anexcellent luminescent material for the down-conversion and Up-conversion
luminescence [44,59,66—68]. It has a rich and ladder-like electronic energy level structure

and is anexceptional candidate mostly for UC luminescence.

Although an enormousqguantity of research has been carried out on such systems it
still remains a formidable challenge to produce high chromatic purity red UC emissions
in Er** self-sensitized UC systems through suppressing or quenching the probability of
green emitted transitions.The UC emission color of Er®* ion can be efficiently tuned from
green to red through selectively populating red-emitted level and/or quenching green-
emitted levels.The Er**, Yb*" substituted Gd,O3 has been found to be extremely efficient
and has been successfully employed in several applications[61,68-70]. For
Gd,05: YL /Tm®** UC materialan intense blue and weak red emissions were
achieved[71]. For Gd,O3Yb**/Ho*, an intense green,andfeeble red emission was
attained[44]. The intense red emission with weak emissions in the green region was
reported for Gd,05:Yb*" /Er**phosphors[44].Gd,O3as a host material has received a lot of
attention because of its excellent UC luminescence and paramagnetic features which are
not accessible in the other RE oxides. These excellent optical and magnetic features make

it potential magnetic-luminescence dual-mode probe material[72].



Wet chemical methods are most frequentlyemployed to prepare nano-sized
particles, however, they take a long time and generate much waste. Many methods such
as microemulsion[73], solid-state reaction[74], sol-gel[75], coprecipitation[76,77], hydro-
/solvothermal[40,78], spray pyrolysis[79,80], solution combustion [39,81]and microwave
method [78,82]etc have been used to synthesize different metal oxides. Thepreparation
technique must produce well-dispersed particles having better crystallinity and uniform
size; further, it should allow themodification of the structure and material properties by

changing the conditions.

Highlights of the thesis

e A series of pristine and substituted Magnetic spinel ferrites have been prepared by
using the sol-gelauto combustion method.

e The prepared compounds are thoroughly characterized using various
characterization techniques.

e The solid-state studies like DC-electrical resistivity, dielectric properties,
magnetic properties, and Mossbauer studies were carried out on the prepared
compositions.

e The prepared materials have been also evaluated for their antimicrobial activity.

e A series of pristine and substituted yttrium oxide and gadolinium oxide have been
prepared using a chemical combustion method.

e The materials were characterized using several techniques and were studied for

down-conversion and Up-conversion photoluminescence processes.



Organization of the thesis

Chapter 1. Introduction:The significance of spinel ferrites and mixed rare earth oxides
have been discussed.

Chapter 2. Literature review:This chapter presents a detailed literature review on the
spinel ferrites, substituted spinel ferrites, and substituted Y,03 and Gd,Os.

Chapter 3. Preparation and instrumental techniques:This chapter describes the
sample preparation procedures used in the present work.It also gives brief procedures and
principles regardingthe instrumental techniques employed in the characterization process.
Chapter 4.Characterization and spectroscopic studies: The detailedcharacterization
and spectroscopic studies of the prepared spinel ferrites and mixed rare earth oxides have
been discussed in this chapter.

Chapter 5.Solid-state and optical studies:This chaptercontains the solid-state studies
and optical studies carried out on the prepared compositions.

Chapter 6.Summary and conclusion:The overall summary and conclusion based on the

results obtained havebeen discussed in this chapter.

10



LITERATURE REVIEW

2.1 Introduction

Spinel ferrites substituted with magnetic and non-magnetic metal ions have gathered
the attention of several researchers over the years. The effects of substitution on the
various properties of host material have been documented in the literature. The
luminescence study of RE®* substituted RE,Os; phosphors has also been reported by
several research groups indicating their application in various fields. These metal oxides
were reported to be prepared by several methods. In this chapter, the previous literature

reports related to thecurrent studies have been discussed.
2.2 Preparation methods

There are several preparative techniques reported in the literature for the preparation
of metal oxides. Among all these methods, the most efficient ones such as co-
precipitation, sol-gel, sol-gel auto combustion, hydrothermal, and combustion method are
discussed in this section. The solid-state reaction method is a conventional preparation
route widely employed for preparing ceramics. It requires prolonged heating at high
temperatures (1000 — 1500 °C) and thus has several drawbacks as far as the fabrication of
nanosized ceramics is concerned. This method produces agglomeratedparticles having
micrometer-size and exhibit irregular morphology. It is an environment-friendly
technique and does not produce toxic or unwanted wastebut require high energy and

more time.

The co-precipitation process is a well-established method and is considered

asasimple, efficient, scalable, rapid, and economical, which is frequently employed for
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the preparation of several compositions. It is a wet chemical method and involves
dissolving two or more water-soluble metallic salts in water and their simultaneous
precipitation with the help of base such as NaOH or NH,OH under controlled pH.In the
co-precipitationmethod, the calcination temperature required for the formation of the

desired material is low, hence results in lower particle size.

The sol-gel process is the most versatile technique used for the preparation of metal
oxide nanoparticles. In this method, metal ions in an aqueous medium are complexed
with the suitable complexing agent. The metal complexes formed in water as sols can be
converted to gel with the evaporation of water. After complete evaporation of water, it
forms a carbonaceous char which after calcination at higher temperature gives metal

oxide.

The sol-gel auto combustion technique follows the same procedure as above if the
ensuing gel contains sufficient oxidizing moieties like nitrates it can undergo a redox
reaction with reducing organic moieties, proceeding to redox combustion with a little
initiation of heat. Since the sol-gel process ends up with innate combustion, the process is
called auto-combustion and the method is sol-gel auto-combustion. This method reduces
the char content of the metal oxide precursors where most of the carbon is oxidized to
CO,. Organic acids like citric acid, succinic acid, oxalic acid, tartaric acid, acrylic acid,

etc. can be employed with metal ion sources to form the sol.

In the hydrothermal method, the pH of the aqueous solutions of the desired metal ions
is adjusted by the addition of a base, and the mixture is pressurized in an autoclave at the

desired temperature. Parameters like pressure, temperature, and reaction time, are
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adjusted to manage the nucleation rate which controls the crystal growth. In this process
the metal hydroxides are formed initially, which are oxidized and converted into the
crystalline material because of heat treatment and pressure [15]. The hydrothermal
process allows altering the particle size and shapes by varying the starting material,
reaction temperature and reaction time and pressure. In the solvothermalprocess, an

organic solvent is used replacing water.

Combustion processuses the energy generated by the exothermic decomposition of a
redox mixture of metal nitrates with an organic compound, which plays the role of fuel to
form oxides. Combustion method involves an exothermic decomposition of fuel-oxidant
precursor-like urea - nitrate, glycine - nitrate, DHF - nitrate, etc, relatively at lower

temperatures [15,83,84].
2.3 Spinel ferrites

The spinel ferrites can be chemically represented MFe,O, where M is a divalent
metal ion, for example, Mg?*, Ni?*, Co?*, Zn?*, Mn?*, Cu**, Cd*" or a combination of
these ions, for instance, Mn-Zn, Ni-Zn, Ni-Co, Co-Cu, and Cu-Zn, etc. Spinel ferrites can

be classified as normal spinel, inverse spinel and mixed spinels [85].
2.4 Magnetic properties

To understand the magnetic features of the spinel ferrites one has to consider the
Neel model of ferrimagnetism. In the ferrite of the type AB,O,there are three A-A, B-B
and A-B super-exchange interactions, among them A-B interaction is the strongest. The
overall magnetization (M) in spinel ferrites is the difference between the magnetization of
the two sub-lattices i.e. (M = Mg — M,) [86]. Therefore the decline in magnetization at B
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sub-lattice decreases the net magnetization. The magnetic features of the spinel ferrite
can be tuned through site-specific occupation of the substituents in spinel lattice.
However, the site occupation should be carefully assessed and controlled. In the inverse
spinels the distribution of the ions is (Fe**)[M?*Fe**]onO4 While in normal spinels, the
distribution is (M*)e[Fe** Fe**]onOs. Substitutions of cations alter the magnetic
properties of the spinel ferrite, which is the replacement of Fe** ions or M®" ions by
magnetic, diamagnetic or weakly magnetic ions of almostthe same size. The size and
quantity of metal ions incorporated, site preference, the valency of the substituent, and

cation distribution are the several aspects that affect the magnetic properties.
2.5 Applications
2.5.1 Magnetic application

Spinel ferrites are well known for their magnetic properties. Several researchers
explored the magnetic properties of spinel ferrites and claimed their potential application
in permanent magnet [87-89]. Hu et al. reported the application of spinel ferrites in
nonvolatile memory devices [90]. The application of spinel ferrites in magnetic
hyperthermia has been studied by several research groups [91-94]. The potential
application of spinel ferrites in micromagnetic actuation technology has been proposed
by Dubraja et al. [95]. The magnetic property of spinel ferrite makes it a suitable
candidate for magnetic drug delivery application [96-98]. Spinel ferrites have been

extensively investigated for magnetic resonance imaging (MRI) [99-101].
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2.5.2 Removal of contaminants by adsorption

Adsorption is the mostpreferred technique for the separation and to get rid of
harmful materials from the contaminated waters, mostly owing to its ease and high
efficiency. The separation of the sorbent after the adsorption process is the major
difficulty faced, which can be energy and time consuming. Nevertheless, the utilization
of magnetic compounds for adsorption makes the process of separation more convenient
by allowing magnetic separation with an external magnet. The high surface area and great
adaptability for binding particular functional groups on their surfaces for specific
contaminants makes spinel ferrites the perfect material for the design and development of

novel adsorption strategies[15].

Extensive utilization of organic dyes has turned out to be a severe environmental
concern since these classes of organic compounds are not easy to decompose. The waste
discharged from textile industry consists of dyes that can pollute the water bodies and
develop certain health hazards and environmental pollution. The stable and complex
aromatic molecular structure of dyes makes them difficult to degrade. They have
carcinogenic and mutagenic effects on humans and aquatic lives [15]. In recent times, the
application of pure and modified MFe,QO, is found to be the finest option owing to their
excellent adsorption capacity, ease of recovery and reuse. The CoFe,0,4 have claimed to
get rid of direct red 80, direct green 6, and acid blue 92 dyes from aqueous solution. The
CoFe,0, coated by PEG chains were found to be great adsorbents for numerous dyes, for
instance, methyl orange, methylene blue, congo red, trypan blue, and brilliant blue

malachite green [102,103]. Similarly, NiFe,O4 was applied for the removal of reactive
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blue 5 dye [104]. The ZnFe,O, have shown improved degradation capacity in the

removal of acid red 88 dye from an aqueous solution [105].

Industrial wastes and agriculture activities release hazardous and toxic substances
in the water sources which leads to the contamination of drinking water. Continuous
consumption of this water may cause chronic diseases such as renal failure, liver
cirrhosis, hair loss, and chronic anemia. These diseases are related to the presence of
heavy metals like arsenic, mercury, lead, cadmium, and chromium in water. Hence, cost-
effective technology for the purification of water is necessary. The application of
magnetic nano-materials has immense potential to improve water purification [84].
Recently, CuFe,O, NPs have been used for removal of As and Cd from the wastewater
[106,107]. Viltuznik et al. investigated the removal of Pb(Il) from wastewater by
adsorption using CoFe,0,@SiO,-RSH nanosystem [105]. The y-Fe,O3 NPs incorporated
into graphene, and cellulose was employed as an adsorbent for the removal and recovery
of Cr(VI) from the wastewater [108,109]. The CoFe,O4 NPs were claimed as promising
materials to be used for the removal of toxic Cr(VI) from printing press wastewater

[110].

2.5.3 Catalysis

Magnetic spinel ferrite nanoparticles and their composites have been emerging as a
capable material in the near future for the catalytic applications. The benefit of magnetic
ferrites in catalysis is that they can be easily separated and recovered from the system
after completion of the reactions with an external magnet. Recently Dutta and Phukan

reported Cu-doped CoFe,O, as a magnetically recoverable catalyst for C-N cross-
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coupling reaction[16]. Lakshminarayana et al. reported CuFe,O4 nanowires as a highly
active catalyst for C—C couplings and synthesis of benzofuran derivatives[111].Kiyokawa
and lkenagareported oxidative dehydrogenation of but-1-ene at low temperature with
copper ferrite catalysts[112]. One-pot synthesis of benzimidazole using DMF using
CuFe,Oqcatalystwas proposed by Rasal and Yadav[113].Goyalet al. studied
CoMng Fe1 30,4 ferrite as a versatile catalyst for the reduction of nitroaromatic
compounds[114]. Bhatet al. proposed nickel hydroxide/cobalt—ferrite for alcohol
oxidation[115].Deng et al.reportedCoFe,O, magnetic nanoparticles as a highly active
heterogeneous catalyst of oxone for the degradation of diclofenac in water[116].NiFe,;O4
was reported to be an efficient catalyst in a typical industrial process like the water—gas
shift reaction[117].The photocatalytic performance of spinel ferrites has been evaluated

by several researchers over the years [118-121].
2.6 Copper substituted cobalt ferrite

Among spinel ferrites, CoFe,O4 is an interesting material and has been studied
extensively considering its unique and exciting features, such as large cubic magneto-
crystalline anisotropy, moderate Ms, higher Hc, and high Tc. CuFe,O4 is known to exist
in two phases, namely cubic and tetragonal due to Jahn-Teller distortion.The
incorporation of divalent Cu?* ions in CoFe,0,4 enables some tunable modifications in its
properties hence found to have potential application in various fields. It was observed that
the copper could enhance the catalytic activity of CoFe,O,. It has been also investigated
for its potential in antimicrobial activity and as a sensor. The Cu?* substitution generates
a structural phase transition accompanied by the decrease in the crystal symmetry due to

co-operative Jahn—Teller effect [8]. The introduction of copper renders CoFe,O,4 as an
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appropriate material for application in catalysis, sensing, and wastewater treatment. Since
Cu?* is a weakly magnetic ion (3d°) the incorporation of Cu®* ions in place of Co*" ions
(3d"), the magnetic moment is expected to decrease. Literature studies show that Cu®*
ions prefer to occupy the B sites [122]. The B site occupancy of the Cu®* ions will force
some of the magnetically crucial Co®" ions to migrate from B to A site. The overall
magnetization in ferrites is M = Mg-Ma i.e. difference in magnetization at B and A sites.
Hence the M; values with Cu?* substitution decreases in most of the cases as reported by
several authors[123-126]. The Hc values decreased with Cu?* substitution due to
decreased magnetic anisotropy as Cu®* ions have lower anisotropy than Co* ions. Batoo
et al. [127] also observed a decreasing trend in Ms values with Cu?* substitution but an
increasing trend in Hc was also seen [127]. Reports show that AC magnetic susceptibility
studies carried out showed a decreasing trend in Tc with Cu®* substitution in CoFe,O,
due to the weakening of A — B super-exchange interactions [128]. Although Ahmed et al.
[129] reported an increase in Tcup to (x = 0.3) and decreased thereafter. The dielectric
properties of Cu®* substituted CoFe,O, have been investigated by many researchers.
Ahmed et al. [130] and Faraz et al. [131] observed an enhancement in dielectric constant
with Cu®* substitution while Jnaneshwara et al. [132] and Hashim et al. [125] observed a
decreasing trend. The above observations were credited to the cation rearrangement
owing to substitution. Also, the Cu®" ion substitution is observed to show an
enhancement in the catalytic activity of CoFe,O4. Alamdari et al. [4] claimed that the Co-
Cu ferrite is highly active and magnetically separable nanocatalyst for the synthesis of
chromene derivatives. Recently Ghadari et al.[133] studied graphene oxide supported

copper-cobalt ferrite material as an efficient catalyst for the one-pot tandem oxidative
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synthesis of 2-phenyl benzimidazole derivatives in good yields. Dutta and Phukan [16]
also examined Cu doped CoFe,O4nanoparticles as a magnetically recoverable catalyst for
C-N cross-coupling reaction. Kirankumar and Sumathi [134] carried out the
photocatalytic studies against congo red dye using cobalt copper ferrite. Velinov et al.
[135,136] evaluated the superparamagnetic behavior of copper substituted CoFe,O,4 and
also investigated its catalytic activity for CO conversion and for methanol decomposition.
The copper substituted CoFe,O, have been prepared by several methods like co-
precipitation [16,123,131], sol-gel [122,125,128,137-139], hydrothermal
[4,126,140,141], combustion [127,132,134], microemulsion [142], solid-state reaction

[143] and polymeric precursor [144] method.

Antimicrobial properties of transition metal substituted ferrite nanoparticles have
been widely studied over the years. The enhanced effect of Cu®" substituted CoFe,O.
against multidrug-resistantE. Coli and Staphylococcus aureus has beendemonstrated
recently. Substitution of these metals using various synthetic methods allows variation in
properties with greater toxicity control and successful application. The separation of these
used biocompatible antimicrobial agents from the heterogeneous system is necessary.
The recovered agents can be reused to enhance efficiency, reduce the cost and avoid
secondary pollution. Although separation strategies like centrifugation, free settling, and
filtration have been widely adopted, they require sophisticated operating equipment, high
operational costs with loss of antibacterial agents. Therefore, an efficient and inexpensive
method like magnetic separation with the assistance of an external magnetic field is
exceptionally desirable to achieve the goal of fast and efficient separation. Kirankumar

and Sumathi [134] studied the antibacterial activity of Cobalt-Copper Ferrite. Sanpo et al.
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[135,136,145-147] and Samavati et al. [148] showed that the Cu?* ion strongly

influences the antibacterial properties of CoFe,0,.
2.7 Antimony substituted spinel ferrites

There are very few reports available on the effect of non-magnetic Sb** ion
substitution in CoFe,O,. The substitution of Sb®* ions is expected to alter the magnetic,
electric and dielectric properties of the host material. Literature studies showed that
antimony substituted spinel ferrite have been prepared by several methods such as solid-
state reaction [20,149,150], sol-gel [151,152], and hydrothermal method [153-155]. Sb**
substitution preferably occupies B sublattice in spinel ferrite [20,156,157]. Magnetic
studies carried out showed that with the substitution of Sb** ions, the magnetic
parameters such as My and H. decreased [20,152-154,156]. The decreased Ms values
could be possibly due to B site occupancy and diamagnetic nature Sb®* ions whereas
decreased H. values could be due to decreased magnetic anisotropy [20,156]. Although
Sridhar et al. [153] and Lakshmi et al. [154] obtained an increasing trend in Hc values
with Sb substitution. The dielectric studies carried out by Sridhar et al. [153] and
Lakshmi et al. [154] showed a lower value of dielectric constant when doped with Sb®*

ions.
2.8 Rare earth substituted Cobalt ferrites

The lower coercivity of spinel ferrites is a major obstacle that considerably limits
their usage in high-density magnetic recording application and elevating its value is a
challenge. Hence substantial efforts have been made for hunting down the novel

materials with higher coercivity. Substitution of rare earth metal ions having larger ionic
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radii significantly enhances the coercivity due to the presence of stronger magneto-
crystalline anisotropy. Hence the storage capacity of the magnetic recording systems like
CoFe,04 can be enhanced by substituting rare earth metal ions. In this regard, many
researchers investigated the effect of Rare earth ion substitution on magnetic
structural,and dielectric features of cobalt ferrite. In rare-earth metals, the carriers of
magnetism are the 4f electrons, the introduction of these metal ions in spinel ferrite gives
rise to fascinating materials. The magnetic moments of lanthanide elements vary from 0
(La) to 10.6 ug (Dy). Despite their fascinating magnetic properties, pure rare earth metals
cannot be applied in practical applications because of their low T.. The rare-earth
substituted CoFe,O4 is a promising material for magneto-optical recording applications,
displaying lower T, compared to pristine CoFe,O,4. Various methods have been applied
for the preparation of RE substituted CoFe,O4 namely co-precipitation [158-162], sol-gel
[163-167], hydrothermal/ solvothermal [168-171], solid-state reaction method [172—
176], reverse micelle process [177,178], combustion method [179], and polyol method
[180]. Most of the literature reports show that with RE ion substitution in CoFe,O4
magnetization gets lowered [159,173,181-187] while coercivity enhanced [181-
183,185,188,189]. The reduction in Msis because of the migration of relatively crucial
Co?* ions (3d") from the B to the A sites in the ferrite lattice [190]. In spinel ferrites, the
overall magnetic moment depends upon the interactions of magnetic ions residing at A
and B sites. The lowering of Ms with substitution could be because of the decreased
strength of A-B super-exchange interactions. According to literature, in the RE
substituted ferrites, RE**-O-Fe**and RE®*'-O-RE®" interactions also exist but are

relatively weak as compared to Fe**-O-Fe®" interaction. Hence, the overall magnetic
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moment should show a decrease when substituted with RE ions. For RE ions, also the
proper ordering of magnetic moment originating from the localized 4f electrons can be
observed only at less than 40 K [191]. Therefore, the addition of Cu?* and RE ions in the
ferrite lattice resembles the inclusion of non-magnetic atoms in the B site. The improved
H. with RE substitution compared to pristine Co-Cu ferrite is ascribed to the large single-
ion anisotropy of RE ions. A larger magnetic anisotropy gives rise to larger H. when RE
ions partially replace Fe** ions. Hence, enhancement in H, is accountable for magnetic
anisotropy. TheincreasedM; values with RE substitution have been reported by Lohar et
al. [192] and Prathapani et al. [193]. While a decreased Hc:has been reported by Guo et al
[186]. Mossbauer study of Y** substituted CoFe,O, showed a superparamagnetic
behavior [194]. An increase in dielectric constant with RE** ion substitution has been
reported and was attributed to the cation rearrangement and size effect [183,195,196].
While a decrease in dielectric constant with RE substitution has been reported by several
authors [159,173,183,184]. Demicri et al. [158] investigated CoFe,O,4 nanoparticles by
substituting La** ions in place of Fe** ions for efficient hyperthermia heating. Kevadiya
et al. [197] proposed application of Eu** doped core-shell silica CoFe,O, functionalized
nanoparticles in MRI, Kharat et al. [198] proposed Dy*" substituted Fe rich CoFe,O, for
magnetoelectric sensor applications. Gd** substituted ferrites have also been investigated
extensively for their multifunctional behavior as active hyperthermia and MRI contrast

agents.
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2.9 Chromium substituted CoFe,0O4

Several methods were employed for the preparation of Cr substituted CoFe,O4
namely coprecipitation [199-201], sol-gel [202-206], solid-state reaction [207—210], and
hydrothermal method [211-213]. According to literature studies, the magnetic studies
revealed a decrease in Ms and H: values with Cr substitution in CoFe;O4
[199,200,202,203] indicating a lesser magnetic character, B site occupancy [209,214] and
weaker A-B super-exchange interactions. But the magnetic investigations carried out by
Toksha et al. [205] showed a decreasing trend of Mg but the H¢ values increased which
was attributed to the size effect. The Mossbauer studies carried out by Raghasudha et al.
[215] indicated a super-paramagnetic behavior with Cr substitution in CoFe;O4. The
dielectric studies revealed that higher dielectric constant was observed with Cr
substitution in CoFe;04[199,202]. With the increase in Cr content in CoFe,O, increase in
DC electrical resistivity was also reported [200,215]. Singh et al. [216] showed that the

partial substitution of Fe by Cr in CoFe,O4 greatly enhances the electrocatalytic activity.

2.10 Manganese substituted cobalt ferrite

Manganese substituted CoFe,O4 have been studied by many researchers in recent
years. The methods like coprecipitation [217,218], combustion [219-222], sol-gel [223—
225], solid-state reaction [226-229] and hydrothermal method [230] have been employed
for the preparation of manganese substituted CoFe,O,4. Magnetic studies carried out by
several researchers on Mn substituted CoFe,O, revealed that magnetization initially
increases with Mn substitution followed by decrease [227,229,231,232]. A decrease in H

values was also observed with Mn substitution attributed to decreased magnetic
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anisotropy [224,227,229,231,232]. The increased Mgvalues could be attributed to the
initial A site occupancy of Mn ions at lower concentration and further occupies B site at
higher concentration. Ramana et al. [232] proposed that initially Mn could have been
substituted as Mn?* and then as Mn**. A continuous decrease in Ms values with Mn
substitution in CoFe;O4 have been reported by Jauhar et al. [224] and Goyal et al.[225].
The decrease was attributed to the substitution of Fe** ions (5 pg) with lesser magnetic
Mn** ions (4 pg) in the B site. Cojocariu et al. [218] reported an increase in Ms and H,
values with Mn substitution in CoFe,O, which was accounted for the size effect. A
significant decrease in T, values with Mn substitution in CoFe,O4 was also claimed by
Tsay et al. [227] and Paulsen et al. [233], due to the weakening of A-B exchange
interactions. Application of Mn-substituted CoFe,O4 in magnetic stress sensors has been
proposed by many researchers [229,231,233]. The catalytic degradation studies of
methylene blue and Remazol turquoise blue indicated that the presence of Mn in
CoFe,04 enhances the degradation of dyes [224]. Goyal et al. [225] proposed Mn
substituted CoFe,O,4 as magnetically separable heterogeneous catalysts for the conversion

of nitroarenes to aromatic amines.
2.11 Indium substituted spinel ferrite

The introduction ofnon-magnetic ions like In** in spinel ferrites can disturb the
balance of the tetrahedral and octahedral sites and therefore can affect the properties of
the entire material. The preparation of In** ion substituted spinel ferrite have been
reported by sol-gel [234-236], coprecipitation [237-239], hydrothermal [240], and solid-
statereaction method [241-243]. Literature reports show that with In** jon substitution

magnetization increases at lower concentrations whereas decreases at higher
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concentrations [235,238,242,244-248]. At lower concentrations, In** ions prefer to
occupy the A sub-lattice by the replacement of Fe** ions and thereby enhance the net
magnetization while at higher concentrations they will prefer to occupy the B sub-lattice.
A continuous and steady increase in Ms with In** substitution in spinel ferrite is observed
by many researchers and was assigned to the A site occupancy of In** ions
[234,236,241,243,249]. Verma et al. [247] observed a steady decrease in magnetization
with In** substitution in Mg-Mn-Ni ferrite and hence proposed B site occupancy by In®*
ions. When In** ions (0 pg) replace Fe** ions (5 pg) at the B site, there arise additional,
In**-O-In**, In®**-O-Fe** interactions which are much weaker than Fe®"-O-Fe**
interactions, hence the magnetization of B sub-lattice drops maintaining the
magnetization of the A sub-lattice constant. Vlazen et al. [240] also obtained decreased
values of Ms and Hc with In®" substitution which was credited to the formation of
secondary phase (In,03). Nongjai et al. [250] also reported enhancedHc values attributed
to the transition from multidomain to single domain nature. Kumar et al. [238] observed
an increase in He with In*" ion substitution in Mn-Zn ferrites and factors such as
magnetocrystalline anisotropy, microstrain, shape anisotropy, were held responsible. A
decrease in Hc with In** substitution was reported by Shirsath et al. [243] and Meng et al.
[248] attributed to its porosity. Literature studies showed a considerable decrease in Tc
with In** ion substitution which is due to weaker A-B exchange interactions developed
[234,241,243-245]. Mathur et al. [239] observed a superparamagnetic behavior with In®*
substitution in Mn-Zn ferrite. The above-mentioned reports reveal that there are still
contradictions regarding the site preference by In** ions which can occupy both A and B

sites but have a strong tendency to occupy the A sites at lower concentrations.
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Pandit et al. [242] observed a decreasing trend in dielectric constant with indium
substitution. When In®* ions replace Fe** ions at A and B site it acts as an electron trap
and obstructs electron hopping between Fe**and Fe®* charge carriers and consequently
decreasing the polarisation and hence ¢'. The enhanced DC - electrical resistivity with
indium substitution in spinel ferrites have been observed by several researchers which
were assigned to the reduction in Verwey’s hopping mechanism due to cation

rearrangement [245,249-251].
2.12 Yttrium oxide (Y,03)

The major resource of yttrium at present is monazite. Y,03 has a high dielectric
constant, high refractive index, large band gap (5.8 eV) and a melting point of 2410 °C. It
exhibits cubic, monoclinic and hexagonal crystal structure. The cubic phase and the
monoclinic phase are commonly found in most preparation processes and have
significantly different thermal and optical properties. Hence it is essential to control the
phase of Y,03 in a preparation process. Y,03 has numerous applications in various fields,
for instance as laser materials, catalysts or catalyst support, advanced ceramics and

transparent matrices for phosphor materials when doped with RE metal ions.
2.13 Y,03: Eu®* Phosphors

Yttrium oxide (Y,0O3) possessing body-centered cubic structure acts as an exceptional
host material when trivalent Ln** ions (Eu**, Er**, Tb®") are used as dopants. It has a wide
band gap ~ 5.8 eV and small phonon energy (380 cm™) which enhances the probability of
radiative transitions among electronic energy levels of RE ions in the host material. The

Eu®* activated Y,O3 is a red-emitting phosphor and has been examined extensively
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because of their much higher brightness compared to other red-emitting phosphors. It is

one of the most often employed commercial lighting and cathode-ray phosphor.

The preparation techniques like hydrothermal/ solvothermal [78,252,253],
combustion [254-257], sol-gel [258-260], co-precipitation [261-263], and solid-state
reaction method [264-266] have been utilized for the preparation of Y,Os:Eu®*
phosphors. It shows high luminescence efficiency with exceptional red color purity,
which makes it a suitable material for its application in red — color emitting luminescent
material. The luminescence of Eu®* ions generating from transitions among 4f levels of
Eu®* is mostly because of the electric dipole (*Do—'F,) and/or magnetic dipole
(°Do—'F4) transitions [254]. The occurrence of a dominant red luminescence ~ 611 nm
under UV excitation of ~ 250 nm is observed in most of the cases [33,252,267,268] but in
some instances was observed at ~ 394 nm [258,269]. It has been noticed that with
increasing Eu®* concentration the emission intensity enhanced which was attributed to the
existence of a higher number of PL active centers[269-271] while above certain
concentration the emission intensity reduced owing to the phenomenon called

concentration quenching [272-275].

Several researchers claimed that co-doping elements like Li, Ca, Bi, Na, K, Gd, Th
with Eu®" in Y,0; could improve the PL properties [42,254,261,268,274,276-278]
following an energy transfer process. The shape and size dependence of PL property of
Eu activated Y,03 have been also reported [265,276,279-283]. Kabir et al. [263] and Yu
et al. [284] claimed that the surfactant employed in the synthesis process played a crucial
role in controlling the luminescence property. The temperature-dependent emission

intensity has also been examined [272,285,286]. The Y,O3: Eu®* phosphors are proposed
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to have potential applications as biomarkers [78], temperature sensors [255] and as a

photocatalyst [256].
2.14 Y,03: Er** Phosphor

Several synthesis methods like sol-gel [66,260,287,288], combustion [255,289-291],
hydrothermal [7,292,293], co-precipitation [294-297], and pulsed laser deposition [298]
have been used for the preparation of Y,0s: Er** phosphors. The Y,0s: Er** phosphors
are mostly used in combination with Yb* ion as an Up-conversion material. The Y,Os:
Er®* phosphor gives strong green emission in the region 520-565 nm corresponding to
2Hy112, *S30—*115/» transition and feeble red emission in the region 650-665 nm attributed
to *For, — *l1sp2 transition [66,260,287,289,291]. The dependence of PL property of Y,0s:
Er®* phosphor on size and morphology of the particles has been reported by Gruzintsev et
al. [295]. Scarangeela et al. [299] and Back et al. [287] observed an increase in PL
intensity with co-doping with Bi which acts as a sensitizer. Several researchers proposed
their possible usage in high dose dosimetry, biomedicine, optical amplifiers, lasers,
displays, bioanalysis, and telecommunications [66,255,300]. Kumar et al. [293] reported
Y05 combined with Er** and Yb*" as a potential security ink for anti-counterfeiting
applications. Rai et al. [301] proposed Y,0s co-doped with Er**, Eu** and Yb** phosphor

for lighting and sensing applications.
2.15 Gadolinium oxide (Gd,03)

Gd,03 has been considered as an important metal oxide which has been examined
comprehensively in the past few years owing to its technological significance. The most

common chemical form of gadolinium is Gd,Os, which is a thermally stable having
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melting point up to 2420 °C. It has three structural polymorphs cubic, monoclinic, and the
hexagonal. Crystalline Gd,O3 usually prevail in a cubic phase at ambient temperature and
transforms to monoclinic phase beyond 1250 °C. Due to their optical, electronic, and
chemical features arising from 4f electrons, Gd,O3 has been extensively employed in the
fields of luminescence devices, optical transmission, biochemical probes, and medical

diagnostics.

2.16 Gd,05:Yb**/Er®* Phosphors

Cubic Gd,03 has been reported as host material due to its superior Up-conversion
luminescence efficiency. There are a number of reports containing activator ions like
Er¥, Tm*, Ho*" etc. co-doped with Yb®" ionswhich act as a sensitizer, in Gd,O5 host
lattice and efficient Up-conversion luminescence could be achieved. Synthetic strategies
like co-precipitation [67,302-305], solid-state reaction [31,306-308], sol-gel [309-312],
a hydrothermal/solvothermal method [313-316], and combustion method [215,317,318]
has been employed for the preparation of Gd,Os: Yb**/Er** phosphors. In Gd,Os:
Yb*/Er®* phosphors the Yb** ion absorbs the laser photon and goes to its excited state.
Then the Yb** ion in excited state relaxes from an excited state to ground state and
transfers its energy to an Er®* ion which enhances the population at the *I11/, energy level.
The populated “l,1, energy level in an Er** ion further gets excited to “F7;, energy level

by 3 processes [31].

Many researchers showed that the spectral color purity of Gd,Os Yb**/Er**
phosphors can be tuned by adjusting the dopant concentration. The Up-conversion

spectra of Gd,03:Yb**/Er** phosphors mostly shows dominant red emission (~660 nm,

29



*Fo, — *l1sp) accompanied by weak green emission (~560 nm, 2Hiys / *Sapp — *lisp)
[302,319]. The reports claimed that by increasing Yb** content in Gd,Os: Yb**/Er**
phosphor the green emission gets suppressed but an enhancement in red emission was
achieved [320-322]. Billir et al. [317] obtained an unexpected white light emission from
Er¥*/Yb** co-doped Gd,O3 nano-phosphors. Li et al. [323] reported an enhancement in
luminescence of Gd,O3:Yb**/Er®" phosphors by co-doping with Zn?* and Li* ions. The
researchers proposed the potential application of spectrally pure Gd,Os:Yb**/Er**
phosphor material in fingerprint recognition, multicolor printing [302], biomedicine
[316], optical thermometry [318,324], solar cells [31], photovoltaic’s, photocatalysis
[256], wearable optoelectronics [303], sensors [305,325], cancer theranostics, bimodal
imaging [319], bioimaging [321,326], and high performance contrast agent for

multimodal imaging [327].
2.17 Gd,0;: Yb*/Ho*

Gd,03: Yb*/Ho" phosphors are reported to show Up-conversion luminescence under
laser excitation of 980 nm. The Gd,Os:Yb*/Ho®* phosphors were prepared by
combustion [328], polymer complex solution [329], co-precipitation [44,330], sol-
gel[331] methods. In Up-conversion materials Yb*®* is chosen as a NIR sensitizer and
Ho®" ion as a luminescent ion. Reports show that the Gd;,O3: Yb**/Ho®*" phosphors give
major green emission (~550 nm, °S,/°F, — °lg) accompanied by relatively weak red
emission (~ 667 nm, °Fs — °lg) [44,65,330,332,333]. An enhanced Up-conversion
emission in the Gd,Os: Yb**/Ho®* phosphors by introducing Zn** and alkali metal ions
have been observed [304,329,331]. The potential applications of these phosphors in
temperature sensing, a plasma display, bioimaging, [328], fingerprint detection in
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forensic science [65] have been proposed. Yin et al. [333] proposed that Gd,Os:
Yb*/Ho** phosphor has the potential to be developed into a safe and highly efficient

magnetic resonance and fluorescence nanoprobe in cell molecular imaging of cancer.
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PREPARATION AND INSTRUMENTAL TECHNIQUES

3.1 Preparation

Pristine and substituted spinel ferrites were prepared by employing the sol-gelauto
combustionroute utilizing malic acid as a complexing agent. The RE substituted Y,0;
and Gd,O3 were prepared by employing the combustion method. The heat treatment was

given to the materials to obtain desired monophasic compounds.

The compositions obtained were characterized by several instrumentaltechniques
such as TG-DTA, XRD, ICP-AES, IR, Raman, and XPS. The obtained materials were
further studied using SEM-EDX, TEM-SAED, Mossbauer spectroscopy, VSM, AC
magnetic susceptibility, DC- electrical resistivity set up, LCRQ meter for dielectric
studies, UV-DRS, fluorimeter for photoluminescence studies, and Up-conversion

fluorimeter for Up-conversion studies.

3.1.1 Sol-Gel Auto combustion method

3.1.1.1 Preparation of Cu?* and Sb** substituted cobalt ferrite.
Co1.xCuyFe, 04 (where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25)
CoFe,.xSbxO4 (where x = 0.00, 0.03, 0.06, and 0.09)

An intended quantity of cobalt nitrate hexahydrate (Co(NOj3),-6H,0, Sigma
Aldrich 99%), copper nitrate tri-hydrate (Cu(NO3).-3H,0, Sigma Aldrich 99%), and iron
nitrate nonahydrate (Fe(NO3)3-9H,0, Sigma Aldrich 99%) were dissolved separately in

water. These solutions were then poured into the malic acid solution (C4HgOs,
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ThomasBaker 99%) which was prepared by dissolving in a minimum amount of double-
distilled water. (In case of Sb®" substituted cobalt ferrite antimony oxide (Sb,Os, Sigma
Aldrich 99%) was dissolved in malic acid). The pH of the resulting solution was adjusted
using 30% ammonia (S D fine chemicals Ltd) till neutral. Ethylene glycol (C,HgO.,
Thomas Baker 99.5%) in a fixed ratio was added to the above solution. The obtained
solution was heated at 100 °C with vigorous stirring and was allowed to form an
anhydrous gel by placing it in an oven. The gel obtained was subjected to auto-
combustion in an oven at 200 °C to get a fluffy powder and was further subjected to
calcination at 400 °C for 5 h in a muffle furnace. The calcined powder was further heat-

treated at 800 °C for 8 h to get a pure cubic phase.

3.1.1.2 Preparation of RE**, Cr®*, In®" and Mn ion substituted cobalt-copper ferrite.
C0p9Cup 1FerxREXO4 (Wwhere RE = Gd, Dy, Sm, Yb, Eu and x = 0.00, 0.03, 0.05)
Co0p.9Cug 1Fe2xCrO4 (where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Co0p.9Cup 1Fesz.x MnO4 (where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Co0p.9Cug 1Fes« InyO4 (where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

A stoichiometric amount of cobalt nitrate hexahydrate (Co(NOs),-6H,0, Sigma
Aldrich 99%), copper nitrate trihydrate (Cu(NO3),-3H,0, Sigma Aldrich 99%), and iron
nitrate nonahydrate (Fe(NOz3)3-9H,0, Sigma Aldrich 99%) were dissolved in minimum
quantity of distilled water separately to get homogeneous aqueous solutions. In the case
of RE, chromium, manganese and indium substitution, a stoichiometric quantity of

RE,O3 (dissolved in conc. HNOs3), chromium nitrate (Cr(NOg3)3-9H,0, Sigma Aldrich
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99.0%), manganese nitrate (Mn(NO3),.4H,0, Sigma Aldrich ~97.0%) and Indium oxide
(In203, Sigma Aldrich 99.9%) (dissolved in conc. HNO3) were added. The above metal
ion solutions were added to the known amount of malic acid (CsHgOs ThomasBaker
99%) previously dissolved in distilled water. The pH of the solution was set to near
neutral using 30% ammonia (S D fine chemicals Ltd) followed by the addition of
ethylene glycol (C,HgO,, Thomas Baker 99.5%). The resulting solution was evaporated in
an oven at 95 °C to obtain an anhydrous brown thick viscous gel. The gel was burnt
through the self-propagating combustion process in a preheated oven at 200 °C to get a
fluffy brownish-black powder. The powder was further calcined at 400 °C for 5 h and

pressed into pellets to sinter at 800 °C for 10 h to obtain the compound in a single phase.
3.1.2 Combustion method
3.1.2.1 Preparation of mixed rare earth oxides
Y 2xCeyEuxO3 (Where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)
Y 2xCeyErO3 (where y = 0.00, 0.01 and x= 0.00, 0.02, 0.04, and 0.06)
Gdy-xEro.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)
Gdy-xH0.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

A series of Ce**/Eu®", Ce**/Er® co-substituted Y,03 and Er**/Yb*, Ho*'/Yb® co-
substituted Gd,O3; were prepared employing the solution combustion method. The
europium oxide (Eu,Os;, Sigma Aldrich 99.99%), gadolinium oxide (Gd;Os, Sigma
Aldrich 99.9%), ytterbium oxide (Yb,O3, Sigma Aldrich 99.9%), and holmium oxide

(Ho,03, Sigma Aldrich 99.9%) were brought into solution by dissolving in concentrated
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nitric acid (HNOs, Fisher Scientific). The yttrium nitrate (Y(NO3)3.6H,0, Sigma Aldrich
99.9%), cerium nitrate (Ce(NO3)3.6H,0, Sigma Aldrich 99.99%), and erbium nitrate
(Er(NO3)3.5H,0, Sigma Aldrich 99.9%) were dissolved in double-distilled water. The
desired metal ion solutions were added to the calculated amount of glycine (C,HsNO,,
SDFCL 99.0%) previously dissolved in double-distilled water. The oxidizer-to-fuel ratio
was maintained at 1:0.5. The resulting solution was concentrated on a hot plate to get a
thick gel. The gel was combusted in a preheated oven at 200 °C for 3 h. Further, the
obtained samples were calcined at 500 °C for 5 h and were then pelletized and sintered at

1000 °C for 8 h to obtain a single-phase compound.
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3.2 Instrumental Techniques

3.2.1 Thermogravimetric — Differential thermal analysis (TG-DTA)

Thermal analysis is a physico-chemical method associated with the examination
of the change in properties of materialsand processes under programmed variation of the
surrounding temperature. The thermal analysis reveals information such as; melting,
sublimation, enthalpy, thermal capacity, mass changes, thermal degradation reactions,
phase transitions, and decomposition temperature [334,335]. Thermo-gravimetric
analysis (TGA) is a technique that determines the mass changes occurring in the material
when the sample is subjected to a programmed temperature in a controlled atmosphere.
This change in mass can be a loss of mass or a mass gain. The weight loss recorded
provides information regarding the sample composition and thermal stability of the
material. TGA is the most effective technique for investigating processes like adsorption,
desorption, combustion, decomposition, hydration, dehydration, and oxidation/reduction
processes [334,335]. The differential thermal analysis (DTA) is a technique which
determines the difference in temperature between a sample and a reference as a function
of temperature when the sample is subjected to temperature scanning in a controlled
atmosphere. In the case of DTA, the sample under investigation and the reference are
subjected to similar thermal cycles, and the temperature difference among sample and
reference is recorded. The DTA profile indicates the transformations which have been
developed, such as sublimation, phase change, melting, combustion, crystallization,
hydration, dehydration, glass transitions, etc [334].

Thermal measurements (TG-DTA) of the samples were recorded from 30 to 800

°C in the air with the heating rate of 10 °C/min on a Thermogravimetric — Differential
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Thermal Analysis (NETZSCH TG/DTA STA 409PC). Alumina (Al,O3) crucible was
used as a sample holder.
3.2.2 X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) is animportant and crucial characterization
technique employed in material science to recognize the crystal structure, to identify the
crystalline and amorphous nature of the materials, to give information on unit cell
dimensions and indexing of the peaks, determine crystal structures using Rietveld
refinement, to determine the phase purity, crystallite size, lattice parameters, X-ray
density and strain in the structure. XRD is based on constructive interference of
monochromatic X-rays and a crystalline sample. These X-rays are produced by a cathode
ray tube, filtered to generate monochromatic radiation, collimated to concentrate, and
headed towards the sample. The interaction of the incident rays with the specimen creates
constructive interference when conditions obey the Bragg's Law.

nA = 2dSin0

Where A is the X-raywavelength
n is an integer
d is the interplanar distance
0Ois the X-ray angle

Braggs law relates the wavelength of electromagnetic radiation to the angle of
diffraction and the lattice spacing in a crystalline material. The diffracted X-rays are then
detected and processed. Conversion of the diffraction peaks to d-spacings allows

identification of the mineral under investigation since each mineral consist of unique d-
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spacings values. Comparing the d-spacing values with the standard reference patterns the
identification of the material could be achieved [336,337].
The lattice constant ‘a” was determined using the following relation:
a=d\h?+ k% + 12
Where,d is the inter-planar distance and ( h k 1) are the Miller indices.

The X-ray density (px ) was calculated using the following equation:

nMm

PX=Na?

Where n is the number of atoms associated with each unit cell, M is molecular weight of
the compound, a° is the volume of the cubic unit cell and N is the Avogadro's number.
The crystallite size d was determined from the Scherrer's formula

0,92
" Rcosd

WhereRis the full width at half maximum, A is the X-ray wavelength (1.5418 A) and @ is
the angle of diffraction.
The powder XRD measurements were performed on a RIGAKU ULTIMA IV

diffractometerutilizing Cu Ka (1.5418 A) source.

3.2.3 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES is a very sensitive emission spectrophotometric method for recognition
and quantification of elements present in a sample. It is often used for the quantitative
detection of trace elements and provides high selectivity between elements, high

sensitivity, and a large dynamic range. In this method, a sample in liquid form is injected
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into argon gas plasma having a strong magnetic field. This technique uses the inductively
coupled plasma to generate excited atoms and ions that emit electromagnetic radiation at
wavelengths distinctive of a particular element. It is a flame technique with the flame
temperature ranging from 6000 to 10000 K that leads to more effective excitation of
atoms of around 60 elements which also includes a few non-metals. This extreme heat
inhibits the formation of polyatomic species, consequently enhancing the detection limits
for several elements. By determining the wavelengths and intensities emitted by a
sample, the elemental composition of the sample can be quantified relative to a reference
standard. The detection limits usually vary from parts per million to parts per billion,
depending on the element and instrument [338,339].

The samples were digested using concentrated nitric acid. The metal ion
concentration was determined by using spectro analytical instruments GmbH, ARCOS,

simultaneous ICP Spectrometer.

3.2.4 Infrared Spectroscopy (IR)

IR spectroscopyis a significant characterization technique based on the vibrations
of the atoms when interacts with IR light. For a vibrational mode to be "IR active,” it
should have change in the permanent dipole moment. It is based on the fact that the
functional groups absorb definite frequencies, distinctive of their structure.When a
functional group absorbs energy, it can vibrate in a bending or stretching mode and the
characteristic energy for this vibrational mode is given in wavenumbers. An IR spectrum
is achieved by passing IR radiation through the desired sample and determining the

fraction of the incident radiation absorbed at a particular energy. The energy at which the
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peak is positioned in an absorption spectrum corresponds to the frequency of

vibration[340,341].

A small quantity of the sample was finely ground with potassium bromide. This
mixture was then pressed into a sample holder through which the beam of the
spectrometer could pass. The room temperature IR spectra were recorded in the range of
350 - 3500 cm * on SHIMADZU IR-PRESTIGE-21 IR spectrophotometer to depict the

various vibration bands.
3.2.5 Raman Spectroscopy

Raman spectroscopy is a non-destructive method and can be used to recognize
vibrational, rotational, and other low-frequency modes. It can be utilized for the
examination and identification of an extensive range of materials and also possible with
samples in solution form. Raman spectra of different polymorphs show several similar
features along with some distinct differences. It can also offer information regarding the
stress in the material, crystal lattice disorder, and phase separation of the supersaturated
solution. A material shows a Raman effect, only if it involves a change in its electric
dipole-electric dipole and intensity of the Raman scattering is proportional to this change
in polarizability. In this method, a laser light source is used to irradiate the sample which
develops a small quantity of scattered light, which can be recorded as a Raman spectrum.
The distinct pattern in the spectrum helps to recognize the materials including

polymorphs, assess crystallinity, and stress in the material [342].

The room temperature Raman spectra were recorded in the range of 150 - 800 cm”

! on HORIBA JOBIN YVON HR-800 Raman spectrometer to identify different type of
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vibration modes. A 632.8 nm He — Ne laser source with the power of 10 mW was used as
the excitation source and on STR - 500 Confocal micro Raman spectrometer with 532 nm

DPSS laser.

3.2.6 Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM —

EDX)

Scanning electron microscopy (SEM) is a surface analysis microscopic technigue.
It gives HR images of the specimen under investigation by scanning the sample surface
with a focused electron beam (0.1-50 keV) and detecting the backscattered and secondary
electron signals which generate a grayscale image of the surface morphology. For SEM
imaging, the specimens should be electrically conductive,to avoid the buildup
of electrostatic charge. Non-conducting materials are generally coated with an ultrathin
coating of electrically conducting material which includes Au, Au/Pd alloy, Pt, Ir, Os,
and graphite by low-vacuum sputter coating or by high-vacuum evaporation.Energy
dispersive X-Ray (EDX) is a surface analysis technique employed for the elemental
identification and quantitative information of a sample. Besides secondary electrons and
backscattered electrons, X-rays are also generated by primary electron bombardment. The
intensity of backscattered electrons could be associated with the atomic number of the
element. Therefore, some qualitative elemental information could be achieved. The
examination of characteristic X-rays emitted from the sample provides quantitative

information about the element [336,343].
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The sample was dispersed on a carbon tape and was subjected to Au/Pd coating.
The surface morphology of the prepared materials and elemental composition were

examined on scanning electron microscope Zeiss Evol8.

3.2.7 Transmission Electron Microscopy — Selected Area Electron Diffraction (TEM
— SAED)

TEM is a very powerful technique in material research. It can be used in the
determination of structure by directing a high energy beam (10-200 keV) of electrons at
the sample and recording the consequent diffraction pattern generated by the electrons
transmitted through the sample. TEM uses energetic electrons to give morphological,
compositional and crystallographic data on the samples. TEM generates HR, two-
dimensional images, allowing for a wide range of scientific and industrial fields. TEM
data is able to offer information regarding surface features, shape, size, structure, and
crystallinity. The SAED of polycrystalline materials provides ring patterns analogous to
those from XRDand could be used to differentiate between crystalline and amorphous

phases and to identify if more than one phase is present [336,344].

The particle size was estimated using Transmission electron microscope PHILIPS
CM 200, working at a voltage of 200 kV and Field emission gun-transmission electron

microscope 300 kV (HR-TEM 300 kV) (FEI Tecnai G2, F30).

3.2.8 X-ray photoelectron spectroscopy (XPS)

XPS is an extensively used and well-knownsurface-sensitive spectroscopic
method for the analysis of solids. It can be applied to a wide range of materials and gives

quantitative and chemical state information of the surface components being analyzed.
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XPS can determine the elemental composition, chemical state and electronic state of the
elements within the material under study. It is usually used to examine inorganic
compounds, polymers, elements, catalysts, glasses, ceramics, corrosion, adhesion, surface
treatments, and thin-film coatings. This technique analyzes the outermost depth of a few
nanometers (1-10 nm) of the sample. XPS needs an ultrahigh vacuum environment and
the monochromatic X-ray source. The incident X-rays cause the ejection of core-level
electrons from the samples. The energy of an emitted core electron is a function of its BE
and is characteristic of the element from which it gets emitted [336,345]. The energies
and intensities of the photoelectron peaks allow us to identify and quantify all the surface
elements. XPS can detect all the elements with an atomic number of 3 and beyond 3. The

detection limits for most of the elements are in the parts per thousand range.

XPS studies were performed on powdered samples. Full scan XPS spectra along
with high-resolution XPS spectra were obtained using PHI Versa probe Il and ESCA+
omicron nanotechnology oxford instruments. The high-resolution XPS spectra were
charge corrected using carbon as a reference and deconvoluted using XPS peak

processing software to determine the exact values of BE.

3.2.9 UV-Vis diffuse reflectance spectroscopy (UV-DRS)

UV-DRS is a nondestructive method and very useful technique in determining the
band gap of the material. It is based on the reflection of light in the ultraviolet (UV),
visible (VIS) and near IR (NIR) region by a powdered sample. It uses the interaction of
light, absorption, and scattering to generate a characteristic reflectance spectrum, which

offers information regarding the band gap of the material [346,347].
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Room temperatureUV/Visdiffuse reflectance spectra (UV-DRS) were recorded on
a Shimadzu UV-2450 spectrophotometer in the 200-800 nm range against a reference
barium sulfate. The band gap energy (Eg) was estimated from the fundamental
absorption, which corresponds to the excitation of electrons from the valence band to the
conduction band. In order to estimate the band gap, the diffuse reflectance (R) of the
samples was transformed employing a Kubelka-Munk function which is directly
proportional to the absorption coefficient (o). The optical band gap (Eg) and absorption

coefficient (a) of a direct band gap semiconductor is related through the Tauc equation.

Ahv = A(hv-Eg)"

Where A is the proportionality constant, hv is the energy of the incident photon, and n is
an index that characterizes the optical absorption process. The band-gap energies were
obtained from the extrapolation of the Tauc’s linear portion intersecting with the photon

energy axis.

3.2.10 Mossbauer spectroscopy

Mdossbauer spectroscopy is a crucial method which could be employed in several
fields of science to give vital information. It can provide very detailed information
regarding the structural, chemical, magnetic and time-dependent features of the material.
In this technique, a solid sample is subjected to a beam of gamma radiation, and a
detector records the intensity of the beam transmitted through the sample. The atoms in
the source emitting the gamma rays should be of the same isotope as the atoms in the
sample absorbing them.This technique is extensively utilized to inspect the chemical state

of Fe, which can be 2+, 3+ or metallic Fe [348].
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A thin layer of powder sample was introduced between the source and the
detector in such a way that the sample will be perpendicular to source and detector. >’Fe
Mossbauer measurement was conducted in transmission mode, using >'Co as a
radioactive source in constant acceleration mode utilizing a standard PC based
Mossbauer spectrometer. The peak fitting was done on the obtained spectra using

NORMOS-SITE software.
3.2.11 Magnetic studies

A vibrating-sample magnetometer (VSM) is a very sensitive instrument that
records the magnetic features of a sample with respect to applied magnetic field and
temperature with very high precision. It works on the Faraday's law of electromagnetic
induction, which states that a varying magnetic field will generate an electric field. This
electric field can be measured, which provides us with information regarding the

magnetic nature of the material.

In the measurement setup, a magnetic sample is moving in the proximity of two
pickup coils. A sample is initially magnetized in a uniform magnetic field and then
sinusoidally vibrated, using a piezoelectric material. The changes in the signal are
converted to values by the software to give a plot of magnetization (M) versus the
magnetic field (H) strength, often referred to as a hysteresis loop. The hysteresis loop
obtained contains vital information regarding the magnetic properties of the sample.
Characteristic quantities include the saturation magnetization (A4%), the remanent

magnetization (47, and the magnetic coercivity (4;). Hence VSM instrument can be

45


https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Piezoelectric

employed in recognition of ferromagnetic, ferrimagnetic, anti-ferromagnetic,

paramagnetic, and diamagnetic materials.

The magnetic moment per formula unit in Bohr magneton (np) was calculated by

employing the following equation.

M,, xMg
5585

ng =

WhereM,, and M; are the formula weight and saturation magnetization respectively.
The magnetic studies were carried out at 300 K and 50 K with varying magnetic
field up to 3 T on a vibrating sample magnetometer (VSM) (Quantum design PPMS).
And on a Quantum Design 14 T PPMS — Vibrating Sample Magnetometer by varying a

magnetic field upto 5 T at 300 K and 5 K.

3.2.12 AC — Susceptibility

AC magnetic measurements, in which an AC field is applied to a sample and the
resulting AC moment is measured, is a significant technique to characterize the magnetic
materials. In order to get the overall idea of the ferrimagnetic material, the determination
of temperature-dependent magnetic susceptibility (y1/yrr) is vital. The main objective of
this measurement is to estimate the Curie temperature (T.) by applying a weak external
magnetic field. T; is the temperature where the material is fully demagnetized or the
temperature where ferromagnetic and ferrimagnetic material transforms to a
paramagnetic material upon heating. The initially increasing (yr/yxrr) values with
temperature are due to the alignment of magnetic domains. The AC magnetic
susceptibility study is also an important method to determine the different domain states

exhibited by the materials on the basis of particle size distribution. The nature of the
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curve in response to temperature gives information on the magnetic domain states such as

superparamagnetic, single domain, and multi-domain.

Approximately 100 mg of the sample was placed in a quartz tube and the sensor
was introduced into the tube and the Curie temperature (T.) was recorded at a field of 5
kOe employing temperature-programmed data logger for science experiments supplied

by ADEC.

3.2.13 DC - Electrical Resistivity

Electrical resistivity is a fundamental property of a material that quantifies how
strongly a given material resists the flow of an electric current. A low value of resistivity
suggests that the material readily allows the flow of electric current. It is an important
technique to examine semiconductor metal oxides. Resistivity is generally represented by
the Greek letter p (rho). The DC electrical resistivity of all the ferrite samples was
calculated using a two-probe instrument in the temperature range 373-773 K. The sample
was pressed into a pellet by applying a pressure of 5 tonnes. DC electrical resistivity (pqc)
was measured by two probe electrical conductivity unit in the temperature range 373 to
773 K using a Keithley - 6485 system. The annealed ferrite samples were pelletized by
applying hydraulic pressure of 5 tonnes. A constant voltage (2 V) was applied across the
series combination of sample holder containing sample and a standard resistance whose
value was always less than the sample resistance. The measurements were recorded in the
steps of 10 °C. Knowing the current flowing through the circuit and voltage across the

sample, the resistivity of the sample could be calculated by using the following equation:
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In this case, the electrical resistivity p is defined as:

Where R is the electrical resistance of a uniform specimen in ohm

Ais the cross-sectional area of the specimen

I is the thickness of the specimen under investigation

The relationship between the DC electrical resistivity (p) and the temperature can be

expressed according to Arrhenius equation

—AE

p = poe 5T

where AE is the activation energy, kg is Boltzmann's constant and T is the

absolute temperature.

3.2.14 Dielectric properties

A material which can store energy when a voltage is applied resulting in electric
polarization is called its dielectric property.Dielectrics materials define most of the
parameters of capacitors, like capacitance, voltage capacities, dielectric loss factor, etc. A
material possessing a high dielectric constant is extensively utilized in capacitors.
Dielectric materials are mostly electrical insulators which under the influence of the
electric field, becomes polarizedby proper alignment of the dipole moments of polar
molecules. The positive charges shift in the electric field direction and the negative
charges shift in the direction opposing the direction of the electric field. When the
dielectric material is placed under the influence of an electric field, practically no

currentflows through them, instead, the polarization of molecules takes place. The
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transfer of electrical energy occurs through the shifting of current and not via the
conduction mechanism. A good dielectric material should possess the least dielectric loss.
The examples of dielectric materials include paper, glass, mica, plastics, ceramics, and
various metal oxides.Dielectric performance of the metal oxides relies on several factors
such as the method of preparation, sintering temperature, type and quantity of the

substituent.

The dielectric property was investigated as a function of frequency (20 Hz - 1
MHz) and temperature (300 - 773 K) on a silver-coated pellet using LCR meter (Wayne

Kerr 6500P).

The dielectric constant (¢) was determined by employing the following equation.

_ct
B €0A

!

&

Where C is the capacitance, ‘t’ and ‘A’ are the thickness and area of the pellet,

respectively and & is the permittivity of the free space (8.85x10**F/cm).
3.2.15 Photoluminescence (PL)

PL is an optical spectroscopic method for the characterization, examination of
electronic structure, and detection of point defects of the materials. In this method, when
the light is directed on the specimen, it gets absorbed and passes on the excess energy to
the material in a process known as photo-excitation. Photo-excitation results in the
movement of electrons within the material into permitted excited states. When such
electrons come back to their equilibrium position, the excess energy is released and may

contain the emission of light. This excess energy can be dissipated by the sample by the
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emission of light, or luminescence and the process is called photoluminescence [349].
The luminescence study generally involves the recording of two types of spectra i.e.
excitation spectrum and emission spectrum. Emission spectrum records the emissions at a
specific excitation in the range of wavelengths, while; the excitation spectrum measures
the luminous intensity in the range of the excitation wavelengths by monitoring a specific

emission.

Up-conversion nanoparticles are the type of luminescence materials that
transform low energy photons to high energy emissions through sequential absorption of
two or more photons and emission of light at a shorter wavelength than the excitation
wavelength. There are three basic processes for photon Up-conversion in inorganic
materials which includes (a)energy transfer Up-conversion (ETU) (b) excited-state
absorption (ESA) and (c) photon avalanche (PA) [350]. Some of the ions of d-

block elements and f-block elements are capable of photon Up-conversion.

Photoluminescence studies were carried out on a Jobin YvonFlurolog -3-11
spectrofluorimeter having xenon lamp 450 W. The Up-conversion spectra of the samples
were monitored by SP-2300 grating monochromator (Princeton Instruments, USA)

equipped with a photomultiplier tube using 980 nm diode laser as an excitation source.
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CHARACTERIZATION AND SPECTROSCOPIC STUDIES

Several techniques such as TG-DTA, XRD, ICP-AES, IR, Raman, SEM-EDX,
TEM-SAED, and XPS were employed for the characterization of the prepared

compounds. The results obtained are discussed in this chapter.

4.1 Thermal analysis (TG-DTA)

The thermal analysis was carried out on the gel obtained in the preparation
process and on the combusted sample to determine the combustion temperature and
calcination temperature respectively. The occurrence of exothermic and endothermic
peaks in the DTA curve indicated the different processes occurring in the specimen under

analysis.

411 C00_90CUO_10F8204

The minimum temperature required for the complete combustion of the gel
obtained and the minimum temperature for the calcination process was estimated from
the thermal behavior of the dried gel. TG-DTA study was performed on the prepared
Malic acid-Metal nitrate gel of Cog90Cup10Fe,O4 and is presented in Fig. 4.1(a). The
weight loss observed in the TG curve at around 200 and 400 °C corresponds to the
decomposition of nitrates and organic moieties present in the sample as indicated by two

exothermic peaks in the DTA curve.

Thermal studies were executed on auto-combusted powder to further confirm the
calcination temperature. The TG-DTA profiles of the auto-combusted sample have been
represented in Fig. 4.1(b). A significant weight loss in TG and an exotherm in DTA curve

at ~ 400 °C signify the removal of organic moieties. No other transformation can be
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evidenced in the TG-DTA profiles at temperatures beyond 400 °C, indicating that at this

temperature the precursors are entirely decomposed.
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Fig. 4.1 TG-DTA curves for (a) Malic acid- Metal nitrate gel (b) auto combusted sample (c)
sample calcined at 400 "C for 5 h (d) sample sintered at 800 "C for 8 h.

Based on the thermal studies, all the samples were combusted and calcined at 200
°C and 400 °C respectively for 5 h. TG-DTA profiles of the sample calcined at 400 °C
and sintered at 800 °C is shown in Fig. 4.1(c) and Fig. 4.1(d) respectively. TG pattern
shows no weight loss which confirms the complete removal of organic moieties from the

sample.

4.1.2 CoFe1_918b0,0904

Thermal analysis of the as a burnt sample of CoFe; ¢;Sho09O4has been carried out
and shown in Fig. 4.2. The TG curve shows continuous weight loss till 400 °C. This can

52



be attributed to the removal of organic moieties present in the sample. The corresponding

DTA curve shows an exothermic peak around 400 °C pertaining to the burning of carbon.

DTA mW/mg

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4.2 TG-DTA curves for the auto-combusted sample of CoFe;.9;Sbg 904.

4.1.3 COo,gCUo,lFellgsGdo_o5O4

TG-DTA studies were performed on the combusted powder of

Co0p.9Cug 1Fe1.95Gdo.0s04 and are presented in Fig. 4.3.
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Fig. 4.3 TG-DTA curves for the auto-combusted sample of Cog9Cug 1Fe1.95Gdg0504.

The weight loss observed in the TG curve at around 320 °C corresponds to the

decomposition of organic moieties present in the sample as indicated by an
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exothermicpeak in the DTA curve. Based on the thermal studies the samples were
calcined at 400 °C for 5 h.

41.4 COOIQCU0_1F91,85C r0_1504

Figure 4.4 shows the TG-DTA curve of the auto-combusted sample of
Co0p.9Cup 1Fe; gsCro15040btained during the preparation process. The continuous weight
loss till 400 °C in the TG curve along with the exothermic peak in the DTA curve can be
ascribed to the removal of organic substances from the sample hence the samples were
calcined at 400 °C.When the temperature is increased beyond 400 °C, no further weight

loss was observed, indicating the complete removal of organic moieties.

-
DTA mW/mg
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Fig. 4.4 TG-DTA curves for the auto-combusted sample of Cog9Cug1Fe1.85Cr.150s.

4.1.5 Coo9Cuq.1Fe1.85Mng 1504

The TG-DTA  curves for the auto combusted sample of
Co0p.9Cug 1Fe; gsMng 1504has been shown in Fig. 4.5. The TG curve shows a gradual mass
loss till 100 °C which can be due to the loss of residual moisture in the sample. A

substantial weight loss was observed in the TG curve around 300 °C accompanied by a
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sharp exothermic peak in the DTA curve. The observed weight loss (TG) and exothermic

peak (DTA) corresponds to the burning of organic moieties in the sample.
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Fig. 4.5 TG-DTA curves for the auto-combusted sample of CogoCug 1Fe1.85Mng 150..

4.1.6 C00.9CUo.1F€1.851N0.1504
The TG-DTA curves for In** substituted Co-Cu ferrite has been shown in Fig. 4.6.

The TG curve shows a weight loss till 150 °C which could be due to the removal of

residual water in the sample.

DTA mW/mg

T ——
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4.6 TG-DTA curves for the auto-combusted sample of Co,9Cug1Fe1.851N0.1504.
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Further, there is an enormous amount of weight loss till 300 °C as observed in the TG
curve due to the burning of the organic carbon and other moieties present in the sample.
The burning of carbon was confirmed by a sharp exothermic signal in the DTA curve.
Above 350 °C no weight loss was observed in the sample hence confirming the removal

of organic moieties and thermal stability of the compound.

4.2 X-ray diffraction studies

Powder X-ray diffraction studies were performed to determine the phase purity and
for phase identification. The XRD pattern also gave an idea about the crystallinity of the
samples. The XRD data was utilized to determine the lattice parameters, crystallite size

and X-ray density.

4.2.1 Co1xCuyFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

The XRD profile of Co;.xCuyFe,O, (where x = 0.00, 0.05, 0.10, 0.15, 0.20 and

0.25) has been depicted in Fig. 4.7.

CoFe,0,
€0,95C19,05¢204

€05,00%0.107¢204

311

€09,8540,157¢2%

(‘00.80(""0_20“204

€09.75%40.257¢204

Intensity (a.u.)

| ' | ' | ! 1 '
20 30 40 50 60 70
20 (Degree)

Fig. 4.7 XRD patterns of Co;.xCuxFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25).
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The peak position and relative intensities identified from the diffractogram
confirm the existence of a monophasic spinel ferrite structure (JCPDS No. 22-1086)
(space group Fd3m). The crystallite size, calculated employing Scherrer's formula was
found to decrease with increasing Cu* ion content. The results show that the insertion of
copper ions obstruct the grain growth which consequences in a slight reduction in
crystallite size. The enhancement in X-ray density is a result of higher molar mass and
density of Cu®* (63.54 g mol *and 8.96 g cm™), than those of Co** (58.93 and 8.91 g cm’
%) as X-ray density is directly related to the molecular mass of the samples [132]. The
estimated values of crystallite size, lattice constant and X-ray density have been

presented in Table 4.1.

Table 4.1 X-ray diffraction data, particulate properties, for Cu* substituted cobalt Ferrite.

Sample Lattice Crystallite size X —ray
Composition constant d (nm) density
a(A) px (g/cm?)

CoFe,0, 8.39 45 5.29
C00.95CUg 05F€20,4 8.38 45 5.30
C00.90CUo.10F€204 8.38 42 5.31
C00.85CU0.15F€20,4 8.38 41 5.31
C00.80CUg 20F€20,4 8.38 40 5.32
C0o.75CUg 25F€204 8.38 40 5.32

4.2.2 CoFe,.xShyO4 (where x = 0.00, 0.03, 0.06, and 0.09)

The powder XRD pattern for pristine and Sbh** substituted CoFe,O, have been
shown in Fig. 4.8. The pattern shows typical reflection peaks for the cubic spinel ferrite
phase (JCPDS No. 22-1086) (space group Fd3m) without traces of any secondary phase.

The crystallite size estimated from the Scherrer's equation is found to decline from a
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value of 45 nm to 30 nm with the rise in Sb*®" ion concentration (Table 4.2). The energy
required for crystallization could have been consumed in the incorporation of Sb** ions

into CoFe,Q4, hence a decreasing trend in crystallite size was observed [196].

Intensity (a.u.)

20 (Degree)

Fig. 4.8 Powder X-ray diffraction pattern of(a)CoFe,04 (b) CoFe; 475000304 (C) CoFey.94Sbg.0604
(d) CoFe11Shg.090..

Table 4.2 X-ray diffraction data and particulate properties for CoFe,.Sh,O,where x = 0.00,
0.03, 0.06 and 0.09.

Sample Composition Lattice Crystallite X —ray

constant size density
a(A) d(hm)  p.(glem’)
CoFe,0O, 8.39 45 5.29
CoFe;.97Shg030,4 8.39 35 5.33
CoFe;.04Sbg060,4 8.39 29 5.36
CoFe;.91Sbg090,4 8.39 30 5.41

The difference in lattice parameter was not significant for the prepared
compositions since the substitution was limited to small fractions. The calculated X-ray

density was found to increase with Sb®" ion content in CoFe,O4, which is attributed to the

58



increased molecular weight of the compositions, as the atomic mass of Sb (121.76

gmol™?) is greater than that of Fe (58.85 gmol ™).

4.2.3 C0p9Cug1Fe,xRExO4 (Where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05)

The Fig. 4.9 displays the X-ray powder pattern of CoggoCugiFe,«RExO4 (Where

RE = Gd, Sm, Dy, Yb, Eu, and x = 0.00, 0.03, 0.05). The detailed analysis of the pattern

confirms the high purity single phase formation of cubic inverse spinel structure (space

group Fd3m) without any secondary phases (JCPDS No. 22-1086). No foreign peaks

were observed which proves the compound to be monophasic. This confirms that the

substituted RE>* ions are entirely dissolved into the ferrite lattice. The powder pattern

depicted diffraction peaks corresponding to diffraction planes (220), (311), (222), (400),

(422), (511) and (440) with the most intense reflection at the (311) plane.
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Fig. 4.9 C0psCUo1Fe,RELO, (Where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05).
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The average crystallite size (d), lattice parameter (a) and X-ray density (px) was
extracted from the XRD analysis and the results obtained are listed in Table 4.3. The
crystallite size estimated using Scherrer's formula showed a noticeable decrease with
increasing substituent concentration. This might be due to the enormous amount of
energy required to introduce RE** at the octahedral (B) site, this energy might be utilized
at the expense of crystallization [196]. This leads to the weakening of diffraction peaks
due to lack of crystallization, hence reducing the crystallite size. X-ray density was found
to increase linearly with RE®* substitution. The enhanced value of X-ray density was

attributed to the improved molecular weight of the samples having RE** ions.

Table 4.3 X-ray diffraction data and particulate properties for RE** substituted Co-Cu

Ferrite.

Sample Composition Lattice  Crystallite X-ray

constant size density
a(A) d (nm) Px

(g/cmd)
C00.9Cug 1Fe204 8.38 45 5.31
C00.9CuUp 1Fe1.97Gdo 0304 8.38 30 5.37
C00.9CuUp 1Fe1.95Gdo,0504 8.39 29 5.42
Co00.9Cug.1Fe1.97DY0.0304 8.39 35 5.38
Co00.9Cug 1Fe1.95DY0.0504 8.39 26 5.42
C00.9CUg 1F€1.97SM0 0304 8.38 38 5.37
C00.9Cup 1Fe1.955mp 0504 8.39 29 541
C0p.9Cug 1Fe1.97Y g 0304 8.38 34 5.38
C0p.9Cug 1Fe1.95Y g 0504 8.37 31 5.47
C00.9CUg.1Fe1.97EU0 0304 8.38 36 5.37
C00.9CUg.1Fe1.95EU0 0504 8.38 35 5.42
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4.2.4 C0y9Cuq1Fe,xCryO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The powder XRD studies were performed on CogoCug1Fe,.<CrO4 (Where x =
0.00, 0.03, 0.06, 0.09, 0.12, and 0.15), heat treated at 800 °C. As can be seen from Fig.
4.10, impurity peaks like CuO, Cr,0s, and Fe,O3; were not observed and the pattern is
consistent with the JCPDS card no 22-1086. Accordingly, the peaks obtained were
indexed corresponding to FCC spinel structure possessing space group Fd3m. Hence it

can infered that the substituent ions have been entirely absorbed into the host lattice.

(300'9(.‘u“.] Fe, Oy

Cog gCuy, Fey 97Crp 0304

Coy gCuy 1 Feq 94Crg 9604
T Coy gCuy yFey 91 Crg o0y

311

— Coy gCuy 1 Fey ggCrg 1204

T Cog.9€ug.1Fey 85€T.1504

Intensity (a.u.)

20 (Degree)

Fig. 4.10 PowderXRD pattern for Coy9CugFe,«Cr,O,4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,
and 0.15).

The average crystallite size was estimated employing the Scherrer’s equation and
was in the range from 41 — 45 nm.The X-ray density was found to remain almost constant
with increasing substituent concentration. The exact values of lattice constant, crystallite

size, and X-ray density have been summarized in Table 4.4.
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Table 4.4 X-ray diffraction data, and particulate properties, for Cr** substituted Co-Cu

Ferrite.

Lattice Crystallite X —ray

Sample Composition constant size Density
a(A) d (nm) px (g/cm?®)
C0y4Cug1Fe,04 8.38 45 531
C009Cug 1F€;1.97Crg.0304 8.38 41 5.29
C009CUg 1F€1.94Crg 0604 8.38 43 5.29
C00.9CUg1F€1.91Crg 0904 8.38 43 5.29
C00.9Cug1Fe;43Crg.1204 8.37 45 531
C009CUg1F€145Cr.1504 8.38 44 5.29

4.2.5 C0o9Cug1Fe;,xMnO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The powder XRD analysis were performed on CoggCug1Fe,xMnO,4 (Where X =
0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) sintered at 800 °C and the patterns have been

presented in Fig. 4.11.

Coy gCup  Fey 0y
" Coy 9Cuy, Fey g7Mng 9304
Coy gCug g Fey ggMng g0y

311
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Fig. 4.11 XRD pattern for CoqoCuq1Fe,Mn,O,4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and
0.15).
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No impurity peak was detected in the pattern matched well with the JCPDS card
No. 22-1086. Hence it can inferred that the substituent ions are completely dissolved in
the host lattice. The crystallite size obtained from the Scherrer’s equation was found to be
in the range 41 — 45 nm. As can be seen from Table 4.5, there is hardly any impact on the
particle size with Mn substitution. Lattice parameter was noticed to increase with
substituent concentration which might be due to strain-induced in the structure with
substitution. No change in X-ray density was observed with Mn ion substitution. The
exact values of lattice constantand X-ray density have been summarized in Table 4.5.

Table 4.5 X-ray diffraction data, and particulate properties, for Mn substituted Co-
Cu Ferrite.

Lattice  Crystallite X-ray

Sample Composition constant size density
a(A) d(nm)  pc(glem’)

Co0.9Cug1Fe;04 8.38 45 5.31
C00.9Cug 1Fe1.97Mng 0304 8.39 46 5.29
Co0.9Cug 1Fe1.94Mng 604 8.39 45 5.29
Co0.9Cug1Fe191Mn 0904 8.39 42 5.29
Co00.9Cup 1Fe1 g8 Mn 1204 8.39 48 5.28
Co00.9Cup.1Fe1 g5 Mn 1504 8.39 46 5.29

4.2.6 C0p9Cuq 1FerxInyO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Room temperature powder X-ray diffraction analysis (Fig. 4.12) showed the
single-phase formation of the series of In** substituted Co-Cu ferrite with no traces of
secondary phase. The characteristic reflection peaks observed in the diffraction pattern

can be indexed to cubic spinel structure (JCPDS NO.: 22-1086). The inset of Fig.
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4.12shows the marginal shifting of 311 peaks towards lower 20 angle with In**
substitution. The lattice parameter showed a gradual increase on the replacement of Fe**
ions by In** ions. This increase was credited to the lattice expansion due to the
introduction of In** ions (0.91 A) having larger ionic radii than Fe** ions (0.65 A). This

also suggested proper incorporation of In** ions into the host lattice.

= Cog 9Cuy, Fey0y4
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Fig. 4.12 C0y4ClUo1FesxInO, (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

The X-ray density was seen to increase with In** ion substitution due to the
increased molecular weight of the compound [192]. The average crystallite size, lattice

parameter, and X-ray density have been tabulated in Table 4.6.
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Table 4.6 X-ray diffraction data and particulate properties for In® substituted Co-Cu

Ferrite.
Sample Composition Lattice Crystallite X-ray
constant a size density
A d (nm) px (g/cm?®)

C0g.oClUg1Fe,04 8.38 45 5.31
C00.9CUg 1Fe1.971N9.0304 8.39 40 5.32
C0g.9CUo.1F€1.941N0.0604 8.40 44 5.34
C0g.9CUo.1F€1.91IN 00004 8.41 41 5.37
C0o.9CUo.1Fe1.83 IN 01204 8.41 42 5.40
C0o.9CuUo.1Fe1.85 IN 0150, 8.42 38 5.44

4.2.7 Y,4CeyEu,O3 (Wwhere y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

The XRD patterns of the samples sintered at 1000 °Crevealed a pure cubic phase

of Y03 (Fig. 4.13).
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Flg 4,13 XRD pattern of (a) Y,03 (b) Y1.99C€0.0103 (C) Y197Ce€0.01EUg.0203 (d) Y1.05C€0.01EU0.0403 (e)
Y1.03C€0.01EU0.0603.
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The intense XRD peaks are well recognized as planes of (211), (222), (400),
(411), (332), (134), (521), (440), (433), (611), (145), (622), (136), (444) and (721) for
cubic Y,05 (JCPDS No. 01-71-0099). Co-substitution with Ce** and Eu** did not show
the formation of any additional phases so it can be deduced that Ce** and Eu®" ions are
well dissolved in the yttrium oxide lattice. It is revealed that the inclusion of Eu** and
Ce* ions into Y*" sites do not alter the cubic crystal structure which is credited to the
matchable ionic radii of substituents and the host ion. The average crystallite size, the
lattice constant, and X-ray density are summarized in Table 4.7.

Table 4.7 X-ray diffraction data and particulate properties for Y,..Ce,EuO; (Wherey =
0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06).

Sample Composition Lattice Crystallite X-ray
constant size density
ad)  d(mm) s
(g/cm®)
Y,0, 10.61 47 5.02
Y1 00C€00:0; 10.63 46 5.01
Y1.97Ceo.01Euo.0203 10.61 49 5.07
Y1.9sceo.01Euo.0403 10.61 50 5.10
Y1.9sceo.01Euo.0603 10.62 44 5.10

4.2.8 Y,CeyEryOs (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

The Ce* and Er*" substituted Y,O; phosphors heat-treated at 1000 °C were
investigated using XRD analysis (Fig. 4.14). All the diffraction peaks obtained were
consistent with pure-phase cubic Y,03 with good crystallinity and there were no traces of
impurity peaks (JCPDS card no. 01-71-0099). The estimated lattice parameters are

comparable with the reported values. The crystallite size was determined from the width
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of the reflection peaks utilizing the Scherrer’s equation. The lattice parameters, crystallite

size, and X-ray density are listed in Table 4.8.
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Fig. 4.14 XRD pattern of (a) Y203 (b) Y199Ce€0.0103(C) Y1.97C€0.01Er0.0203 (d) Y1.95C€0.01Er0.0403 (€)
Y1.93C€0.01Er0.0603.

Table 4.8 X-ray diffraction data and particulate properties for Y,..Ce,EryO; (wherey =
0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06).

Sample Composition Lattice Crystallite X-ray
constant size density
a(A) d (nm) px (g/cm’)

Y,0, 10.61 47 5.02
Y190C80.010; 10.63 46 5.01
Y1.97ceo.01Er0.0203 10.62 45 5.06
Y1.9sceo.01Er0.0403 10.61 49 5.11
Y1 05C€0 015700605 10.61 45 5.13
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4.2.9 Gd1.96-xEr0.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

Fig. 4.15 presents the powder XRD pattern for Gd,«Ero 04 YbxO3 (Where x = 0.04,
0.08, 0.12, 0.16 and 0.20) sintered at 1000 °C for 10 h. All the peaks match well with the
cubic phase Gd,O3 (JCPDS No. 01-088-2165) without the presence of any secondary
phase. The intense XRD peaks are well identified as reflection planes of 222, 400, 411,

332, 134, 440, 611, 622, 136, and 444 for cubic Gd,0Os.
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Fig. 4.15XRD patterns of (a) Gdi.g:Er0.04Y00.0403 (b) Gd1.85Er0.04YD0.0803 (C) Gd184Er0.04Y001203
(d) Gd1.80Er0.04YDg.1603 (€) Gy 76Er0,04YD0.2003.

The calculated lattice parameter values were consistent with the reported
literature. From the XRD peaks, the crystallite size was calculated using the Scherrer’s

formula. The calculated crystallite size, the lattice constant, and X-ray density are

presented in Table 4.9.
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Table 4.9 X-ray diffraction data and particulate properties for Gdy.gs.xEro04YbxO3

(where x = 0.04, 0.08, 0.12, 0.16 and 0.20).

Sample Composition Lattice Crystallite X-ray
constant size density
a(A) d (nm) px (g/cm®)

Gdl.QZEr Ybo 04o3 10.81 46 7.64
Gdl.BBEr Ybo 0803 10.80 45 7.68
Gd1.84Er Ybo 12o3 10.79 45 7.72
Gdl.SOEr Ybo 16o3 10.78 42 7.74
deEr Ybo Zoo3 10.76 43 7.80

4.2.10 Gd1.96-xH00.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

The powder XRD pattern of Gd; g6.xH00.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16

and 0.20) has been shown in the Fig. 4.16.
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Flg 4.16 XRD patterns of (a) Gd1_92H00_04Yb0_0403 (b) Gd1_88H00_04Yb0_0803 (C) Gd1_84H00_04Yb0_1203

(d) Gd1.60H00,04YD0 1605 (&) Gd1 76H00.04YD0 2005.
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All the peaks observed in the spectra can be indexed to the cubic phase of Gd,O3
according to JCPDS card no. 01-088-2165. The pattern did not show the presence of any
impurity phases hence it can be said that Ho** and Yb*®* ions are incorporated in the
Gd,03 matrix.Crystallite size was calculated using Scherrer’s relation and the average
crystallite size was found to be in the range 42-45 nm. Lattice parameter calculated was
consistent with the literature reports. The lattice parameter, crystallite size, and X-ray

density are listed in Table 4.10.

Table 4.10 X-ray diffraction data and particulate properties for Gd; gs.xH0g.04YbxO3 (Where
x =0.04, 0.08, 0.12, 0.16 and 0.20).

Sample Composition  Lattice Crystallite  X-ray

constant size density
a(d)  d(m) px

(g/em?®)
Gd, g,H0, 4, YD, 1,0, 10.81 45 7.64
Gd1.88H0 Ybo 0803 10.81 45 7.65
Gd1.84HO Ybo 1293 10.81 44 7.66
Gdl.soHo Ybo 1693 10.80 44 7.70
Gd1.7eH0 Ybo 2003 10.78 42 7.75

4.3 Inductively Coupled Plasma — Atomic Emission Spectrometry Studies (ICP-
AES)

4.3.1 Co1xCuyFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

The precise metal ion concentration was determined using ICP-AES. The metal
ion concentration in weight percent has been summarized in Table 4.11. The actual
concentration of Co, Cu, and Fe in the pure and substituted CoFe,O,4 were found to be in
agreement with the expected values, indicating that the material composition was

achieved as per design.
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Table 4.11 Results of the ICP-AES analysis conducted on Co,,Cu,Fe,O, (where x = 0.00,

0.05, 0.10, 0.15, 0.20, and 0.25).

Metal concentration (wt %)

Sample Composition Co Cu Fe
CoFe,04 25.15 - 50.81
C00.95CUg 05F€204 24.08 1.15 47.26
C00.90CUg.10F€204 23.84 2.56 47.13
Co00.85CUg.15F€204 22.41 3.79 48.93
C00.80CUg.20F€204 19.26 5.09 45.63
Co0g.75CUg 25F€204 19.52 6.92 48.34

4.3.2 CoFe,xShb,O4 (where x = 0.00, 0.03, 0.06, and 0.09)

The ICP-AES analysis carried out on CoFe,.«ShyO4 (where x = 0.00, 0.03, 0.06,
and 0.09)showed that the percentage of elements obtained was in good agreement with

the calculated percentage (Table 4.12).

Table 4.12 Results of the ICP-AES analysis conducted on CoFe,.,.Sb,O, (where x = 0.00,

0.03, 0.06, and 0.09).

Metal concentration (wt %)

Sample Composition Co Fe Sb
CoFe,04 25.15 50.81 -
C0F81,97Sb0,0304 29.59 49.65 1.20
COF91_94Sb 0.0604 29.47 48.49 2.12
COF61_918b0_0904 29.24 47.24 3.22
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4.3.3 C09Cuq1Fe, xRExO4 (where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05)

Table 4.13 shows the results of the metal concentration in weight percent for RE**
substituted Co-Cu ferrite. The values obtained for Co, Cu, Fe, Gd, Dy, Sm, Yb and Eu

contents are consistent with the theoretical compositions.

Table 4.13 Results of the ICP-AES analysis conducted on CoggCuq1Fe; s\RExO,4 (RE = Gd,

Dy, Sm, Yb, and Eu, and x = 0.00, 0.03, and 0.05).

Metal concentration (wt %)
Sample Composition Co Cu Fe Gd Dy Sm Yb Eu

Cop9Cug 1Fe,0, 23.84 256 47.13 - - - - -
C0g.9CuUg 1Fe1 97Gdg 0304 2272 2.67 45.48 1.45 - - - -
C0g.9CuUg 1Fe1 95Gdo 0504 23.96 2.83 47.13 3.17 - - - -

C00.9CUg 1F€1.97DY0.0304 23.84 258 46.59 - 1.65 - - -
C00.9CUg 1F€1.95DY0.0504 2442 260 47.34 - 2.94 - - -
CoooCuU1Fe197SMe 30, 2455 2.60 48.06 - - 1.32 - -
C009CuUg1Fe195SMe 5O,  23.68 2.69 47.69 - - 2.31 - -
CoooCugiFe1e7Ybo 0304  23.62 2.85 46.75 - - - 1.23 -
C00.9CuUg 1Fe1.95Y D0 0504 2487 2.76 45.55 - - - 3.17 -
C0g.9CUg 1F€1.97EU0 0304 23.80 2.85 47.22 - - - - 1.54
C0g.9CUg 1F€1.95EUQ 0504 2238 270 44.07 - - - - 2.50

4.3.4 C09Cuq1Fe,xCryO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

ICP-AES analysis results obtsained for Cr®* substituted Co-Cu ferrite were in

very close agreement with the expected values (Table 4.14).
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Table 4.14 Results of the ICP-AES analysis conducted on Coq4Cug 1Fe, Cr,O,4 (Where x =
0.00, 0.03, 0.06, 0.09, 0.12 and 0.15).

Metal concentration (wt %)

Sample Composition Co Cu Fe Cr
C00.9CuUg1Fe,04 23.84 2.56 47.13 -
C00.9CUg 1Fe1.97Cr.030,4 22.47 2.63 44.85 0.52
C00.9CUg 1F€1.94Cr.0604 22.78 2.57 44.61 1.09
C00.9CuUg 1Fe;.91Cr.090,4 22.85 2.49 43.90 1.73
C00.9Cug 1Fe; 83Cro.120,4 22.78 2.63 43.14 2.46
C00.9CuUg 1Fe;.85Cr.150,4 24.06 2.69 43.04 3.02

4.3.5 C0o9Cug1Fe;,xMnO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The elemental composition determined from ICP-AES measurement suggests that

the results obtained were in very close agreement with the expected values (Table 4.15).

Table 4.15 Results of the ICP-AES analysis conducted on CoggCug1Fe,,Mn,O,4 (Where x =

0.00, 0.03, 0.06, 0.09, 0.12 and 0.15).

Metal concentration (wt %)

Sample Composition Co Cu Fe Mn
C009Cuq1Fe04 23.84 2.56 47.13 -
C00.9Cuq1Fe1.97Mng 0304 23.84 2.39 45.84 0.61
C00.9Cuq1Fe1.94Mng 0504 23.47 2.42 44,55 1.26
C00.9Cuq1Fe1.91Mng 0904 23.33 2.37 43.29 1.88
C00.9Cuq1Fe; gsMng 1,04 22.94 2.33 42.23 2.34
C00.9Cuq1Fe; gsMng 1504 23.13 2.43 41.70 3.07

4.3.6 C0p9Cuq 1FerxInyO4 (where x = 0.03, 0.06, 0.09, 0.12, and 0.15)

The ICP-AES results for In®* substituted Co-Cu ferrite are summarized in Table
4.16. The results acquired were almost consistent with the expected values, confirming

the successful formation of the formulated compounds.
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Table 4.16 Results of the ICP-AES analysis conducted on the CoggCug1Fe, IO, (where x =
0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

Metal concentration (wt %)

Sample Composition Co Cu Fe In
C0pgCug1Fe,0, 23.84 2.56 47.13
Co0g 9Cug 1Fe1.971N0,0304 25.48 2.66 48.10 1.45
C09CUg.1Fe1.041N0.0604 23.25 2.45 43.34 2.66
C00.9CUy1F€1 011N 0904 23.58 2.44 43.12 4.01
C00.9CUg 1Fe1 gsINg 1204 23.24 2.40 41.89 5.19
C00.9CUg 1Fe1 651N 1504 23.39 2.42 41.53 6.66

4.3.7 Y,CeyEu,O3 (Wwhere y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

The obtained results of ICP-AES analysis for Ce** and Eu®** co-substituted
Y,Ozwere in close proximity to the calculated values (Table 4.17). Hence it can be

inferred that the compositions were obtained as per the design.

Table 4.17 Results of the ICP-AES analysis conducted on the Y,.,.Ce,Eu,O; (Where y = 0.00,
0.01 and x = 0.00, 0.02, 0.04, and 0.06).

Metal concentration (wt %)

Sample Composition Y Ce Eu
Y,0, 77.09 - -
Y, 00C€0.0105 76.58 0.80 -
Y, 67C€0.01EY0.0,05 75.75 0.66 1.36
Y, 9:C€0.01EY0,0405 74.67 0.62 2.57
Y, 93C€0.01EY0,06C5 73.53 0.78 4.24

4.3.8 Y,CeyEryO3 (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

Results of ICP-AES analysis performed on Ce* and Er*" co-substituted

Y,03were close to the expected values and has been presented in Table 4.18.
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Table 4.18 Results of the ICP-AES analysis conducted on the Y,..Ce,Er,O; (Where y = 0.00,
0.01 and x = 0.00, 0.02, 0.04, and 0.06).

Metal concentration (wt %)

Sample Composition Y Ce Er
Y,0, 77.09 - -
Y, 99Ce0 01O3 76.58 0.80 -
Y, 6,C8 0:E0.0,05 74.92 0.82 2.02
Y, 65C€ 0:E0.0.05 73.30 0.74 3.80
Y, 65C€0 01600605 72.78 0.95 6.77

439 Gdllge_xErolo4YbXO3 (Where X =0.04, 0.08, 0.12, 0.16 and 020)

The results of ICP-AES analysis for Er’* and Yb®" co-substituted Gd,Osare listed
in Table 4.19. The obtained values are consistent with the calculated values. Hence the

compositions were achieved as per the formulations.

Table 4.19 Results of the ICP-AES analysis conducted on the Gd; g6 xEro.04YbyO3 (Where x =
0.04,0.08, 0.12, 0.16 and 0.20).

Metal concentration (wt %)

Sample Composition Gd Er Yb
Gd, ,Er 0, Y0,,.0, 82.01 2.32 1.98
G, (B0, Y0, 4605 80.20 2.21 3.91
Gd, .,Er ., Y0,.,0, 78.74 2.23 5.92
Gd, ¢ B0, Y0,160, 76.66 2.10 9.02
Gd, BN, Y0,,,0, 74.35 2.08 10.25

4.3.10 Gd1.96-xH00.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

The concentration of Gd, Yb, and Ho in the samples verified by ICP-AES

analysis showed that they are in close agreement with the calculated values (Table 4.20).
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Table 4.20 Results of the ICP-AES analysis conducted on the Gd; ¢6.xH0g.04YbxO3 (Where x =
0.04,0.08, 0.12, 0.16 and 0.20).

Metal concentration (wt %)

Sample Composition Gd Ho Yb
Gd Ho ,Yb O, 81.59 2.74 1.12
Gd, ,,Ho, . Yb, .0, 80.72 1.88 3.92
Gd, ,,Ho,,,Yb, .0, 79.20 1.88 6.01
Gd, ,,Ho, ., Yb, O, 76.90 2.65 7.98
Gd, . Ho,,,Yb, .0, 7501 243 9.18

4.4 Infrared studies
4.4.1 Co1xCuyFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

IR spectroscopy is a useful method to deduce the stretching and bending
vibrations of ferrite materials. It assists in the structural analysis and identifies cation
redistribution between octahedral (B) and tetrahedral (A) sites of the spinel structure
[351,352]. The IR spectra of Co;xCuxFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and
0.25)as presented in Fig. 4.17 displays no bands in the region 1000 - 3500 cm™
corresponding to organic moieties thus validating the impurity-free formation of Co-Cu
ferrite. All samples show two characteristic and prominent absorption bands v1 and v, ~
600 and 400 cm™ respectively. In ferrite materials, the metal ions are placed in two
different sub-lattices designated as tetrahedral (A - site) and octahedral (B - site). The
absorption band at ~ 600 cm™ represents the metal-oxygen stretching vibrations at the
tetrahedral sites and ~ 400 cm™ to the metal-oxygen stretching vibrations at the

octahedral sites [196,353].
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Fig. 4.17 Infrared spectra ofCo, ,Cu,Fe,O, (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25).

4.4.2 CoFe,4SbyO4 (where x = 0.00, 0.03, 0.06, and 0.09)

The room temperature IR spectra of CoFe,4SbO4 (where x = 0.00, 0.03, 0.06,
and 0.09) show typical bands for cubic spinel ferrites ~400 (v,) and ~600 (v1) cm™ which
is due to the frequency of absorption at B and A sites respectively (Fig. 4.18) [354]. Since
the Metal-Oxygen bond length in the A site is shorter than in the B site, the band
denoting the tetrahedral stretching vibrations emerged at a higher wave number as
compared to the octahedral stretching vibrations [355]. A slight shift in band positions
with Sb®" substitution was observed in the IR spectra indicative of systematic

incorporation of the substituent in the host lattice.
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Fig. 4.18 Infrared spectra of (a) CoFe,04 (b) CoFe;.97Sb0 0304 () CoFer 94Sho0s04 (d)
CoFe;.91500,0904.

4.4.3 CopoCuq1Fe;, xRExO4 (Where RE = Gd, Sm, Dy, Yb, Eu, and x = 0.00, 0.03,
0.05)

The room temperature IR spectra of the prepared ferrite materials which are

thermally treated at 800 'C have been shown in Fig. 4.19.
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Fig. 4.19 Infrared spectra of CogoCug1Fe,xREO, (Where RE = Gd, Sm, Dy, Yb, Eu, and
x =0.00, 0.03, 0.05).
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The spectra show two prominent absorption bands around 600 cm™ and 400 cm™.
The IR active signals observed around 600 (v1) and 400 (v2) cm * correspond to the
frequency of absorption for tetrahedral and octahedral sites of ferrite structure,
respectively [354]. A shifting behavior observed in IR signals (v1, v2) compared to that of
corresponding pure Co-Cu ferrite is attributed to the substitution of RE** ions for Fe**
ions leading to change in the bond length (M—O) and the mass differences in the crystal

lattice structure.

4.4.4 C0og9Cup 1FerxCryO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The room temperature IR spectra of Cog9CugiFe,O4 and Cr ion substituted

Co0g.9Cup 1Fe,04have been shown in Fig. 4.20.
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Fig. 4.20 Infrared spectra of Cog¢Cug1Fe,CrQ,4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,
and 0.15).
The spectra show absorption bands below 1000 cm™, which is a common feature

of all the ferrites. The frequency band (v1) obtained at ~600 cm™ is due to M-O stretching
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at tetrahedral sub-lattice and frequency band (v2) at ~400 cm™ is due to M-O stretching at
octahedral sub-lattice [354]. These two absorption bands observed at the expected

frequencies reveal the formation of single-phase spinel structure.

4.4.5 C0p9Cuq 1Fe,xMn,O4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The room temperature IR spectra for Cog9Cug1Fe,xMnO4 (where x = 0.03, 0.06,
0.09, 0.12 and 0.15) are shown in Fig. 4.21. The IR analysis of the samples show the two
expected absorption peaks, confirming the formation of cubic spinel ferrite. The peak at
about 400 cm™ is associated with the metal-oxygen vibration at the octahedral site and
the second peak at about 600 cm™ is associated with the metal-oxygen vibration at the
tetrahedral site [354]. The absorption bands are slightly shifted with the addition of Mn

ions.

)

Cog gCuq Fey 0y

% Transmittance (a.u.)

—Coq 9Cuq 1Fey g7Mng 304

Cog gCuy Fey g4Mng 4604

Cog gCuy, Fey 91Mng 9904

Cog 9Cuq 1Feq ggMng. 1204
—Cog 9Cuy ;Fe; gsMng 1504

v T ' T v T ’ T ' T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 4.21 Infrared spectra of Coy9Cug:Fe>xMn,O,4 (where x = 0.00, 0.03, 0.06, 0.09,
0.12, and 0.15).
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4.4.6 CopoCuq1FerxInyO,4 (Where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The IR spectra for the series Cog9Cug1FesxInkO4 (Where x = 0.00, 0.03, 0.06,
0.09, 0.12, and 0.15)are shown in Figure 4.22. The characteristic absorption bands at
~600 and ~400 cm™* corresponds to the metal-oxygen vibration at tetrahedral and
octahedral sites respectively, which are indicative of the formation of cubic spinel ferrites

[354].
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Fig. 4.22 Infrared spectra of CoyoCug1Fe»«InyO, (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,
and 0.15)

4.4.7 Y,4CeyEu,O; (Where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

The IR spectra of pure Y,03 and substituted Y,Os in the region 400 - 4000 cm™
are shown in Fig. 4.23. The absorption peaks in the region from 400 - 560 cm™ can be
clearly observed in the spectra which are attributed to Y-O lattice vibration of cubic

Y,03, which is in agreement with literature reports [274].
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448 Y,,CeyEr,O; (wherey =0.00,0.01 and x = 0.00, 0.02, 0.04, and 0.06)
The IR spectra of pristine and substituted Y,Ozheat-treated at 1000 °C are shown

in Fig. 4.24.
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Fig.4.24 Infrared spectra for Y,..Ce,Er,O; (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04,

and 0.06).
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All the samples show absorption bands in the range 400 to 560 cm™ due to Y-O
lattice vibration in cubic Y,03[274]. No other bands were observed in the spectra which

confirm the formation of the desired compound.

449 Gdllge.xEl’olebXOg (Where x =0.04, 0.08, 0.12, 0.16 and 020)

The IR spectra of Yb*" and Er** co-substituted Gd,O5 has been shown in Fig.
4.25. The spectra showed peaks in the region 400 - 560 cm™ which be can be associated
with the vibration of Gd-O bond, which also confirmed the formation of impurity-free

substituted Gd,03[356].
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Gd1.84Er0.04YD0.1205 (d) Gd1.80Er0.04YD01603 (€) Gd176Er0.04YD0 2003
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4.4.10 Gd1.96-xH00.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

Fig. 4.26 shows the IR spectra of the substituted Gd,O3 samples heat treated at
1000 °C. The band at about 400 - 560 cm™ can be assigned to the Gd-O stretching
frequencies of the cubic Gd,O3; [356]. The results obtained with IR analysis further

confirm the impurity-free formation of substituted Gd,Os.
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Fig.4.26|nfrar9d spectra for(a) Gd1_92H00_04Yb0_0403 (b) Gd1_88H00_04Yb0_0803 (C)
Gdl.84H00.04Yb0.1203 (d) Gd1.80H00.04Yb0.1603 (e) Gd1.76H00.04Yb0.2003'

4.5 Raman Spectroscopy

Raman spectroscopy is widely recognized as a powerful and non-destructive

method for probing magnetic oxides.

4.5.1 Co1xCuyFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

The Raman spectra of the pure and Cu?* substituted CoFe,O, are displayed in Fig.

4.27. The six Raman modes designated as 2A;4 (594 - 609 cm™, 676 - 684 cm™), E, (284
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- 301 cm™), 3T, (544 - 547 cm'™, 455 - 464 cm™, 189 - 200 cm™) expected for the cubic
spinel ferrite system were noticed in the spectra. Substituted Co-Cu ferrite has a cubic
mixed inverse spinel ferrite structure with O", (Fd3m) symmetry space group and has 39
normal vibrational modes predicted from group theory, out of which six are Raman active
modes (2A1g, Eg, 3T2g). The vibrational modes above 600 cmrepresent the symmetrical
stretching of metal-oxygen bonding at the tetrahedral (A) sites, and the vibrational modes
below 600 cm™ can be assigned to the symmetrical and anti-symmetrical bending of
metal-oxygen in the octahedral (B) sites [357]. With the Cu* ion substitution, a shift in
Raman mode towards higher frequency is noticed. This shift can be due to the
introduction of larger Cu®* ions which may produce strain in the structure. The impurity
phases like Fe,O3 which show sharp spikes at around 240 and 300 cm™ are absent in the

spectra and hence reassures the formation of the monophasic polycrystalline compound.
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Fig. 4.27 Room temperature Raman spectra of Co,CuyFe,O4 (where x = 0.00, 0.05, 0.10, 0.15,
0.20 and 0.25).
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4.5.2 CoFe,4SbyO4 (where x = 0.00, 0.03, 0.06, and 0.09)

The Raman spectra of Sb®" substituted cobalt ferrite exhibited all the
characteristic vibration bands for cubic spinel ferrite (Fig. 4.28). The Raman active
modes assigned as 2A;4 (602 — 613, 679 — 684 cm ™), Eq (298 — 304 cm ™), 3Ty (539 —
553, 459 — 467, 195 — 198 cm ™) for cubic spinel ferrites can be viewed in the spectra
[357]. The modes below and above 600 cm™ can be understood as the vibrational modes

due to metal-oxygen bond stretching at octahedral (B) and tetrahedral (A) sites

respectively [196].
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Fig. 4.28 Room temperature Raman spectra of(a)CoFe,O,4 (b) CoFe; ¢7Sbg 0304 (C)
COF61.94Sb0.0604 (d) COFel_918b0_0904.

4.5.3 C0pgCup1Fer.xRExO4 (Where RE = Gd, Sm, Dy, Yb, Eu, and x = 0.00, 0.03,
0.05)

The Raman spectra of CopoCugi1Fe,xRExO4 (Where RE = Gd, Sm, Dy, Yb, Eu,

and x = 0.00, 0.03, 0.05)are presented in Fig. 4.29. The spectra confirm the impurity-
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freecubic phase formation of the polycrystalline compound. All the 6 Raman active
modes assigned as 2A;4 (596 - 613 cm™, 672 - 688 cm™), E (292 - 305 cm™), 3Tz (538 -
574 cm™, 454 - 467 cm™, 182 - 200 cm™) predicted for the cubic spinel ferrite system can
be seen in the spectra. The presence of an Ay active mode usually observed as a
shoulder, designated as Ai4(2) mode, is a characteristic mode of the inverse as well as
mixed spinel ferrites [358]. The vibrational modes beyond 600 cm™ correspond to
symmetrical stretching of metal-oxygen bonding at tetrahedral sites and the modes below
600 cm™ correspond to symmetrical and anti-symmetrical bending of metal-oxygen in the
octahedral sites [357]. A marginal shifting behavior in Raman modes with RE**
substitution was observed which can be attributed to the strain-induced due to the

incorporation of larger ionic size RE* at the Fe®* site.
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Fig. 4.29 Room temperature Raman spectra ofCog¢Cug ;Fe, sREO, (Where RE = Gd, Sm, Dy, Yb,
Eu, and x = 0.00, 0.03, 0.05).
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4.5.4 C0oy9Cuq1Fe,xCryO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The Raman spectra of CoggCug1Fe,xCriO4 (where x = 0.00, 0.03, 0.06, 0.09,
0.12, and 0.15) were recorded to acertain the vibrational bands observed in the spinel
ferrites. The spectra have been depicted in Fig. 4.30. All the six Raman active modes
registered as 2A;4 (610-617 cm™, 685-690 cm™), E4 (297-305 cm™), 3Ty, (558-564 cm™,
468-473 cm™, and 169-173 cm™), expected for the cubic spinel ferrite system are evident
in the Raman spectra [357]. No other vibrational bands corresponding to the impurities
like Fe,O3 were noticeable in the spectra. Hence, the Raman studies further reassure the

single phase formation of the desired material.

===Coy 9Cuy 1 Fe;04

—Coy9Cuy.1Fer 97Cr0.0304
= Coy9Cuy 1 Fe1.04Cr0.0604
—Coy9Cup,1Fe191Cr0.0904
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Fig. 4.30 Room temperature Raman spectra ofCog 4Cug ;Fe, «Cr,O4 (where x = 0.00, 0.03, 0.06,
0.09, 0.12, and 0.15).

4.5.5 C0p9Cuq.1FerxMnO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Fig. 4.31 shows the Raman spectra of Mn ion substituted Co-Cu ferrite in the

region 150-800 cm™. All the 6 Raman active modes designated as 2A14 (610-612 cm™,
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688-690 cm™), Eq (301-305 cm™), 3T, (558-562 cm™, 468-470 cm™, 171-174 cm™) for
the cubic spinel ferrite system are detected in the spectra [357]. A marginal shift in peak
position with substituent concentration may be regarded as a strain-induced due to the
substitution of Mn ions. The spectra do not show any other additional vibration bands

hence reaffirm the monophasic formation of prepared compositions.
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Fig. 4.31 Room temperature Raman spectra of Co,oCuy 1Fe,..Mn,O, (where x = 0.00, 0.03, 0.06,
0.09, 0.12, and 0.15).

4.5.6 CogoCuq1FerxINyO,4 (Where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Fig. 4.32 portrays the Raman spectra of In** substituted and un-substituted
Cog.oCuo1Fe,0, ferrite in the region 150-800 cm™. The typical Raman peaks in the lower
(150-600 cm™) and higher (600-750 cm™) frequency modes represent the octahedral and
tetrahedral vibrational modes respectively [357]. Typically, a cubic spinel ferrite displays

five Raman active modes, which are Eg, 3T, and Ayg but as can be seen from the spectra
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6 Raman active modes are visible. The additional mode present in the spectra as a
shoulder peak to the A;g mode and labeled as A14(2) mode, is a distinct feature of inverse
and mixed spinel ferrites [358,359]. The absence of impurity peak in the spectra confirms

the formation of monophasic cubic spinel ferrite.

= Cog.9Cup,1Fe204

===Co gCuy 1 Fey g7Ing 9304
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Fig. 4.32 Raman spectra of CoqgCug1Fe,In,0, (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and
0.15).

4.6 Scanning Electron microscopy — Electron diffraction X-ray Spectroscopy (SEM-
EDX)

4.6.1 Co1xCuyFe,O4 (where x =0.00, 0.10, and 0.25)

The surface morphology of the materials sintered at 800 °Cwasassessed by
analyzing SEM images as presented in Fig. 4.33(a-c). The micrographs do not show any
noticeable difference between the synthesized compositions. Almost homogeneous and
uniform distribution of clusters of fine agglomerated spherical particles of uneven size

was detected. The sintering process and magnetic behavior of the particles could be
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responsible for the agglomeration [360]. The representative EDX pattern for 10 mol% Cu

content shows the existence of Co, Cu, Fe and O in the material and no other

distinguishable impurities were detected (Fig. 4.33(d)). The peak at around 2.5 keV in the

EDX pattern is due to gold overcoating.
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Fig. 4.33Scanning electron micrographs of (a) CoFe,O4 (b) C0g.60CUg 10F€204 (C)

C00_75CUO.25F6204 (d) EDX pattern of C00_900U0.10Fezo4.

4.6.2 Co F91_94 Sbo_0504

SEM imageof CoFe; 94Sho 0604 as displayed in Fig. 4.34(a) showed the presence

of spherical agglomerates evenly distributed of almost equal sizes. The agglomeration

can be due to the sintering process and magnetic nature of the particles [360]. EDX

pattern (Fig. 4.34(b)) confirms the presence of all the expected elements.
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Spectrum 1
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EHT = 2000 kv Signal A = SE1 Date :19 May 2017
WD = 7.0mm Mag= 5000KX Time 11:52:22 Full Scale 1155 cts Cursor: 0.000 ke

Fig. 4.34 (a) SEM image of CoFe;.94Shg 0504 (b) EDX pattern of CoFe; 4Sbg 0604.
4.6.3 C0og9Cug1Fe1 95RE( 0504 (Where RE = Gd, Sm, Dy, Yb, and EU)

As can be seen from Fig. 4.35(a) - 4.39(a) the RE*" substituted Co-Cu ferrite
show uniform distribution of spherical agglomerates with uneven sizes. The presence of
agglomerates is due to high-temperature sintering and magnetic nature of the material
[360]. The elemental composition has been analyzed using the EDX spectrum and the
representative EDX pattern of RE®*" substituted Co-Cu ferrite is shown in Fig. 4.35(b) -
4.39(b). The pattern confirms the presence of expected elements in the sample and no

other traceable impurities are found within the resolution limit of EDX.

1 T Treeer T T T T

EHT =20.00 kv Signal A= SE1 Date :19 May 2017 0 1 2 3 4 5 6 7 8 g 10
WD = 7.0mm Mag = 5000 KX Time :12:50:14 w Full Scale 6632 cts Cursor. 0.000 keV|

Flg 4.35 SEM minOgraph of (a) C00_9CUO_1F91_97Gd0_0304 (b) EDX pattern of
Cop.sCug1Fe197Gdg 0304.
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Fig. 4.36 SEM micrograph of (a) CogoCug1Fe1655mp 0504 (D) EDX pattern of
C00.9CUo.1F€1.955M( 0504

0 (b)
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Fig. 4.37 SEM micrograph of (a) CogoCug1Fe195DY00504 (b) EDX pattern of
C0p.9CUo.1F€1.95DY0,0504.

(b)
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Fig. 4.38 SEM micrograph of (a) CoggCuqg1Fe;95Yb o504 (b) EDX pattern of
C00.9CUg 1Fe1.05YD0 0504.
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Fig. 4.39 SEM micrographs of (a) CoggCug1Fe;esEUe 0504 (b) EDX pattern of
C00.9CUo.1F€1.95EU0 0504

4.6.4 C0o9Cuq.1Fe1.85Crg.1504

The SEM micrograph of Cog9Cug 1Fe; gsCro1504showed the particles in a uniform
shape, homogeneously distributed and agglomerated (Fig. 4.40(a)). The agglomeration of
the particles can be credited to magnetic interaction occurring among them and high-
temperatureheat-treatment. Fig. 4.40(b) shows the representative EDX pattern that clearly

indicates the existence of all the elements expected in the sample.

a0 (b)
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EHT =20.00 kV Signal A = SE1 Date :14 Feb 2018 0.00K!

WD = 8.5mm Mag= 50.00 KX Time :15:36:32 00 91 104 17

Fig. 4.40 SEM micrograph of (a) CoggCuqFe; g5Cro1504 (b) EDX pattern of
C00.9Cuq 1Fe1.85Cr0.1504.

94



4.6.5 CO(),gCU()_lFel,85M n0,1504

The micrographs show homogeneously distributed and agglomerated particles
(Fig. 4.41(a)). The presence of agglomeration can be attributed to magnetic interactions
developed among ferrite nanoparticles and high-temperature heating. The corresponding

EDX pattern clearly indicates the existence of Co, Cu, Fe, Mn and O in the material (Fig.

4.41(b)).
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WD = 9.0 mm Mag= 50.00 KX Time :15:18:28 91 104 iy

Fig. 4.41 SEM micrograph of (a) CogoCug1Fe;g5sMng 1504 (b) EDX pattern of
C0y.9CUg.1F€1.85MNg 1504

4.6.6 Cop9CuUq.1Fe1.851N0.1504

SEM analysis of In** substituted Co-Cu ferrite showed a significant amount of
agglomeration of spherical particles (Fig 4.42(a)) which is due to the high-temperature
sintering process and the magnetic forces present. The representative EDX pattern

indicated the presence of all the expected elements in the sample (Fig. 4.42(b)).
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Fig. 4.42 SEM image of (a) C0,9Cug1Fe1g51Ng.1504 and (b) EDX pattern of

C00.9Cug 1F€1 851N 1504

4.6.7 Y199Ce€00103

The representative SEM imageof Yig9 Cego10sheat-treated at 1000 °C shows
spherical particles of almost equal sizes (Fig. 4.43(a)). The particles are uniformly and

homogeneously distributed. The corresponding EDX pattern shows the presence of Y,

Ce, and O in the sample (Fig. 4.43(b))
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Fig.4.43 SEM image of (a) Y199 Ceq0103 and (b) EDX pattern of Y9 Ceg010s.
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4.6.8 Y1.93 Ce0,01EU0.0603

Fig. 4.44(a-c) shows SEM micrographs illustrating the surface morphology for
Ce® and Eu® co-substituted Y,03.As can be seen, the samples show agglomeration of
individual particles having a spherical morphology. The high-temperature heat treatment
given to the samples could be a possible explanation for the observed agglomeration.The

EDX pattern (Fig. 4.44(d) )exhibited the peaks corresponding to Y, Ce, Eu, and O which

confirmed their presence in the sample.
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Fig.4.44 SEM images of (a,b,c) Y1.93Ceo.01EU0.0s03and (d) EDX pattern of
Y1.93C€0.01EU0.0603.
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4.6.9 Y193 Ce0.01Er0.0603

The SEM images of Y3 Cepo01Ero0s03 show spherical agglomerates of almost
regular size and shape (Fig. 4.45 (a-c)). TheEDX technique verified the existence of Y,

Ce, Er and O elements in the prepared sample as shown in Fig. 4.45(d).
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Fig.4.45 SEM images of (a,b,c) Y1.03Ce€0.01Er0.0603 and (d) EDX pattern of Y1.93Ceg01Er0.060s3.

4.6.10 Gd1_34Ero_o4Ybo,1203

Fig. 4.46(a-c) shows the SEM images of Yb*" and Er** co-substituted Gd,Os. The
samples showed agglomerated spherical particles uniformly distributed. The
agglomeration of particles can be explained by the heat treatment given to the

material. The EDX analysis shown in Fig. 4.46(d) confirms the presence of Gd, Er, Yb
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and O in the sintered sample. The detected peaks of Au and Pd could be due to

overcoating.

-
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Fig. 4.46 SEM image of (a,b,c) Gd1.g4Er04Ybo120sand (d) EDX pattern of
Gd1.84Er0,04YD0.1205.

4.6.11 Gd1.84H00,04Ybo,1203

Fig. 4.47(a) shows the SEM images of Yb*" and Ho** co-substituted Gd,Os
samples heated at 1000 °C. In the SEM image, uniformly sized agglomerated spherical-
shaped particles are seen.The agglomeration appeared due to the high-temperature
treatment applied in the preparation method. EDX pattern (Fig. 4.47(b)) recorded on the

corresponding sample verifies the presence of expected elements in the sample.
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Fig. 4.47 SEM image of (a) Gd1 84H0g 04Ybg 1203 and (b) EDX pattern of Gd1 84H0g 04Ybg 1203.

4.7 Transmission Electron Microscopy - Selected Area Electron Diffraction (TEM-
SAED)

4.7.1 Co1xCuyFe,O4 (where x = 0.00 and 0.25)
The precise particle sizes of Co;.xCuyFe;O4 (Where x = 0.00 and 0.25) sintered at

800 °C were assessed by analyzing TEM images as presented in Fig. 4.48(a,b).

— (221
—(311),

—(400),,

Fig. 4.48 Transmission electron micrographs of (a) CoFe,O,4 (b) Cog 75Cug 25Fe,04 and SAED
patterns of (c) CoFe,0, (d) Cop75Cuqg 25F€,0,.
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Almost homogeneous and uniform distribution of clusters of fine agglomerated
spherical particles of uneven size was detected. Evaluation of TEM images observed a
decreasing trend in particle size with increasing Cu?* substitution (Table 4.21). The
bright fringes seen from the corresponding SAED patterns (Fig. 4.48(c,d)) implies the
polycrystalline nature of the material and all rings have been indexed with reflections
belonging to space group Fd3m.

Table 4.21 Particle size determined from TEM analysis

Sample Particle
Composition size (nm)
CoFe,0O, 50-120

C00.90CUg.10F€204 50-90
C00.75CUg 25F€204 30-80

4.7.2 COFel_gl Sbo_ogO4
Particle size estimated from the TEM analysis showed that the size varies from

60-110 nm for COF91.918b0.0904 (Flg 449(6))

—_—
2 1/nm
o

Fig. 4.49 TEM image of (a) CoFe;.4:Sbg0004 (b) SAED pattern of CoFe;91Sbg.0904.
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The analysis of the corresponding SAED pattern exhibited the characteristic
reflections idealfor cubic spinel ferrite (Fig. 4.49(b)). Bright spots and concentric rings

observed in theSAED pattern validate the polycrystalline nature of the material.

4.7.3 CogoCug1Fe; gsREq 0504 (Where RE = Gd, Sm, and Dy)

As can be seen from the representative TEM micrographs(Fig. 4.50-4.52)
particles with uneven sizes ranging from 25 - 70 nm were detected. The particle size
obtained from TEM images were larger than the crystallite size acquired from XRD data.
This shows that each particle could have been formed by aggregation of grains or
crystallites. The corresponding SAED pattern confirms the polycrystalline nature of the
material by the appearance of concentric rings and bright spots in the diffraction pattern.

The SAED pattern has been indexed according to diffraction planes of FCC structure.

Fig.4.50 TEM micrograph of (a) Cog9Cug1Fe; 95Gdy 0504 and SAED pattern of (b)
C00.9CUo.1Fe195Gd 0504
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Fig.4.51 TEM micrograph of (a) Cog9Cug1Fe1.95Smg 0504 and SAED pattern of (b)
C00.9CUo.1F€1.955M0.0504.

Fig.4.52 TEM micrograph of (a) CoggCug1Fe;e5DYo.0s04 and SAED pattern of (b)
C00.9CUg.1F€1.95DY0.0504.

47.4 C00.9CUO.1F91.85C I’0.1504

Fig. 4.53 displays the TEM image and SAED pattern of a typical
Co0p.9Cug 1Fe; gsCro1504 ferrite sample. The TEM images gave an authentic proof about
the particle size of the materials and also revealed agglomeration in the particles. The
average particle size was in the range of 25-60 nm. The SAED pattern further confirms

the face-centered cubic spinel structure of the ferrite under investigation.
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Fig.4.53 TEM micrographs of (a) Cog¢Cug 1Fe1g5Cro.1504 and SAED pattern of (b)
C00.9CUo.1F€185Cr0.1504.
4.7.5 C0g9CuUo.1Fe1.85MnNg 1504
Fig. 4.54 shows the representative TEM image of Mn-substituted Co-Cu ferrite.

The estimated particle size was nearly in the range of 55 nm — 105 nm.

Fig. 4.54(a,b,c) TEM micrographs and (d) SAED pattern of Cog¢Cug1Fe1.8sMng 150..
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The bright spots and concentric rings in the SAED pattern (Fig. 4.54(d)) indicate
that the material is well crystallized and can be indexed as the cubic phase, which

corresponds to XRD results.

4.7.6 COolgCUO_1F81,85|n0.1504

TEM-SAED analyses were carried out on CoggCug1Fesgslng1504 for structural
characterization (Fig. 4.55). The particle size determined from TEM analysis was in the
range of 35 to 50 nm. The interplanar distances determined from XRD data were in good
agreement with the interplanar distances obtained from SAED pattern, while the bright

rings and spots in SAED pattern revealed high crystallinity.

440) .
(__) (511)

Flg 455 TEM image of (a) COolgCUO.1Fe1.85|n0_1504,SAED pattern of (b) COO,gCu0,1F91,85In0_15O4.
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4.7.7 Y1.93Ce0,01EUQ 0603

The detailed microstructural analyses of the sintered Y'1.93Ceo01EU0.0603performed
by TEM showed that the sample consists of aggregated particles of uneven shape and
sizes (Fig. 4.56). The size of the particles varied from 40 — 85 nm. The observed
aggregation and higher particle size could be due to higher heat-treatment given to the

sample.

Fig. 4.56 TEM images of Y1.93Ceg01EUp.0603.
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4.7.8 Y1.93Ce0,01Er0.0603

The particle size of Y1.93Ce01Er0.0s03was evaluated from TEM analysis as shown
in Fig. 4.57. The TEM images clearly indicate that the particles are of irregular sizes and

shapes. The particle size varied from 45 — 80 nm.

(b)

(d)

100 nm 200 o

Fig. 457 TEM images of Y193Ce0.01Er0.0503.
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4.7.9 Gd1_84E |’0_04Yb0,1203

The TEM images of Gdi.gsEro04Ybo 1203 sintered at 1000 °C have been shown in
Fig. 4.58. The detailed analysis suggests the presence of agglomeration of unevenly sized

particles ranging from 60 — 120 nm.

(a)

(b)

(d)

100 nm 200 nm

Fig. 458 TEM images of Gd1_84Ero_o4Ybo_1203.
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4.7.10 Gd1_84H00,04Yb0,1203

The TEM images of the representative sample sintered at 1000 °C show particles
of irregular shapes and sizes. The detailed analysis of the micrographs revealed that the

particle size varied from 45 — 105 nm (Fig. 4.59).

100 nm

Fig. 4.59 TEM images of Gd; g4HOg 04Ybg.1203.
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4.8 X-ray photoelectron spectroscopy (XPS)

4.8.1C00_80CUO,20F6204

The chemical states and chemical composition of the surface of Co-Cu ferrite
were verified by implementing X-ray photoelectron spectroscopy (XPS). XPS spectra
were charge corrected by setting the C 1s binding energy (B.E) at 284.8 eV. The full
range survey scan spectrum and also the deconvoluted high-resolution (HR) spectra of Co

2p, Cu 2p, Fe 2p, and O 1s have been presented in Fig. 4.60 and Fig. 4.61 respectively.
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Fig. 4.60 XPS survey spectrum of CoggyCug0F€e,0s4.

In the XPS spectrum of Co 2p, the peaks for Co 2ps, and Co 2p;, are centered at
B.E of 779.8 and 795.2 eV respectively; these are typical B.E. signals for the Co?* state
[190]. Strong satellite peaks appearing at 785.1 and 802.3 eV imply the existence of Co
in 2+ oxidation state. In the XPS spectrum of Cu 2p, two distinct signals for Cu 2ps, and
Cu 2py, are seen at 933.2 and 953.6 eV respectively, with a characteristic satellite feature
of Cu®* at 942.2 eV suggesting the existence of Cu®* species[361]. In the spectrum of Fe
2p, the distinct peaks of Fe 2ps, and Fe 2p;, are centered at 710.0 and 724.1 eV

respectively having a satellite feature at 718.1 eV. The two peaks positioned at 710.0 and
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712.4 eV signify the octahedral and tetrahedral occupancy of Fe** ions respectively
[362]. The occurrence of a satellite peak at a distance of 6.1 eV from Fe 2p;/, peak (724.1
eV) has been considered as Fe in 3+ state [363]. The XPS spectrum of O 1s shows
signals centered at 529.2 eV ascribed to the lattice oxygen and the B.E. signal at 530.8 eV

is due to the existence of oxygen defects [364].
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Fig. 4.61 HRdeconvoluted XPS spectra of (a) Co 2p (b) Cu 2p (c) Fe 2p (d) O 1s.

4.8.2 COF61_94Sb0,0604

The full scan XPS spectrum along with HR spectra of Co 2p, Fe 2p, Sb 3d, and O
1s for CoFe;94ShoosOshas been presented in Fig 4.62.The binding energies were
determined by fitting the HR spectra with peak fitting software. The Co 2p spectrum

exhibited Co 2ps, and Co 2py, signals positioned at 781.0 and 796.5 eV respectively.
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The satellite features identified at 786.5 and 803.2 eV proved the presence of cobalt in 2+
oxidation state [355]. The Fe 2p spectrum exhibited two peaks, Fe 2ps, and Fe 2pip
centered at B.E. of 710.9 and 725.1 eV respectively. The signals at 710.9 and 713.1 eV
could be due to the presence of Fe at octahedral and tetrahedral sites respectively [362].
The satellite feature present at 718.1 and 732.9 eV confirms the presence of Fe in 3+
oxidation state. The Sb 3d spectrum showed Sb 3ds;, and Sb 3ds;, peaks positioned at
530.0 and 539.3 eV corresponding to the presence of Sh®* species [365]. The O 1s
spectrum showed a B.E. peak at 529.2 eV attributed to the contribution of the lattice

oxygen and the higher B.E. peak at 530.8 eV due to the existence of oxygen defects
[364].
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48.3.1 COo_gCUo,1F61_95Gd0,0504
The full scan spectra (Fig. 4.63(a)) along with the HR XPS spectra of Co 2p,
Cu2p, Fe 2p, Ols, and Gd 4d ions are plotted and deconvoluted using peak fitting

software (Fig. 4.63(b-f)).
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Fig. 4.63 (a) Full scan XPS survey spectrum of CoggCuq1Fe; 95Gdy 0504 and HR deconvoluted
spectra of (b) Co 2p (c) Cu 2p (d) Fe 2p (e) Gd 4d (f) O 1s.

113



In the HR XPS spectrum for Co 2p, the signals for Co 2py, and Co 2ps, were
seen at 795.8 eV and 779.4 eV respectively which are characteristic binding energies for
the Co?" state [190]. The satellite peaks at 786.7 and 802.6 eV designates that Co is in +2
oxidation state. The two BE peaks at 779.4 eV and 782.3 eV exhibits due to the
octahedral and tetrahedral bonding of Co®* with oxygen respectively [366]. In the XPS
spectrum of Cu 2p, the signals for Cu 2pz, and Cu 2py, are detected at 932.8 and 952.8
eV respectively, with a typical satellite peak of Cu?* at 942.2 eV signifying the presence
of Cu*"[361]. In the XPS spectrum of Fe 2p the Fe 2p1, and Fe 2pspthe signals are
positioned at 725.2 and 710.9 eV respectively with a satellite peak at 719.1 eV. The two
signals positioned at 710.9 and 713.7 eV can be allotted to Fe** ions at octahedral and
tetrahedral sites respectively of Co-Cu ferrite [362]. Thus HR mode reveals the
distribution of Fe®* ions over tetrahedral (A) and octahedral (B) lattice sites. The
difference of 6.1 eV from the satellite peak to Fe 2py, peak (725.2 eV) was identified as
Fe** state [363]. The BE of the oxygen species corresponding to the O 1s at 529.6 eV is
credited to the contribution of the lattice oxygen and the higher BE peak at 530.8 is due
to the presence of oxygen defects [364]. The Gd 4d spectrum displayed signals
corresponding to Gd 4ds, and Gd 4ds;, at a BE of about 143.0 and 148.0 eV which

confirms the presence of Gd** ions [367].

4.8.3.2 CO()_gCUo_lFel_g55mo_o504

The full region scan XPS spectrum of CoggCup 1Fe1.95Smo 0504 has been shown in
Fig. 4.64(a) and deconvolutedHR XPS spectra of Co 2p, Cu 2p, Fe 2p, Sm 3d, and O 1s
have been presented in Fig. 4.64(b-f). The full region scan reveals the existence of all the

anticipated elements in the spectrum.
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The HR spectrum of Co 2p shows the Co 2psp», 2p1» signals at 779.9 eV and
796.3 eV respectively. The presence of satellite features at a BE of 787.1 eV and 803.4
eV confirms the presence of Cobalt in 2+ oxidation state [190]. The HR spectrum of Cu

2pP312, 2Pp1/2 shows peaks positioned at 933.2 eV and 952.8 eV respectively. The presence
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of satellite peak at 942.5 eV confirms the existence of copper in 2+ oxidation state [361].
The peaks observed for Fe 2psp, 2p1, at 709.8 eV and 723.7 eV respectively with a
satellite peak at 717.9 eV confirms the presence of Fe in 3+ oxidation state [363]. In the
XPS spectrum of Sm 3d, the Sm 3ds;, peak is obtained at around 1082.7 eV which
corresponds to Sm** ions [368]. The XPS spectrum of O 1s the peak obtained at 529.2 eV
corresponds to lattice oxygen while the other peak at 530.4 eV corresponds to defect

oxygen [364].

4.8.3.3 COo,gCUo,1F81,g5Dyo_0504

The wide scan XPS survey spectrum (Fig. 4.65(a)) besides HR spectra of Co 2p,
Cu2p, Fe 2p, Ols, and Dy 4d ions are plotted and de-convoluted employing peak fitting
software (Fig. 4.65(b-f)). In the XPS spectrum for Co 2p, the B.E peaks for Co 2ps/; and
Co 2pyj; were obtained at 779.7 and 796.0 eV respectively, typical of the Co?" state [190].
Strong satellite features at 786.5 and 803.2 indicate the existence of Co®* species. The
signals at 779.7 eV and 782.2 eV belong to Co®" ions in the octahedral and tetrahedral
sites respectively [369]. The XPS spectrum of Cu 2p, shows peaks for Cu 2ps;, and Cu
2p12 at BE of 933.0 and 952.9 eV respectively, along with satellite features at 942.2 eV
suggesting the existence of Cu®*[361]. In the XPS spectrum of Fe 2p, the Fe 2ps, and Fe
2p12 BE signals are located at 710.9 and 724.6 eV respectively accompanied by a satellite
signal at 718.6 eV. The peaks located at 710.9 and 713.8 eV point towards the presence
of Fe** ions at octahedral and tetrahedral sites respectively [362]. The difference of 6.1
eV of the satellite peak from Fe 2p;/, peak (724.6 eV) confirms the existence of Fe in 3+
oxidation state [363]. The signals centered at 529.6 eV and 530.7 eV is due to the

existence of lattice oxygen and oxygen defects respectively as shown in the HR spectrum
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of O1s [364]. The Dy 4d spectrum exhibited Dy 4ds, peak at a BE of about 155.4 eV

which verifies the existence of Dy** ions [370].
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4834 COo_gCUo,lFel_g5Yb0,0504
The full scan XPS spectrum for CoggCug1Fe;95YboosO4 has been presented in
Fig. 4.66(a). The HR XPS spectra for Co 2p, Cu 2p, Fe 2p, Yb 4d, and O 1s have been

shown in Fig. 4.66(b-f).
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The HR XPS spectrum for Co 2p shows Co 2pss, 2pi1, peaks centered at 779.8
and 795.9 eV respectively. The satellite features present at 786.7 and 802.7 eV confirms
the presence of Co in 2+ oxidation state [190]. The additional peak present at 781.6 eV
hints the presence of Co®" at A site while the peak at 779.8 eV is due to the presence of
Co?* at B site. The XPS spectrum for Cu 2p shows the Cu 2psj2, 2p12 Signals positioned at
933.9 and 952.5 eV respectively. The satellite peaks present at 940.3 and 943.7 eV
indicates the presence of Cu in 2+ oxidation state [361]. The XPS spectrum of Fe 2p
shows Fe 2psp,, 2p1/, peaks centered at 710.6 and 724.8 eV respectively. The presence of
the additional peak at 712.7 eV indicates the presence of Fe®" in the tetrahedral site while
the peak at 710.6 eV signifies the existence of Fe®" at the octahedral site [362]. The
satellite features occurring at 717.7 and 732.2 eV reveals the presence of Fe in 3+
oxidation state. The peaks present at 529.7 and 531.4 eV in the O 1s XPS spectrum are
due to the lattice oxygen and oxygen defects respectively [364]. The presence of Yb 4d

peak positioned at 184.8 eV indicates the presence of Yb in 3+ oxidation state [310,321].

4.8.3.5 COo,gCUo,lFellgsEUo,o5O4

Fig. 4.67(a) shows the full region XPS survey scan for CoggCug1Fe1.05EU00504.
the HR XPS spectra for Co 2p, Cu 2p, Fe 2p, Eu 4d, and O 1s is shown in Fig. 4.67(b-f).
The HR spectrum of Co 2p shows the Co 2psp, 2py signals positioned at 780.3 and
796.1 eV respectively. The peaks at 780.3 and 782.6 eV are due to the presence of Co in
octahedral and tetrahedral sites respectively. The presence of satellite peaks at 787.1 and

803.4 eV indicates the existence of Co in 2+ oxidation state [190].
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Fig. 4.67 (a) Full region scan XPS spectrum of CoggCug1Fe; esEU, 0504 and HR deconvoluted
spectra of (b) Co 2p (c) Cu 2p (d) Fe 2p (e) Eu 4d (f) O 1s.

The HR spectrum for Cu 2p shows peaks at 934.5 and 951.8 eV corresponding to
Cu 2p32 and Cu 2py, respectively. The satellite features at 940.8 and 943.3 eV indicates

the presence of Cu in 2+ oxidation state [361]. The HR spectrum for Fe 2p shows Fe
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2pspand Fe 2py, peaks centered at 710.7 and 725.1 eV respectively. The presence of
peaks at 710.7 and 712.9 eV is credited to the existence of Fe at octahedral and
tetrahedral sites respectively. The satellite features observed at 718.0 and 732.9 eV
indicates the presence of Fe in 3+ oxidation state respectively [362]. The HR spectrum of
O 1s shows the presence of peaks at 530.0 and 531.6 eV corresponding to lattice oxygen
and oxygen defects [364]. In an HR spectrum for Eu 4d, the Eu 4ds, and Eu 4d3, peaks
were obtained at 136.3 and 141.9 eV respectively which reflects the 3+ oxidation state of

Europium [371].

4.8.4 COo,gCUo,lFeLssC I’o,1504

The full scan XPS survey spectrum for Cog 9Cug.1Fe1.85Cro1504 has been depicted
in Fig. 4.68(a). Fig. 4.68(b-f) shows the HR XPS spectra for the elements present. The
HR XPS spectrum of Co 2p displays Co 2psp, 2p1» B.E peaks centered at 779.6 and
795.1 eV respectively. The existence of satellite features at a B.E of 785.5 and 801.9 eV
validates the presence of Co in 2+ oxidation state [372]. The spectrum of Cu 2p shows
Cu 2ps2, 2p1s2 peaks positioned at 933.1 and 953.3 eV respectively with a satellite peak
at 940.3 eV which is a typical B.E peak for Cu in 2+ oxidation state [361]. The HR XPS
spectrum of Fe 2p depicts Fe 2pss, , 2p12 peaks located at B.E of 709.6 eV and 723.9 eV
respectively [373]. The presence of an additional Fe 2pspeak at 711.9 eV, accounts for
Fe** at tetrahedral sites [362]. The satellite feature at a distance of 6.0 eV from Fe 2pa,
position at B.E of 717.1 eV affirms the chemical state of Fe to be 3+. The spectrum for
Cr 2p shows Cr 2p3/, peaks registered at 575.6 eV confirming the presence of Cr in 3+

oxidation state [374]. The HR spectrum for O 1s shows peaks at B.E of 529.0 and 530.6
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eV corresponding to lattice oxygen and oxygen defects respectively [86]. Hence the XPS

study verifies the presence of elements in their respective oxidation state.
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485 COo_gCUo,1F81_85M n0,1504

The wide region scan XPS survey spectrum for CogoCug1Fe1.8sMng 1504 has been
presented in Fig. 4.69(a). Fig. 4.69(b-f) shows the HR deconvoluted XPS spectra for Co

2p, Cu 2p, Fe 2p, Mn 2p, and O 1s.
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The HR XPS spectrum of Co 2p shows Co 2ps, and Co 2py, B.E peaks
positioned at 779.9 and 795.3 eV respectively. The presence of satellite peaks at a B.E of
785.3 and 802.3 eV confirms the presence of Co in 2+ oxidation state [372]. The HR
XPS spectrum of Cu 2p shows Cu 2ps;, and Cu 2py, peaks centered at 933.3 and 953.1
eV respectively with the existence of satellite feature at 939.1 and 940.3 eV which are
characteristic peaks for Cu in 2+ oxidation state [361]. The HR spectrum of Fe 2p
exhibits Fe 2ps;, and Fe 2py, signals positioned at 709.9 eV and 724.0 eV respectively.
The additional peak seen at 711.9 eV is due to the presence of Fe®* at tetrahedral sites.
The satellite peak at a distance of 6.0 eV from Fe 2p;,,; positioned at B.E of 717.1 eV
confirms the presence of Fe in 3+ oxidation state [362]. The spectrum of Mn 2p displays
Mn 2ps, and Mn 2py, peaks positioned at 640.4 and 652.0 eV. The two distinct peaks
present at 640.4 eV and 642.0 eV indicates the presence of Mn in 2+ and 3+ oxidation
state respectively [375]. The satellite feature present at 647.2 eV also indicates the
existence of Mn in the 2+ oxidation state [376]. The HR spectrum for O 1s shows peaks
at B.E of 529.0 and 530.6 eV corresponding to lattice oxygen and oxygen defects

respectively [86].

4.8.6 COo,gCUo,1F81,85|no,15O4

The full region scan XPS spectra for CogoCug1Fe;.g5lng1504 has been shown in
Fig. 4.70(a), and HR XPS measurements have been shown in Fig. 4.70(b-f). The
spectrum of Co 2p exhibited Co 2psp, 2p1» peaks centered at 780.6 and 796.2 eV
respectively along with characteristic shake-up satellite peaks identified at around 786.3
and 803.1 eV confirming the existence of Co?* species [377]. The HR spectrum of Cu 2p

shows Cu 2psp, 2p12spin-orbit doublets centered at binding energies around 933.7 and
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954.1 eV respectively with a characteristic satellite peak at 941.5 and 943.5 eV which are

assigned to the presence of Cu?* on the surface [378].
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Fig 4.70. (a) The full region scan XPS spectrum of Cog¢Cug 1Fe1gs5INg 1504, and HR deconvoluted
XPS spectra of (b) Co 2p (c) Cu 2p (d) Fe 2p (e) In 3d and (f) O 1s.

The XPS spectrum of Fe 2p exhibited two peaks of Fe 2pss,, 2p1,» Spin-orbital
components centered at binding energies of 710.7 and 724.8 eV respectively with the
common satellite peak around 718.2 and 732.9 eV which could be assigned to Fe in 3+
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oxidation state. The additional peak of Fe 2ps, present at around 712.8 eV can be
assigned to the Fe** ions present at the tetrahedral sites [362]. The spectrum of In 3d
shows two distinct peaks of In 3ds,, 32 positioned at 444.6 and 452.1 eV respectively,
confirming the existence of indium in 3+ oxidation state [86]. The O 1s signal centered at
529.9 eV is assigned to the contribution from lattice oxygen and a higher B.E. peak at

around 531.5 eV is due to the existence of oxygen defects [364].

4.8.7 Y1.93C6‘0,01EU0,0503

The full region scan XPS spectrum for Y;.¢3Ce01EU0 0603 has been presented in

Fig. 4.71(a). The HR XPS spectra for Y 3d, Eu 3d, and O 1s has been presented in Fig.
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The spectrum for Y 3d shows signals corresponding to Y 3ds, and Y 3dsp
centered at 156.4 and 158.4 eV respectively showing the existence of Y in 3+ oxidation
state [379]. The spectrum for Eu 3d shows the peaks corresponding to Eu 3ds;, and Eu
3ds/, positioned at 1134.2 and 1154.9 eV respectively thus indicating the presence of Eu
in 3+ oxidation state [380]. The peak centered at 529.1 and 531.5 eV for O 1s

corresponds to lattice oxygen and oxygen defects respectively [364].

4.8.8 Y1.93C60,01EI’0,0603
Fig. 4.72(a) presents the full scan XPS spectrum for Y;¢3Ce01Er0603. The HR

XPS spectra for Y 3d, Er 4d, and O 1s have been shown in Fig. 4.72(b-d).
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Fig. 4.72 (a) Full scan XPS spectrum of Y g3Ceq01Er0.0503,high-resolution XPS spectra of (b) Y
3d (c) Er 4d and (d) O 1s.
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The spectrum for Y 3d shows BE peaks at 156.4 and 158.4 eV which could be
assigned to Y 3ds, and Y 3ds, respectively [379]. The HR XPS spectrum for Er 4d
shows BE peaks positioned at 170.7 eV indicating the existence of Er in 3+ oxidation
state [310]. The XPS spectrum of O 1s shows BE peaks at 529.0 and 531.6 eV
corresponding to lattice oxygen and oxygen defects respectively [364]. The XPS studies
confirm the oxidation states of the species present. Since the concentration of cerium is

low the XPS spectrum could not be obtained.

4.8.9 Gd1,34E I’0,04Yb0,1203

The full scan XPS spectrum of GdigsErp04Ybo1203 have been shown in Fig.
4.73(a). The HR XPS spectra of Gd 4d, Er 4d, Yb 4d, and O 1s have been presented in

Fig. 4.73(b-d).
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Fig. 4.73 (a) Full scan XPS spectrum of Gd1 g4Erg04YD0.1203,high-resolution XPS spectra of (b)
Gd 4d (c) Er 4d, Yb 4d and (d) O 1s.
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The BE peaks in the XPS spectrum of Gd 4d shows Gd 4ds, and Gd 4ds, peaks
centered at 142.0 and 146.6 eV respectively corresponding to Gd in 3+ oxidation state
[367]. The XPS spectrum of Er 4d shows BE peak at 170.6 eV confirming the existence
of Er in 3+ oxidation state [321]. The XPS spectrum of Yb 4d shows a peak centered at
184.0 eV attributed to the existence of Yb in 3+ oxidation state [321]. The XPS spectrum
of O 1s shows BE peaks at 528.9 and 531.6 eV showing the existence of lattice oxygen

and oxygen defects [364].

4.8.10 Gd1,34H00,o4Yb0_1203
The deconvoluted HR spectra of GdjgsH0p04Ybo1203has been shown in

Fig.4.74(a-d).
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Fig. 4.74 High-resolution XPS spectra of (a) Gd 4d (b) Yb 4d (c) Ho 4d, and (d) O 1s.
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The HR XPS spectrum of Gd 4d shows the characteristic 4ds;, and 4ds;, peaks
positioned at 142.3 eV and 146.9 eV respectively [367]. The spectrum of Yb 4d shows
the BE signal centered at 185.1 eV indicating the existence of Yb in the 3+ oxidation
state [321]. The HR XPS spectrum of Ho shows XPS peak centered at 162.6 eV
confirming the presence of Ho in 3+ state [381]. The deconvoluted O 1s spectrum shows
two signals centered at 528.7eV and 531.5 eV highlighting the presence of lattice oxygen

and defect oxygen respectively [364].
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SOLID STATE AND OPTICAL STUDIES

5.1 Mossbauer Spectroscopy

In the case of spinel ferrites, Mdssbauer spectroscopy is an important technique to
identify ferrimagnetic and superparamagnetic materials and also to ascertain the
oxidation state of iron. The Mdssbauer spectra obtained was fitted using NORMOS-SITE

software.

5.1.1 CoFe, 04 and COo_QCUO_1F8204

The room temperature Mdssbauer absorption spectra of the parent compounds
(CoFe;,O4 and CogpgCupiFe,04) is presented in Fig. 5.1 and Fig. 5.2 and the
corresponding parameters such as isomer shift (IS), quadrupole splitting (QS), and
magnetic field (Hf) are mentioned in Table 5.1. The spectra exhibit two well developed
magnetic sextets that are corresponding to Fe** at tetrahedral A site represented by sextet

A and octahedral B site represented by sextet B.

+ Experimental CoFe,0
Total fit 2
Sextet B

Sextet A

Relative Transmission

0.98

0
Velocity (mm/s)

Fig. 5.1 Room temperature Méssbauer spectrum for CoFe;0,.
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Fig 5.2 Room temperature Mossbauer spectrum for CoggCug ;1Fe,0,.

The spectra show no traces of superparamagnetic behavior which confirm that the
synthesized materials have ferrimagnetic nature with mixed spinel structure. The sextets
were assigned as A and B site based on IS and Hf values obtained from fitting data. The
A site Hf and IS values were expected to be on the lower side compared to the B site
values.The greater value of Hf for the Fe** in the B site compared to the A site is owing
to the more covalent character of the Fey>-O® bond than the Feow:>-O% bond [382].
The IS values obtained were less than 0.5 mm/s, which is consistent with high spin Fe in
the 3+ oxidation state, and rules out the existence of Fe?* ions in the material [383,384].
IS values for B site is greater than that of the A site on account of the larger bond length
between Fe**-O% in B site. Consequently, the overlapping of orbital’s of Fe** ions and
O% anions is smaller at B site and therefore a larger 1S is developed signifying a higher s-
electron density at B site [385]. The values of QS were close to 0.0 mm/s, which revealed

that the overall cubic symmetry is retained between Fe®* ions and its vicinity [246].
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Table 5.1 Mdssbauer parameters for CoFe,O4 and CogoCug 1Fe,0,.

Hyperfine
FWHM IS QS (A) (mm/s) field ¥’
(mm/s) () (mm/s) (Hf) (T)
CoFe,0, Sextet A 0.56 + 0.02 0.28+0.01 0.01+0.02 49.7+0.1 1.24

Sextet B 0.56 £ 0.02 0.37+0.01 -0.02 +0.02 525+0.1
CopoCug Fe,0,  Sextet A 0.53 +0.02 0.28 +0.01 -0.02 £ 0.02 49.6+0.1 1.44
Sextet B 0.53 +0.02 0.36 +0.01 -0.04 £ 0.02 522+0.1

5.1.2 C0g9Cug 1Fe1.95Gdo.0504

Room temperature Mdossbauer spectrum of  CoggCup1Fe1.95GdosO4and
parameters of hyperfine interactions such as IS, QS, and Hf are presented in Fig. 5.3 and
Table 5.2 respectively. The spectrum exhibit two well-resolved Zeeman sextets arising
due to the Fe®* ions present at both A and B sites. The IS for the B site is higher than that
of the A site. The IS values varied from 0.28 mm/s and 0.36 mm/s (Table 5.2), which are
characteristics of the high spin Fe®* charge state in spinel ferrites. The QS values at A and
B sites are very small in both the samples signifying that the local symmetry of the
material obtained is cubic [246]. The Hf value at B site is always greater than at A site.
This can be illustrated based on the covalent nature of Fe**~O® bond and the difference
in the bond length at A and B sites. The Fe**~0% bond is more covalent at A site than
Fe**~0% bond at B site, while the s-electron charge density at A site is higher. This
results in a higher value of Hf at B site than at A site. The value of Hf decreased at both A
and B sites with Gd** ion substitution. The Hf value decreased due to the replacement of
Fe** ions by Gd*" ion at the B site [127]. The substitution will give rise to additional
Gd*-0-Gd*, and Gd**—O-Fe* interactions which are not as strong as the Fe**—O-

Fe>*interactions.
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Fig. 5.3 Room temperature Massbauer spectrum for Cog ¢Cug.1Fe1.95Gdg.0504.

Table 5.2 Mdssbauer parameters of CoggCug1Fe,04 and CoggCug1Fe105Gdp0504.

FWHM IS QS () Hf 2
(mm/s) (6) (mm/s) (mm/s) m
C0g9Cug 1Fe,04 Sextet A 0.53+0.02 0.28+0.01 -0.02 £ 0.02 496+0.1 1.44
Sextet B 053+0.02 0.36+£0.01 -004+£0.02 522+0.1
C00_9CUO_1F91.95Gd0_0504 Sextet A 0.56 £ 0.02 0.28+0.01 0.02 +£0.02 49.2+0.1 1.20
Sextet B 0.58+0.02 0.33+£0.01 -0.07+£0.02 51.8%0.1
5.1.3 C09.9CUo.1Fe1.85Cr0.1504
Fig. 54 shows the room temperature Madossbauer spectrum  for

Cop.9Cup 1Fe; 85Cro1504 and the fitted hyperfine magnetic parameters such as 1S, QS, and

Hf are listed in Table 5.3. The spectrum exhibit two normal Zeeman sextets attributed to

the existence of ferrimagnetic Fe atoms at both A and B sites. The IS values were in the

range of 0.28 — 0.36 mm/s, expected for Fe** high spin species and rules out the presence
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of Fe?" in the system [383]. In most of the spinel ferrites, the value of IS and Hf is greater

for the B site than A site thus the results indicate the identification of both the sites [215].

+  Experimental

Coy gCug 1 Fe; g5Crg.150y

1.02 - Total fit
Sextet B
Sextet A

1.00 i

0.98 —
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0.94 —
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Fig. 5.4 Room temperature Mgssbhauer spectrum for CoggCug 1Fe;.gsCro1504.

For both A and B sites, Hf was observed to decrease with Cr®*substitution. The
decrease can be explained assuming the additional Cr**-O-Fe*" and Co®*-O-Cr**
exchange interactions developed in the system, not being as strong as Fe®*-O-Fe**
interactions [202]. The QS values were near to zero signifying no significant deviation

from cubic symmetry of Fe** surrounding.

Table 5.3 Mdssbauer parameters of CogoCug1Fe,04 and CoygCug1Fe;85Cro.1504.

FWHM IS QS (1) Hf xz
(mm/s) (8) (mm/s) (mm/s) (M
Co0g9Cug 1Fe,04 Sextet A 0.53+0.02 0.28+0.01 -0.02 £0.02 49.6+0.1 1.44

Sextet B 053+0.02 036+001 -004+£0.02 522£0.1
C0g.oCuq 1Fe1 g5Crg 1504 Sextet A 0.60+£0.02 0.28+0.01 0.03+0.02 485+0.1 2.90
Sextet B 0.60+0.02 0.33+001 -004+£0.02 51.1+0.1
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5.14 COOIQCU0_1F91,85M no_1504

A Mdossbauer spectrum of CoggCug 1Fe; gsMng 1504 recorded at room temperature
has been shown in Fig. 5.5 and IS, QS, and Hfhave been tabulated in Table 5.4.The
spectrum exhibits two distinct sextets which reveal that there are two different
environments of Fe ions.These can be identified as Fe in A and B site within the spinel
structure. The observed values of 1S signify that the high spin Fe** ions possess different
s-electron density in the two different environments.The IS values obtained are below 0.5
mm/s, which clearly suggests the absence of Fe?" ions in the sample [383]. The QS values
were almost close to zero which indicates the overall cubic symmetry around Fe** ions. It
is observed that with Mn ion substitution the Hf value slightly decreases as a result of the
reduction in strength of super-exchange interactions. Substituting Mn for Fe will generate
weaker Mn—-O-Fe, Mn-O-Mn superexchange interactions which are not as strong as the

Fe—O—Fe superexchange interactions [386].
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Fig. 5.5 Room temperature Mgssbauer spectrum for CogoCug1Fe1.8sMng 150..
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Table 5.4 Mossbauer parameters of CoggCug;1Fe,04 and CogoCug1Fe1gsMng 1504

FWHM IS QS (») Hf ¥’
(mml/s) (8) (mm/s) (mml/s) (m
C0p9CUg1Fe,04 Sextet A 0.53+£0.02 0.28+0.01 -0.02+0.02 49.6+0.1 1.44

Sextet B 053+0.02 0.36+0.01 -0.04+0.02 522+0.1
CopoCupiFe; gsMng 150,  Sextet A 0.53+0.02 0.28+0.01 -0.01+0.02 489+0.1 1.46
Sextet B 058+0.02 0.34+0.01 -0.03+0.02 515+0.1

5.15 COo_gCUo,lFel_85|no,15O4

The Mdossbauer spectrum recorded for CopgCugiFergslng1s04 at room
temperature has been presented in Fig. 5.6 and the Mdssbauer hyperfine parameters
including Hf, IS, and QSare listed in Table 5.5. The spectrum fitted with two six-line
hyperfine patterns suggested the ferrimagnetic nature of the material. Sextet A denotes
the existence of Fe®* ions at the A site and sextet B denotes the presence of Fe*" ions at
the B site. The sextets were labeled A and B based on the IS and Hf values which are
generally higher for the B site. The IS at B site is more than at A site due to larger Fe-O
bond length at B site [385]. The values of IS which are less than 0.5 mm/s indicate the
presence of high spin Fe in 3+ oxidation state with the absence of Fe** species [383,384].
The QS values were close to zero which signifies the retained cubic symmetry between
Fe** ions and its surrounding [246]. The value of Hf decreased at both A and B sites with
In** ion substitution. The Hf value decreased due to the replacement of Fe*" ions having a
higher magnetic moment (5 puB) by a non-magnetic In** ion (0 uB) at the B site [127].
Substitution causes the accumulation of a large amount of non-magnetic ions at the B site
which will give rise to additional In**~0-In**, and In®*~0-Fe*" interactions which are not

as strong as the Fe**—O—Fe**interactions.
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Fig. 5.6 Room temperature Mdssbauer spectrum for CogoCug 1Fe;1 851Ng.1504.

Table 5.5 Mdssbauer parameters of CogoCug1Fe,04 and CoggCug1Fe; gslNg150,.

FWHM B QS (&) Af "
(mm/s) (8) (mm/s) (mm/s) (M
C0g9Cug 1Fe,04 Sextet A 0.53+0.02 0.28 £0.01 -0.02 +£0.02 49.6+0.1 1.44

Sextet B 0.53+0.02 0.36+001 -0.04+£0.02 522+0.1
C0g9CuUg 1Fe1 g51Ng 1504 Sextet A 0.58 £ 0.02 0.27 £0.01 0.02 +£0.02 48.1+0.1 1.52
Sextet B 0.58+0.02 0.33+£0.01 0.01+£0.02 504+0.1

5.2 Magnetic Studies

Magnetic studies were carried out on the prepared samples at 300 K, 50 K, and 5
K to determine the magnetic parameters like saturation magnetization (Ms), coercivity

(Hc), remanant magnetization (M,), etc.

5.2.1 C01.xCuxFe,O4 (where x =0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

The field-dependent magnetization measurements for Cu®* substituted CoFe,O, at

300 K, and 50 K were performed to quantify the M and are displayed in Fig. 5.7 and 5.8
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respectively. The other magnetic parameters like H. andM; were extracted from the

hysteresis loop obtained from the M—H plots and are tabulated in Tables 5.6 and 5.7.
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Fig. 5.7 Magnetic hysteresis loops of Co,,Cu,Fe,0, where x = 0.00, 0.05, 0.10, 0.15, 0.20 and
0.25 measured at 300 K.

The magnetization measurements showed that the Msvalues reduced marginally
with increasing Cu®* substitution in CoFe,O, compared to the pristine CoFe,O4. In a
cubic spinel system, the magnetic moment depends upon the net contribution of ions
present at the tetrahedral (A) and octahedral (B) sub-lattices and their super-exchange
interaction and the net magnetic moment is given by M = Mg - Ma, i.e., the difference in
moments of B and A sub-lattices. Here, it can be inferred that as the Cu®* concentration
increases, the magnetization at the B site decreases and hence the net magnetization
decreases. According to Neel’s sub-lattice model, there are 3 types of interaction between
these sites, such as A—A, B-B and A-B. The A-B interaction is very stronger when

compared to the other 2 interactions. The replacement of Co** (3 ug) ions by Cu® ions (1
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ug) having preferential octahedral site occupancy, results in the decline in the super-
exchange interaction among octahedral and tetrahedral sites. The relocation of a small
amount of Co”" ions from B site to A site is anticipated which drives some of the Fe ions
from the A site to occupy B site. Consequently, the overall magnetization decreases with
the addition of Cu®" ion. This behavior can be credited to the weaksuper-exchange
interaction between octahedral and tetrahedral sites. The decrease in M with Cu®*
substitution has also been reported earlier in the literature [123,128,132,387].

Table 5.6 Magnetic properties of Co,;,Cu,Fe,O, (where x =0.00, 0.05, 0.10, 0.15, 0.20, and
0.25) nanoparticles at 300 K.

Sample M; H. M, M,/M, Ng
Composition (emu/g) (Oe) (1B)
CoFe,0, 82.58 1281.46 36.82 0.45 3.47
C00.65Clig 05F €05 80.46 1193.3 32.35 0.40 3.38
C0090CUo 10F€,04 7875  1209.38 3155 0.40 3.31
C0.5:Clio 15F€,0; 76.97  1177.34 32.13 0.42 3.24
C00.80Clg 20F€:05 74.40 1138.08 33.57 0.45 3.13
Co0g.75CUg 25Fe,04 73.91 1121.28 33.86 0.46 3.12

The magnetization measurements at 300 K and 50 K indicated that with Cu®* ion
substitution, the H; also declined when compared to the corresponding pure CoFe;O,.
The decline in H. can be assigned to the decrease in net magneto-crystalline
anisotropysince the magnetic anisotropy of Cu®* ions is smaller than that of the Co** ions
[123,132,388]. This dilution of magnetic anisotropy reduces the H. of the synthesized

compositions.
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The significant rise in Mg and H, values observed at 50 K is a consequence of the
proper alignment of the magnetic moments along the direction of the magnetic field due
to the reduction in thermal vibrations. This, in turn, is disturbed at higher temperatures (at

300 K) due to the randomization of the magnetic moment by thermal vibrations [190].
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Fig. 5.8 Magnetic hysteresis loops of Co,Cu,Fe,0, where x = 0.00, 0.05, 0.10, 0.15, 0.20 and
0.25 measured at 50 K.

Table 5.7 Magnetic properties of Co,Cu,Fe,O4 (where x =0.00, 0.05, 0.10, 0.15, 0.20 and
0.25) nanoparticles at 50 K.

Sample M, H, M, M, /M, Ng
Composition (emu/g) (Oe) (ng)
CoFe,0, 85.74 8882.14 71.87 0.84 3.60
C0p.95CUg 05F€,04 84.36 8161.32 73.48 0.87 3.55
C0p.90CUg.10F€,04 82.53 7913.04 70.90 0.86 3.47
C0p.g5CUg.15F€,04 81.32 7686.14 69.87 0.86 3.42
C0p.80CUg20F€,04 78.40 7632.72 67.69 0.86 3.31
C0p.75CUg 25F€,04 76.52 7256.29 66.20 0.87 3.23

141



5.2.2 CoFe,.xSh,O4 (where x = 0.00, 0.03, 0.06, and 0.09)

Fig. 5.9 and 5.10 illustrate the detailed hysteresis loop for pristine and Sb** ion
substituted CoFe,O,4 at 300 K and 50 K respectively with a varying magnetic field up to 3

T. The magnetic parameters obtained from the hysteresis loop are listed in Table 5.8 and

5.9.
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Fig. 5.9 Magnetic hysteresis loops of CoFe,Sh,O, where x = 0.00, 0.03, 0.06 and 0.09 measured
at 300 K.

Table 5.8 Magnetic properties of CoFe,,Sb,O4where x = 0.00, 0.03, 0.06 and 0.09 at 300 K.

Sample M, H. M, M,/M; Ng
Composition (emu/qg) (Oe) (1B)
CoFe,0, 82.58 1281.46 36.82 0.45 3.47
CoFe;.97Shg 030, 79.08 1300.25 30.95 0.39 3.35
CoFe;.04Sb 0604 75.59 1187.58 31.18 0.41 3.23
CoFe;.91Shg 090, 71.24 1000.50 28.07 0.39 3.07
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As the Sb®" content increased, an overall trend of decreasing Ms was observed.
The Mgvalues reduced from 82.58 to 71.24 emu/g at 300 K while a reduction from 85.74
to 75.37 emu/g was observed at 50 K. The obtained values of Ms and H. in Sb**
substituted CoFe,O,4 was found to be greater than reported by Anjum et al. [20,21]. The
decrease in the M is explained on the basis of the rearrangement of cations in the A and
B sites with substitution. As the non-magnetic Sb** ions have strong tendency to occupy
the B site, it will drive some of the Fe** ions from the B site towards the A site, hence
reducing the number of magnetic ions in the B sub-lattice [157]. Consequently, the
contribution for magnetization from the B site (MB) gets reduced and A site (MA) gets
enhanced, hence the net magnetization (M) obtained by deducting the magnetic moments
of sub-lattice A from sub-lattice B gets diminished (M = |[MB —MA|). A decline in Mswith
antimony ion substitution in spinel ferrite was also reported by Sridhar et al. [153],

Lakshmi et al. [154], and Praveena et al. [152].
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Fig. 5.10.Magnetic hysteresis loops of CoFe,.Sh,O4 where x = 0.00, 0.03, 0.06 and
0.09measured at 50 K.
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It was noticed that the overall H, decreased with the introduction of Sb*" ions at
300 K while an increasing trend in H, with Sb®" substitution was observed at 50 K. The
H. depends on various factors like magneto-crystalline anisotropy, grain size, strain,
defect, and porosity of the material [389,390]. Considerable enhancement in magnetic
properties observed at 50 K can be due to proper alignment of magnetic moments along

the direction of the magnetic field due to reduced thermal fluctuations.

Table 5.9 Magnetic properties of CoFe,,Sb,O4where x = 0.00, 0.03, 0.06 and 0.09 at 50 K.

Sample M, H. M, M,/M; Ng
Composition (emu/g) (Oe) (1p)
CoFe 0, 85.74 8882.14 71.87 0.84 3.60
CoFe;.97Shg 0304 81.74 12074.35 71.67 0.88 3.46
CoFe;94Sb 90604 78.33 12553.69 68.22 0.87 3.35
CoFe; 91Sbg 0904 75.37 11232.50 63.81 0.85 3.25

5.2.3 C0p9Cug1Fe,.xRExO4 (where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05)

The magnetic behavior with respect to the applied field (3 T) for RE** substituted
Co-Cu ferrite at 300 K and 50 K is displayed in Fig. 5.11 and Fig. 5.12 respectively. The
variation in Ms, Hc, and M, at 300 K and 50 K with RE** substitution are extracted from
the hysteresis loops (M-H plots) and is provided in Table 5.10 and 5.11. As can be seen
in Fig. 5.11 and 5.12 the magnetization of all the compositions increases with increasing
applied magnetic field and approaches saturation value. The increment of RE®*
substitution in Fe** site lowered the MswhileH. of the samples increased. The Mvalues
were in the range of 69.63 — 78.35 emu/g at 300 K and 74.53 — 84.65 emul/g, at 50 K
while the H values varied from 1145.30 — 1433.63 Oe at 300 K and 7961.09 - 10876.42
Oe at 50 K. The decrease in Mswith improved H, by addition of RE** ions has also been

reported by Kakade et al., Avazpour et al., and Dascalu et al. [167,175,196].
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Fig. 5.11 Magnetic hysteresis loops of Co,oCu 1Fe, «RE,O4 (Where RE = Gd, Sm, Dy, Yb, Eu and
x =0.00, 0.03 and 0.05) at 300 K.

Table 5.10Magnetic properties of CoyoCugFe, RE, O, (Where RE = Gd, Sm, Dy, Yb, Eu
and x =0.00, 0.03 and 0.05) at 300 K.

300 K
Sample Composition Mg M, H. M,/M; Ng

(emu/g)  (emulg) (Ge) ((113)

C0p9CUg1Fe,04 78.35 31.90 1145.30 0.40 3.29
C00.9CUg 1Fe1 97G 00304 76.49 32.78 1329.51 0.43 3.26
C00.9CUg 1Fe1 95Gdg 0504 74.02 34.02 1249.42 0.46 3.18
C0p.9CUg 1Fe1 97SM( 0304 76.13 34.02 1265.44 0.45 3.24
C0p.9CUg 1Fe1 95SMg 0504 74.02 33.29 1177.34 0.45 3.18
C009CUg 1Fe1 97DY0.0304 75.77 30.87 1225.40 0.41 3.23
C00.9CUg.1Fe1.95DY0.0504 69.63 29.89 1233.50 0.43 3.00
C00.9CUg.1Fe1.97YDg 0304 74.72 29.32 1169.34 0.39 3.19
C0p.9CUg 1Fe1.95YDg 0504 73.08 27.34 1433.63 0.37 3.15
C00.9CUg.1Fe1 97EUg 0304 72.40 29.32 1241.19 0.40 3.09
C09.9CUg 1Fe1.95E U0 0504 71.10 27.34 1150.73 0.38 3.05

The slight reduction in Mis because of probable shifting of magnetically crucial

Co* ions (3d”) from the B to the A site in the ferrite lattice [190]. Also, a decrease in

145



Mswith increasing RE**content could be due to weak A-B super-exchange interactions
developed due to the presence of RE**~0O-Fe*" and RE**~O-RE®" interactions as they are
very weak compared to Fe**-O-Fe®" interaction. Hence introducing RE®** can be
considered as a non-magnetic ion substitution in spinel site which dilutes the exchange
interaction between A and B sites that results in a decrease of the net magnetic moment.

In addition, the decrease in grain size also adds on to the reduction in
magnetization. Smaller magnetic particles exhibit a greater surface effect, which causes a
non-co-linearity of magnetic moments on their surfaces and breaks the exchange bonds at
the external layer of the particles [391]. Theoretically, with the substitution of magnetic
RE ions for Fe®* is expected to enhance the magnetization. Though, in the present
instance, it is noted that the Ms decreases with increase in RE** substitution.

The magnetic studies also show an enhancement in H; value with RE substitution.
The improved H. with RE substitution compared to pristine Co-Cu ferrite is ascribed to
the large single-ion anisotropy of RE ions. A larger magnetic anisotropy gives rise to
larger Hc when RE ions partially replace Fe** ions. The magnetic anisotropy in materials
which depends on the strength of spin-orbital coupling (L-S coupling) is usually much
stronger in RE metal ions than in first-row transition metal ions. Similar results wherein
they claimed an increase of H; by RE ion substitution were reported by several authors
[175,183,392]. The enhanced H. with Gd*" substitution at the octahedral site of the spinel
ferrite is difficult to explain since Gd* ion has the orbital angular momentum of zero.
But it has been observed by Calhoun that Gd** ions do contribute to the anisotropy of
GdIG garnet [393]. Similar results were obtained by Cheng et al., Joshi et al., Amiri et

al., and Zhao et al. wherein they reported a rise in Hc with Gd** substitution in the spinel
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ferrites [159,183,394-396]. Thus it can be suggested that the Gd*" ions contribute to the
anisotropy of the spinel ferrite. Also, the proper incorporation of Gd** ions in the parent
spinel ferrite results in lattice distortion and induces strain in the material which can lead
to large magnetocrystalline anisotropy [159].

The values obtained by us for RE substituted CoFe,O4 were much higher than
reported by Kumar et al. (28.00 emu/g, 1080.00 Oe) [397] , Virlan et al. (51.80 emu/g,
584.00 Oe) [161], Avazpour et al. (54.90 emu/g, 869.00 Oe) [167], Montemayor et al.
(65.80 emu/g, 892.00 Oe) [160], Nikumbh et al. (61.60 emu/g, 509.00 Oe) [398], Bulai et
al. (70.60 emu/g, 404.00 Oe) and (66.30 emu/g, 391.00 Oe) [172], Karimi et al. (56.79
emu/g, 785.13 Oe) and (54.67 emu/g, 793.99 Oe) [188]and Kambale et al. (57.19 emul/qg,
1046.78 Oe) [351] for RE substituted CoFe;O4. The higher Hcvalues indicate that the

prepared material can be employed for applications in recording media.
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Fig. 5.12 Magnetic hysteresis loops of Co,4Cuq 1Fe, «REO,4 (Where RE = Gd, Sm, Dy, Yb, and Eu
and x = 0.00, 0.03 and 0.05) at 50 K.
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The magnetization studies carried out at 50 K showed a substantial rise in the
magnetic properties. The enhancement of these values is due to the systematic allignment
of the magnetic moments along the direction of the magnetic field caused by the decrease

of thermal vibrations.

Table 5.11 Magnetic properties of CoggCugiFe, \REO4 (Where RE = Gd, Sm, Dy, Yb, and
Eu and x = 0.00, 0.03 and 0.05) at 50 K.

50 K
Sample Composition M; M, H. M,/M, Ng

(emu/g)  (emu/g) (Ce) ((11)]

C0p.9Cuq1Fe, 04 84.65 72.68 7961.09 0.86 3.56
C0g.9Cuq 1Fe; 7Gdg.0304 82.13 70.27 10580.68 0.86 3.50
C0g.9Cug 1Fe1 5Gdg 0504 80.35 66.60 10876.42 0.83 3.45
C0g.9Cug 1Fe1.97SmMg 0304 81.09 66.49 9835.23 0.82 3.45
C0y.9Cuq 1Fe1.955mMg 0504 77.21 64.69 8914.18 0.84 331
C0g.9Cug 1Fe1 67DY0.0304 79.89 65.40 9474.82 0.82 341
C00.9CuUg 1Fe1.95DY0.0504 74.53 61.13 10708.23 0.82 3.21
C00.9CUg 1Fe1.97Ybg 0304 78.63 65.05 8752.50 0.83 3.35
C0p9Clo 1F€1 95 YD 0504 76.42 63.87 10596.12 0.84 3.30
C0o9CUp 1Fe; 97E U 0304 75.46 62.56 9891.07 0.83 3.21
C0o9CUp 1F€; 95EUp 0504 74.55 61.54 9667.04 0.82 3.20

5.2.4 C0p9Cug1Fe,.xCryO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The field dependent magnetization plots for the entire series of Cr** substituted
Co-Cu ferrites were recorded at 300 K and 50 K and is represented in Fig. 5.13 and 5.14
respectively. The values of Mg, He, M, M,/Ms,andng are summarized in Table 5.12 and

5.13.
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Fig. 5.13 M-H plots forCog¢Cug 1Fe,,CrO, (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at

300 K.

Table 5.12 Magnetic properties of CogoCug1Fe, «CryO4 (Where x = 0.00, 0.03, 0.06, 0.09,
0.12, and 0.15) at 300 K.

300 K

Sample Composition M; M, H. M,/M; Ng
(emu/g)  (emu/g) (Ce) (ne)
CopoCug1Fe,04 79.86 32.08 1209.38 0.40 3.36
Co0g9Cuq 1Fe; 7Crp 0304 77.10 32.20 1201.37 0.42 3.24
C0o.9CUp 1F€1 94Cro.0604 73.65 29.77 1121.28 0.48 3.10
C0o9CUp 1F€1 91Cro.0904 72.75 27.85 1033.18 0.40 3.06
C0o9CUp 1Fe; 33Cro.1204 72.18 28.47 945.08 0.39 3.03
C0o9CUp 1F€; 35Cro.1504 70.48 27.11 889.01 0.39 3.00

It was noticed that the Mgvalues decreased from 79.86 to 70.48 emu/g at 300 K
and from 82.24 to 77.83 emu/g at 50 K with the increasing Cr®" ion substitution in the
host lattice. The decrease in Mg with Cr** ion concentration can be due to the preferential
B site occupancyof these ions since the overall magnetization in spinel ferrite is

dependent on the magnetic strength of the metal ions residing in the B site [209]. Thus,
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the lowering of M is credited to the fractional replacement of Fe** ions having a higher
magnetic moment (5 puB) by magnetically weak Cr®* (3 uB) ions at the B sub-lattice in
the ferrite structure. In addition to this, with the introduction of Cr**ions, there occurs
weakening of A-B exchange interactions due to which the ferrimagnetic ordering get
shattered and generates magnetic frustration which decreases the M;[204,399]. However,
the values of Ms obtained by us were much higher than reported by Kumar et al. [203]

and Vadivel et al. [199] for Cr** substituted CoFe,Os.
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Fig. 5.14 M-H plots forCog sCug.1Fe,<CrQ. (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at
50 K.
From Table 5.12 and 5.13, it is evident that H. values decreased from 1209.38 to
889.01 Oe at 300 K and from 7104.11 Oe to 6831.80 Oe at 50 K with Cr* substitution.
The decrease in H¢ with increasing chromium content could be credited to the reduction

in magnetocrystalline anisotropy; since chromium, ferrites comprise of negative

magnetocrystalline anisotropy [400,401]. The M-H curves at 50 K showed a similar trend
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in both Mg and H, values, however, an appreciable enhancement was observed in
comparison to 300 K (Table 5.12). The decrease in thermal vibrations can be accounted

for the considerable enhancement in the magnetic properties at 50 K [190].

Table 5.13 Magnetic properties of Co,oCug Fe,xCrO4 (Wwhere x =0.00, 0.03, 0.06, 0.09, 0.12,

and 0.15) at 50 K.
50 K

Sample Composition M; M, H. M,/ M Ng
(emu/g)  (emu/g) (Ce) (ps)
Co0g9Cug 1Fe,04 82.24 68.84 7104.11 0.83 3.46
COo_gCUO_lFellg7cro_0304 80.60 66.69 6839.81 0.83 3.39
C0g9CuUg 1F€194Crp 0604 79.64 66.63 7024.05 0.84 3.35
C00.9Cuq 1Fe1.9:1Cr 0904 78.80 66.47 6831.80 0.84 3.31
C00.9Cuq 1Fe1.83Cro1204 78.29 66.35 6911.89 0.85 3.29
C00.9Cuq 1Fe185Cro1504 77.83 64.26 7096.10 0.83 3.27

5.2.5 C0p9Cup1Fe2.xMn,O4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The Magnetic hysteresis loops at 300 K and 50 K of the Co-Cu ferrite and Mn ion

substituted Co-Cu ferrite have been shown in Fig. 5.15 and Fig. 5.16 respectively.
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Fig. 5.15 M-H plots forCog¢Cug 1Fe,xMn,O,4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at
300 K.
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The magnetic parameters such as Mg, M,, Hc, and M,/M; are listed in Table 5.14
and 5.15. It is obvious from the Tables that the Msvalues increased initially with Mn
substitution up to x = 0.06 and then decreased with further increase in Mn content up to x
= 0.15. At 300 K the Mvalues increased from 79.86 emu/g to 84.28 emu/g and further
decreased to 79.92 emu/g. At 50 K M; showed a similar trend where it increased from
82.24 emu/g to 87.98 emu/g and further decreased to 84.62 emu/g.

Table 5.14 Magnetic properties of CogoCug1Fe,xMn,O, (where x = 0.00, 0.03, 0.06, 0.09,
0.12, and 0.15) at 300 K.

300 K

Sample Composition M, M, H. M,/M; Ng
(emu/g)  (emu/g) (Ge) ((113)
C009Cuq1Fe,04 79.86 32.08 1209.38 0.40 3.36
C0p.9CuUg 1Fe;1.97Mng 0304 83.14 33.56 1185.35 0.40 3.36
C0g.9Cuq 1Fe1 g4Mn 504 84.28 32.65 1153.31 0.39 3.55
C0g.oCuq 1Fe1 91Mng 904 81.85 31.30 1129.29 0.38 3.44
C0g9CuUg 1Fe1 88 Mn 1,04 80.26 30.45 1153.31 0.38 3.38
C00.9Cuq1Fe1 g5 Mn 1504 79.92 31.35 1089.24 0.39 3.36

At lower concentration, the substituent Mn ions have a high tendency to occupy
the B site. In the present case initially, the highly magnetic Mn®* (5 pB) ions could have
occupied the B site displacing some of the Fe** (5 uB) ions to the A site. This results in
an increase in magnetization at B site which increases the overall magnetization (M =
I[Mg-Ma|). At higher concentration (i.e. x = 0.09 — 0.15) there could be the presence of
less magnetic Mn** (4 pg) ions at the B site in addition to Mn?* ion (5 pg) as indicated by
XPS analysis so the net magnetization gets reduced. Previous reports by Tsay et al. [227],
Ramana et al. [232], and Bhame et al. [231] also showed similar trends with Mn ion

substitution in CoFe,O,.
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Fig. 5.16 M-H plots forCoq ¢Cu 1Fe,xMn,O, (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at

Table 5.15 Magnetic properties of CoggCug1Fe, «Mn,O,4 (Where x =0.00, 0.03, 0.06, 0.09,

S0 K.

0.12, and 0.15) at 50 K.

50 K

Sample Composition M; M, H. M,/ Mg Ng
(emu/g)  (emu/g) (Ce) (ps)
C0g9Cug 1Fe,04 82.24 68.84 7104.11 0.83 3.46
C00.5Clo1F€; 07MNg 0305 86.61 72.80  7408.46 0.84 3.64
C00Clo1Fe; 0sMN 050s 87.98 7318 710411 0.83 3.70
C00.5Clo1F€; 01MNg 0605 86.92 7430 774485 0.85 3.66
C0g9CuUg 1Fe1 85 Mn 1,04 85.87 73.18 7128.14 0.85 3.61
C0g9CuUg 1Fe1 85 Mn 1504 84.62 70.50 7464.52 0.83 3.56

As can be seen from the Table 5.15 the H. of the samples decreased with Mn ion
substitution at 300 K. Whereas an increase in Hc values compared to Co-Cu ferrite with

Mn ion substitution were observed at 50 K. The magnetic H. is influenced by several
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aspects like magnetocrystalline anisotropy, microstrain, size distribution and magnetic

domain size [224,227,229,231,232].

5.2.6 C0g9Cug1Fe,xInyO4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Magnetization curves of the sintered In** substituted and unsubstituted Co-Cu
ferrite samples measured at 300 K and 5 K by applying a field of 5 T is shown in Fig.
5.17. The magnetic parameters like M, Hc, and M; are listed in Table 5.16 and 5.17. With
the addition of In®" ions in CogsCuq 1Fe,04, the net Mqvalue decreased from 78.12 emu/g
to 70.19 emu/g at 300 K and 87.38 emu/g to 81.26 emu/g at 50 K which indicates that the
non-magnetic In®" ions could have occupied the B sub-lattice which forces cation

rearrangement and brings about magnetic dilution.

When In® ions (0 pg) replace Fe** ions (5 pg) at the B site, there arise additional,
In*-0-In**, In*-O-Fe** interactions which are much weaker than Fe**-O-Fe*"
interactions, hence the magnetization of B sub-lattice drops maintaining the
magnetization of the tetrahedral site constant. Therefore, the net magnetization which is
the differencein magnetization between the two sites (M = |Mg-Ma|) is expected to
decrease. Similar results where a decrease in Mg with In®* substitution in spinel ferrites
was reported by Hashim et al. [236], Vlazan et al. [240], Nongjai et al. [250] and Shirsath
et al. [243]. However,the values of M; obtained by us were much higher than reported by
Pandit et al. (63.44 emu/g), Vlazen et al. (49.00 emu/g), and Nongjai et al. (63.00 emu/g)
[240,242,250]. Literature reports show that at lower concentrations, In®* ions prefer to
occupy the A sub-lattice by the replacement of Fe** ions and thereby enhance the net

magnetization[241,248].
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Fig. 5.17 M-H plots forCog¢Cug1Fe,4In,O4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at
300 K and 5 K.

It is clearly observed from Table 5.16 and 5.17 that the H. of the material
decreases gradually with substitution which could be due to dilution of magnetization
upon the inclusion of non-magnetic Indium ions. The factors such as magneto-crystalline
anisotropy, micro-strains, shape anisotropy, and magnetic domain size also influence H.
[389,390]. The decreasing nature of H, with Indium substitution has been well narrated
by Meng et al. [248]. However, the H. values attained by us for In** substituted

C00.9Cug.1Fe,0, surpassed the literature reports [240,242].
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Table 5.16 Magnetic properties of CogsCug1Fe,«InO4 (Wwhere x =0.00, 0.03, 0.06, 0.09,
0.12, and 0.15) at 300 K.

300 K

Sample Composition M; M, H. M/ M Ng
(emu/g)  (emu/g) (Ge) (pe)
C009Cuq1Fe,04 78.12 36.94 1239.44 0.47 3.29
C0goCug 1Feq 971N 0304 77.23 37.03 1207.84 0.48 3.27
C0g.9CUg 1Fe1.941Ng 0604 76.19 36.79 1143.58 0.48 3.25
C0g9CuUg 1Fe1.911Ng 0904 73.69 34.27 1062.59 0.46 3.17
C0p.9Cuq1Fe; gglng 1204 71.20 34.42 965.25 0.48 3.09
C0g9CuUg 1Fe1 g51Ng.1504 70.19 29.31 755.14 0.42 3.07

The M vs H studies carried out at 5 K exhibited a similar trend as that of 300 K
but with considerably enhanced values. The enhancement in the values is due to

decreased thermal vibrations at 5 K.

Table 5.17 Magnetic properties of Cog¢Cug1Fe,4In,O, (where x = 0.00, 0.03, 0.06, 0.09, 0.12,
and 0.15) at 5 K.

5K
Sample Composition M, M, H. M,/Ms N
(emu/g) (emulg)  (Qe) (ns)
C0p.9Cug.1Fe 04 87.38 73.66  9338.41 0.84 3.68

C00.9Cug.1Fe1.971N0.0304 86.52 7277  8709.65 0.84 3.67
C00.9CUo.1Fe1.94IN0.0604 85.48 70.81  8402.12 0.83 3.65
C00.9CUo.1Fe1.911N0.0904 83.49 70.43  8338.45 0.84 3.59
C00.9Cug.1Fe1.831Ng.1204 81.38 66.27  7902.87 0.81 3.53
C00.9Cug.1Fe1.851N0.1504 81.26 65.80 7225.73 0.81 3.55

5.3 AC- magnetic susceptibility
5.3.1 C0o1xCuxFe,O4 (where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25)

Curie temperature (T) is an essential parameter in case of ferrites for applications

based on magnetic properties. It mainly depends on the material composition. The
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magnetic susceptibility of the sample with increasing temperature as a function of the
magnetic field (5 kOe) has been illustrated in Fig. 5.18. The magnetization increased with
rising temperature and attained a maximum at around 750 K. The position and intensity
of the maxima varied depending on the Cu** content. This indicates that the magnetic
ordering increases slightly attains a maximum and drops sharply at a specific temperature

reaching the T..

CoFe,0,
104 ——co,,Cu,, Fe,0

005" 2

L

400 500 600 700
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Fig. 5.18 AC susceptibility plots for Co,Cu,Fe,O,4 (where x = 0.00, 0.05, 0.10, 0.15, 0.20 and
0.25).
The exact values of T:have been summarized in Table 5.18. After T, the material

acts as a typical paramagnetic material. At T, thermal energy overshadows the exchange
energy, and the crystal anisotropy becomes zero. Hence, there is no preferred
crystallographic direction for the magnetization, and the material transforms to
paramagnetic phase [402]. With the Cu®* substitution, the T, shifts to a lower temperature,
as a result of the weakening in the strength of the (Fea-O—Feg)) interaction with the

migrationof small quantity of Co®" ions from octahedral to the tetrahedral sites.
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Table 5.18 Curie temperature obtained for the compounds from AC- Susceptibility
measurements.

Sample Composition Curie Temperature T, (K)

CoFe,04 780
C00.95CUo.05F€204 779
C00.90CUo.10F€204 779
C00.85CUo.15F€204 778
C00.80CUo 20F€204 772
C00.75CUo 25F€204 770

5.3.2 CoFe;,.xSbxO,4 (where x = 0.00, 0.03, 0.06, and 0.09)

AC magnetic susceptibility plots for Sh** substituted CoFe,O4 have been given in
Fig. 5.19, which shows that the susceptibility values increased gradually with increasing
temperature,acquired a maximum value of ~740 K and then dropped sharply just before

the T.
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——— Colie; 475h, 0304 ﬂ

{ —CoFe; 4,5b),0604
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T T T . T T T
400 500 600 700 800

Temperature K

Fig. 5.19 AC susceptibility plots for CoFe,Sb,0, (where x = 0.00, 0.03, 0.06, and 0.09).
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It was noticed that the T. of the material declined with increasing Sb®" ion
concentration. The decrease in T, can be due to weaker A-B interactions since the
substitution of Sb** ions will establish weaker Fe**,—~0-Sb*g interactions in addition to
the stronger Fe**s—O—Fe*'s interactions. The value of T decreased from 780 to 755 K
with Sb®" ion substitution (Table 5.19).

Table 5.19 Curie temperature obtained for the compounds from AC- Susceptibility

measurements.

Sample Composition Curie Temperature T,

(K)

CoFe,04 780
CoFe1.97Sbg0304 772
CoFey.94Shp.0604 764
CoFey.91Shp.0904 755

5.3.3 C0p9Cug1Fe,.xRExO4 (where RE = Gd, Sm, Dy, Yb, Eu, and x = 0.00, 0.03,
0.05)

Fig. 5.20 shows the response of magnetic susceptibility to the applied temperature
for RE®* substituted Co-Cu ferrite. It can be seen that initially as the temperature
increased magnetization started increasing and reached a maximum value and there is a
sharp fall just before the T.. AboveT, the material exhibits Paramagnetism. The sharp fall
in magnetization after a sharp increase just before T; is referred to as Hopkinson's effect.
Hopkinson effect is shown by nano-crystalline single domain particles where the size of
particles are neither very small to be super-paramagnetic nor very large to be multi-

domain in nature [403].
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Fig. 5.20 AC susceptibility plots for Co,¢Cug1Fe, RE,O4 (Where RE = Gd, Sm, Dy, Yb, and Eu
and x = 0.00, 0.03 and 0.05).

It was observed that with RE®* substitution the Tshifted to a lower temperature.
The lowering of T. with RE®*" substitution can be due to the dilution of exchange
interactions (AB interactions). The exchange interactions are weakened due to RE-Fe
interactions (3d-4f) occurred because of RE®* substitution, since RE** has a larger ionic

radius. The observed values of T, range from 749 - 779 K (Table 5.20).
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Table 5.20 Curie temperature (T.) obtained for the compounds from AC- Susceptibility

measurements.
Sample Composition Curie Temperature T, (K)

C0p.9Cup 1Fe204 779
C00.9CU.1Fe1.97Gdo.0304 758
C00.9CUo.1Fe1.95Gdo 0504 750
C00.9CUo.1F€1.97DY0.0304 764
C00.9CUo.1F€1.95DY0.0504 753
C00.9CUo.1F€1.97SM0 0304 754
C00.9CUo.1F€1.955M0,0504 749
C00.9CUp 1Fe1.97Yb0,0304 765
C00.9CU 1Fe1.95Yb0,0504 753
C00.9CUo.1F€1.97EU0,0304 760
C00.9CUo.1F€1.95EU0,0504 749

5.3.4 C0p.9Cug1Fe,.xCryO4 (Wwhere x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The dependence of magnetic susceptibility on temperature for Cr®" substituted
Co-Cu ferrite has been shown in Fig. 5.21. A steady rise in magnetic susceptibility was
observed with increasing temperature and a sharp maximum was recorded just before
attaining the T.(Fig. 5.21). The T, was determined by extrapolating the linear segment of
the curve touching the temperature axis. A persistent decrease in T, from 779 K to 711 K
was observed with increasing Cr®* ion concentration which could be associated with
weak exchange interactions evolved on the addition of Cr® ions. The substitution of
magnetically weak Cr**ions in place of highly magnetic Fe** ions at B site gives rise to
additional Cr¥*—0-Fe**, Cr**-~0—Cr®" exchange interactions which are weaker than
already existing Fe**—O—Fe>* exchange interactions [404,405]. The exact values of T for

all the compositions have been listed in Table 5.21.
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Fig. 5.21 AC susceptibility plots for Cog¢Cug 1Fe,CrO4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,

and 0.15).
Table 5.21 Curie temperature (T.) obtained for the compounds from AC- Susceptibility
measurements.

Sample Composition T. (K)

C0y9CUp 1Fe,0, 779
Co0.9Cuq1Fe; g7Crg0304 760
C0g.9Cuq 1Fe; 94Cro0604 749
C0g.9Cuq 1Fe; 9:Cro 0904 735
C00.9CUp.1F€1.88Cr0.1204 726
C00.9Cuq.1Fe185Crp.1504 711

5.3.5 C0p.9Cug1Fe2.xMn,O4 (Where x = 0.03, 0.06, 0.09, 0.12, and 0.15)

Fig. 5.22 shows the thermal variation of AC-magnetic susceptibility measured by
applying a magnetic field of 5 kOe. It was noticed that initially with rising temperature
magnetic susceptibility also increases steadily and after attaining a certain point it drops

sharply to give a T.. T, was obtained by extrapolating the linear section of the falling
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curve to intercept the temperature axis. After the T., the sample acts like a typical

paramagnetic material.
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Fig. 5.22 AC susceptibility plots for CogoCug1Fe,«MnO4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,
and 0.15).

The T, value declined from 779 K to 732 K (Table 5.22) with Mn ion substitution
in Co-Cu ferrite. With the introduction of Mn ions, there will be additional weaker Mn-
O-Mn, Mn-O-Fe interactions developed in addition to existing stronger Fe-O-Fe
interactions. Since the T, value depends on the strength of AB exchange interactions it

decreases with Mn ion substitution in Co-Cu ferrite.

Table 5.22 Curie temperature (T.) obtained for the compounds from AC- Susceptibility

measurements.

Sample Composition T (K)
C00.9Cug 1Fe,04 779
C00.9CUp.1Fe1.97MNg 0304 763
C00.9CUp.1Fe1.94MN 0604 757
C00.9CUp.1Fe1.91MNg 0904 749
C00.9CUp.1Fe1.88 MN 1204 741
C09.9CUg.1Fe1.85 MN 01504 732
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5.3.6 C0g9Cug1Fe,xINyO4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The AC-magnetic susceptibility studies at a constant field of 5 kOe showed that
the magnetic susceptibility increased linearly with rising temperature and on reaching a
certain point it drops sharply to attain a constant value. As can be seen from Fig. 5.23, the
T. decreased considerably with increased concentration of In®* ions in the host material.
The T value depends on the strength of exchange interactions in the two sub-lattices. The
substantial decrease in T, from 779 K to 707 K (Table 5.23) with Indium substitution can

be explained on the basis of weaker exchange interactions developed in the material.

10

Co, Cu, Fe O,

(¥

Co Cu Fe In O

(T D W Rl T W1 )

Co Cu_ Fe In 0O

8 - 00700 T194 006 4

Co Cu Fe In O

08 0 181 0 4

Co_ Cu Fe _In O

0.9 ol 188" 0124

Co Cu Fe In O

0.9 ol 1857 015 4

300 I 4[|)0 I S[Iil] I 6lI)0 | Tllll] I 800
Temperature (K)
Fig. 5.23 AC susceptibility plots for Co,¢Cug 1Fe,4InO,4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12,

and 0.15).
Table 5.23Curie temperature obtained for th)e compounds from AC- susceptibility
measurements.

Sample Composition T (K)

C0g9Cug 1Fe,04 779
C00.9CUo.1F€1.971M0 0304 769
C00.9CUo.1F€1.941N0 0604 761
C00.9CUo.1F€1.911N 0004 746
C00.9CUo 1Fe1.831N0 1204 726
C00.9CUo 1Fe1.851Ng 1504 707
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5.4 DC- Electrical resistivity
5.4.1 Co1.xCuxFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

The electrical properties provide significant information about the conduction
mechanism in spinel ferrites. Fig. 5.24 presents the DC electrical resistivity plots for Co;.
xCUxFe,04 (where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25). It was observed that the
resistivity of the compounds decreased with increasing temperature thus depicting their
semiconducting nature. The mechanism of conduction can be explained on the basis of
hopping of electrons between Fe?* and Fe** ions at the octahedral site. This is due to the
enhanced thermally activated drift mobility of charge carriers according to the hopping

conduction mechanism.
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Fig. 5.24 DC - electrical resistivity plots for Co;,Cu,Fe,O, (where x = 0.00, 0.05, 0.1, 0.15,
0.20 and 0.25).

A gradual rise in resistivity with Cu?* substitution in CoFe,O, was observed. This

rise can be attributed to the formation of stable electric bonds between the Cu?* and
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Fe?*ions at the octahedral site, which localizes Fe** charge carriers [406,407]. This
consecutively hinders the Verwey mechanism and hence increases the DC electrical
resistivity. The values of activation energy calculated from the Arrhenius equation has

been shown in Table 5.24.

Table 5.24 Activation energy calculated from DC- electrical resistivity plot.

Sample Composition Activation energy E, (eV)
CoFe,0,4 0.24
C00.95CUo 05F€204 0.24
C00.90CU0.10F€204 0.25
C0gg5CUo 15F€204 0.24
C00.0CUo 20F€204 0.27
C00.75CUg 25F€204 0.26

5.4.2 CoFe,.«Sh,O4 (where x = 0.00, 0.03, 0.06, and 0.09)

It was observed that resistivity decreases with rising temperature for all the
samples like most of the ferrites materials reported in the literature, showing a

semiconducting nature of the prepared ferrites (Fig. 5.25).
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Fig. 5.25 DC — electrical resistivity plots for CoFe,.Sh,0, (where x = 0.00, 0.03, 0.06, and 0.09).
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Conduction mechanism in ferrites is owing to the hopping of charge carriers
between Fe?* and Fe®* ions at the octahedral site, and at a raised temperature, there is an
enhancement in the hopping of charges. It was observed that with the introduction of Sb**
ions, the resistivity of the material increased due to the replacement of Fe*" ions with
Sb* ions at the octahedral site. Substitution forces some of the Fe** ions to migrate from
octahedral to the tetrahedral site as discussed in section 5.2.2, which decreases the
number of electron pair (Fe**/Fe**) hopping at octahedral site accountable for conduction

in ferrites [408]. The values of activation energy have been summarised in Table 5.25.

Table 5.25 Activation energy calculated from DC-electrical resistivity plot.

Sample Composition Activation energy E, (V)
CoFe;04 0.24
CoFe1.97Sb0.0304 0.27
CoFe;.94Sho 0604 0.30
CoFer.01Sb0.0904 0.28

5.4.3 C0p9Cup1Fe,.xRExO4 (where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05)

The plots of variation in DC electrical resistivity with respect to temperature for
the RE substituted Co-Cu ferrite are presented in Fig. 5.26. It was observed that
resistivity of the ferrites decreases with increasing temperature which is a characteristic
feature of ferrites specifying their semiconducting nature. This could be explained as at
lower temperature hopping of electrons and holes is least due to which resistivity is
maximum. At raised temperature, there is a decrease in resistivity due to the increase in

hopping of charges.
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Fig. 5.26 DC electrical resistivity plots for CogoCug1Fe, «REO,4 (Where RE = Gd, Sm, Dy, Yb,
and Eu and x = 0.00, 0.03 and 0.05).

With the substitution of RE**ions, the resistivity of the material is decreased
compared to corresponding to pure Co-Cu ferrite. The observed trend can be attributed to
the redistribution of cations when the iron is replaced by RE>* ions at the octahedral site.
This increases Fe** ions in the octahedral site and hence increases the number of Fe?*and
Fe** pairs in the octahedral site [196,409]. Since the conduction in ferrites is considered
as the electron hopping between Fe®* and Fe** at the octahedral site according to verwey
mechanism, the conductivity increases while resistivity decreases with RE* ion
substitution in Co-Cu ferrite [408]. The values of activation energy estimated from the

Arrhenius equation have been shown in Table 5.26.
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Table 5.26 Activation energy calculated from DC-electrical resistivity plot.

Sample Composition Activation energy E, (eV)

C00.9CUg 1Fe204 0.25
C00.9CUo.1Fe1.97Gd0 0304 0.25
C00.9CUo.1Fe1.95Gd0 0504 0.25
C00.9CUo.1F€1.97DY0.0304 0.26
C00.9CUo.1F€1.95DY0.0504 0.25
C00.9CUo.1F€1.97SM0.0304 0.25
C00.9CUo.1F€1.955M0.0504 0.24
Co0.9CUo.1F€1.97YD0.0304 0.24
Co0.9CUo.1Fe1.95Y 00504 0.25
C00.9CUo.1F€1.97EU0.0304 0.25
C00.9CUo.1F€1.95EU0.0504 0.24

5.4.4 C0p9Cug1Fe,.xCryO4 (Wwhere x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

Fig. 5.27 depicts the DC electrical resistivity plots for the Cr** substituted Co-Cu
ferrite sintered at 800 °C. The results clearly showed a decrease in resistivity with
increasing temperature indicating the semiconducting nature of the material under

investigation.
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Fig. 5.27 DC — electrical resistivity plots for CoggCug1Fe;«Cr Q.
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With Cr** ion substitution in Co-Cu ferrite, a slight increase in resistivity values
can be noticed. The substitution leads to the development of stable electric bonds among
the Cr** and Fe*" ions at the B sub-lattice, which localizes Fe** charge carriers and
obstructs the Verwey hopping mechanism responsible for conduction in ferrites thus
increasing the resistivity [215,408]. The activation energy (E,) calculated employing the
Arrhenius equation ranged from 0.245 eV to 0.265 eV (Table 5.27). The similar values of

E. for Cr** ion substituted spinel ferrite were reported by Kumari et al. [410].

Table 5.27 Activation energy calculated from DC- electrical resistivity plot.

Sample Composition Activation energy E,
(eV)
C0y.9CUg 1Fe,04 0.25
Co0y.9CUg 1F€1.97Crr.0304 0.24
C00.9CUo.1F€1.04Cr0.0604 0.25
C0y.9CUg 1F€1.91Cr.0904 0.26
C0g.9Clo.1Fe1.85Cro.1204 0.26
C0y.9CUg 1F€1.85Cr.1504 0.26

5.4.5 C0p9Cup1Fe2.xMn,O4 (Where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The variations in DC electrical resistivity with temperature for Mn ion substituted
and unsubstituted Co-Cu ferrite is presented in Fig. 5.28. It is seen that the resistivity
declines with an increase in the temperature highlighting the semiconducting nature of

the material.
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Fig. 5.28 DC — electrical resistivity plots for Cog¢Cug1Fe,xMn,O4 (where x = 0.00, 0.03, 0.06,
0.09, 0.12, and 0.15).

The variation of DC electrical resistivity with increasing Mn ion concentration
showed that with the Mn ion concentration, the DC resistivity increased at lower Mn
concentration and then decreased marginally at higher concentrations. The increase in DC
resistivity can be credited to a large number of Mn?* ions occupying B site, forcing some
of the Fe** ions at B site to migrate to A site, which reduces the hopping rate between
Fe** and Fe?" ions at B site. As a result, DC resistivity increased at lower Mn ion
concentration. Whereas at higher concentration the hopping probabilities among Mn**
and Mn?* ions could be contributing towards the observed decrease in resistivity. This
behavior is in accordance with Verwey’s hopping conduction mechanism. The values of
activation energy were determined by using the Arrhenius relation from the resistivity

plots and the values are given in Table 5.28.
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Table 5.28 Activation energy calculated from DC-electrical resistivity plot.

Sample Composition Activation energy E, (eV)
CogoClUo.1Fe;04 0.25
C00.9CUg 1F€1.97MNg 0304 0.25
C0o.9CuUg 1Fe1.94MnN 50, 0.24
C00.9CUo 1F€1.91MNg 0904 0.23
C00.9CUg 1Fe1.88 MN 01,0, 0.23
Coo.9CUg1Fe1.85 MN 1504 0.23

5.4.6 C0g9Cup1Fe,.xINkO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

It is observed from Fig. 5.29 that, the DC electrical resistivity of the samples
under investigation decreased with increasing temperature reflecting the typical
semiconducting behavior of spinel ferrites. The decrease in DC resistivity with rising
temperature is due to the increased drift mobility of the charge carriers which gets

thermally activated with temperature [242].
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Fig. 5.29 DC — electrical resistivity plots for CoggCug1Fe,«InQ, (Where x = 0.00, 0.03, 0.06,
0.09, 0.12, and 0.15).
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D.C. resistivity increased gradually with increasing substituent concentration. As
discussed in section 3.6, the In** ions are likely to occupy the B site, thus displacing an
equal number of Fe** ions to the A site, which will decrease the concentration of
Fe**/Fe?* ion pairs at the B site which are accountable for conduction in ferrites as
explained by Verwey’s hopping mechanism [408]. According to Verwey, the conduction
in ferrites is because of electron hopping between ions of the same elements existing in
more than one valence state. The addition of In** ions in place of Fe*" ions hinders the
Verwey's hopping mechanism, which consequently increases the DC electrical
resistivity.The activation energy for all the compositions was calculated from the DC
electrical resistivity plots and is presented in Table 5.29. The activation energy
determined ranged from 0.235 to 0.286 eV, which indicated no significant difference
with In** substitution. Comparable values of the activation energy were obtained by
Nongjai et al. [19] and Pandit et al. [18] in In**-substituted CoFe;O,.

Table 5.29 Activation energy calculated from DC-electrical resistivity plot.

Sample Composition Activation energy
Ea (eV)
Co0pCug 1Fe,0, 0.25
C00.9CUg 1F€1.971Ng 0304 0.23
C00.9CUg.1F€1.941N0.0604 0.25
C00.9CUg 1F€1.911Ng 0904 0.28
C0y.9Cug 1Fe; g5lNg.1204 0.26
C00.9CUg.1Fe1.851N0.1504 0.26
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5.5 Dielectric Properties
5.5.1 C0o1.xCuxFe,O4 (where x = 0.00, 0.05, 0.1, 0.15, 0.20 and 0.25)

There is an exponential decrease in e’ with increasing frequency signifying the
dielectric dispersion in the lower frequency range as presented in Fig. 5.30. There is a
sharp fall in ¢’ in the lower frequency region, and as the frequency is increased, it
remained almost constant for all the compositions under investigation. The polarization in
ferrites depends on the hopping between Fe?* and Fe®" ions present at the B site. The
Maxwell-Wagner type interfacial polarization may be held responsible for the variation
of ¢’ with a frequency which is in good accordance with Koop’s phenomenological theory
[411,412]. In general, the &' in solid materials is mainly due to four types of polarization:
(i) interfacial polarization (ii) dipolar polarization (iii) atomic polarization and (iv)
electronic polarization [242]. It was observed in Fig. 5.30(a) that the insertion of Cu?*
ions in CoFe,0, enhanced the ¢’ in the lower frequency region. Majority of the Cu®* ions
replace Co®* ions and take up the preferential B site along with the occupation of A site.
Consequently, it drives Co?* ions to migrate from the B site and fractions of Fe** ions
from A site to B site due to the charge compensation mechanism [413]. The Fe** and Fe**
ion concentration are increased at B site whereas the concentration of Co®* ions is
decreased at this site. The increased electron hopping of Fe**/Fe** ion pairs at the B site

leads to an increase in the ¢’ at lower frequencies.

As can be seen from Fig. 5.30(b), the tan ¢ also exhibits very similar dispersion as
that of a &’ in the lower frequency region at room temperature and for all the values of x.

The tan oJdetermines the energy loss within the materialand arises due to lag of
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polarization behind the applied alternating electric field which must be generated by grain

boundaries, defects, and impurities in the crystal [414].
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Fig. 5.30 Room temperature, frequency dependence of dielectric constant and dielectric loss for
Co,..Cu,Fe,0, where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25.

Fig. 5.31 depicts the trend in ¢'and tan & with temperature and also with Cu®*
substitution at 1MHz. Fig. 5.31(a) suggests that there is a noticeable increase in ¢" with
temperature. The enhancement ofe’ with temperature can be explained on the basis of
thermal energy. At lower temperature, the thermal energy is inadequate to increase the
carrier mobility, and in most instances, the carriers are unable to orient themselves
concerning the field direction. But at a highertemperature, the thermal energy is more
than enough to increase the rate of hopping and hence the charge carrier mobility so that
they can easily align themselves with the field direction [184]. This increases their

contribution to polarization and increases the ¢’ of the material.
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Fig. 5.31 Temperature dependence of dielectric constant and dielectric loss for Co,.«CuyFe,0,4
where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25 at 1 MHz.

5.5.2 CoFe;,.xSbxO,4 (where x = 0.00, 0.03, 0.06, and 0.09)

As seen in Fig. 5.32(a), the room temperature frequency-dependent €’ has a higher
value in the lower frequency region but decreases as the frequency increases and
becomes almost constant in the higher frequency region, exhibiting the usual dielectric
dispersion. The dispersion behavior of e’ with frequency is credited to Maxwell-Wagner

type interfacial polarization in accordance with Koop’s theory of dielectrics [411,412].

The Maxwell-Wagner model is based on the existence of two layers in the
dielectric structure of spinel ferrites, leading to interfacial polarization. The initial being a
conducting layer made up of larger grains and the other consists of highly resistive grain
boundaries. At lower frequencies, the highly resistive grain boundaries are more active

than the conductive grains[415]. The higher values of ¢ obtained in the lower frequency
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region are due to the buildup of charges at the boundaries under the influence of the
electric field. This generates a considerable amount of interfacial polarization [415].
Beyond a certain frequency limit, the electrons are no longer capable of chasing the

rapidly-varying applied field due to which polarization drops with increasing frequency.

It is noticed that ¢’ increased with an increasing amount of Sb®" ions in the lower
frequency region. While it does not show a prominent effect on &’ in the higher-frequency
region. The increase in &’ with Sb* content could be due to increased Fe-O and Sh-O
bond length at the octahedral (B) site which increases the atomic polarizability and
subsequently ¢’. The enhancement in &’ with Sb®* ion substitution in spinel ferrites has

been observed by several researchers [149,152,155].
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Fig. 5.32 Room temperature, frequency dependence of dielectric constant and dielectric
loss for CoFe,.,Sh,O,where x = 0.00, 0.03, 0.06 and 0.09.
The tan ¢ as shown in Fig. 5.32(b) shows similar behavior to that of ¢'. This

dispersion behavior of zan ¢ in the lower frequency regime again obeys the Maxwell—-
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Wagner type of interfacial polarization. In spinel ferrites, the contribution to tan ¢ is
generally from grain boundaries, impurities, sintering conditions, imperfections and
defects in the crystal lattice [415].

The variation in &’ and zan ¢ as a function of temperature at a constant frequency
of 1 MHz has been shown in Fig. 5.33. It was observed that ¢’ and ran 6 increases
gradually with increasing temperature for all the compositions under investigation. On
increasing the temperature, the drift mobility of thermally activated electric charge
carrier’s increases, and the rate of hopping increases. Which in turn enhances the
dielectric polarization causing a notable increase in &' [404]. On the other hand, at lower
temperatures, the thermal energy provided to the samples is inadequate to increase the

charge carrier mobility.
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Fig. 5.33 Temperature dependence of dielectric constant and dielectric loss for CoFe,.,SbO,
where x = 0.00, 0.03, 0.06 and 0.09.
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5.5.3 C0p.9Cup1Fe,.xRExO4 (where RE = Gd, Sm, Dy, Yb, Eu and x = 0.00, 0.03, 0.05)
Room temperature frequency-dependent € and tan & of all samples in the

frequency range 20 Hz to 1 MHz is shown in Fig. 5.34.
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Fig. 5.34 Room temperature, the frequency dependence of dielectric constant and dielectric loss
for CogCug:Fe,REO, (Where RE = Gd, Sm, Dy, Yb, and Eu and x = 0.00, 0.03 and 0.05).

It was observed that both ¢ and ¢an J for RE** substituted and corresponding pure
Co-Cu ferrite strongly depends on frequency. It can be noted that ¢ and tan J shows
higher values atlower frequencies while remains almost unchanged at higher frequencies.
The interfacial and dipolar polarization, which have a strong dependence on temperature

as well as the frequencyis mainly responsible for the rapid increase in ¢ at low

frequencies. On the other hand at higher frequencies the very slow variation in ¢ is due to
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both ionic and electronic polarization which remain almost independent of temperature
and frequency [242]. The dielectric behavior of spinel ferrites is due to the electric dipole
moments developed due to the charge transfer between the di and trivalent metal cations
within the spinel structure. The substantial decline in dielectric parameters with
frequency is due to the inability of electric dipoles to follow the variation in an applied
field and is associated with the Maxwell Wagner type interfacial polarization which is
well in accordance with the Koop's phenomenological theory [411,412].

Fig. 5.35 depicts the variation in ¢ and zan & with temperature and with RE®*
substitution at 1MHz. The curves suggest that the &’ increases dramatically with
temperature. The variation of ¢ with temperature can be illustrated on the basis of
thermal energy. At lower temperature, the thermal energy is not sufficient to enhance the
carrier mobility and in most cases the carriers unable to orient themselves with respect to
the field direction. But at elevated temperature the thermal energy is large and it increases
the rate of hopping and hence the mobility of the charge carrier so that they are able to
align themselves along the field direction effortlessly [184]. This boosts their contribution
to temperature-dependent interfacial and dipolar polarization and leads to an increase in
the ¢ of the material. The fan 6 also showsa similar dispersion as that of a ¢ which can be
seen from Fig. 5.35(b). The tan ¢ arises when the polarization lags behind the applied
field and this must be caused by grain boundary effect, impurities and the defects in the
crystal.

It is evident from Fig. 5.34 and 5.35 that the RE** content strongly influences the
¢ of the prepared material. The ¢ increases with increasing RE** content in Co - Cu

ferrite. The rise in the ¢ with the inclusion of RE®* ions could be due to the fact that, with
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the inclusion of RE*, the lattice is distorted and increases Fe—O and RE—O bond lengths
at B site giving rise to an increase in the atomic polarizability and subsequently the €.
Similar results were obtained by Sebastian et al. and Murugesan et al. where an
enhancement in ¢’ was observed with RE** substitution in spinel ferrite [183,416]. The
other aspect that contributes to the ¢' enhancement is the reduction in crystallite size and
grain size with RE** content as evidenced by XRD and TEM results. The enhancement in
¢’ due to a decrease in particle size has been reported in literature several times [196,417].
The dielectric properties of ferrites also depend on few factors such as the structure,
technique of preparation, grain size, porosity, density, chemical composition, site

occupancy of metal cations, sintering time and temperature.
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Fig. 5.35 Temperature dependence of dielectric constant and dielectric loss for CoooCug ;Fe,.
«RE, Q4 (Where RE = Gd, Sm, Dy, Yb, and Eu and x = 0.00, 0.03 and 0.05).
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5.5.4 C0p.9Cug1Fe2.xCryO4 (Wwhere x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15)

The dielectric properties such as € and tan ¢ for the materials under study were
measured as a function of frequency (20 Hz to 1MHz) and temperature (300 K to 773 K).
Fig. 5.36 shows the room temperature variation in €’ as a function of frequency recorded
for the various concentrations of Cr** jons. The &’ was found to soar at lower frequencies
and a decreasing trend in & was seen on approaching towards a relatively higher

frequency region, which revealed the typical dielectric behavior of spinel ferrites.

Generally, at lower frequencies, spinel ferrites exhibit all four types of
polarization namely interfacial, dipolar, ionic, and electronic [418]. However, interfacial
and dipolar polarization are highly active at lower frequencies since electronic and ionic

polarizations remain almost unchanged at these frequencies [418].
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Fig. 5.36 Room temperature, frequency-dependent dielectric constant and dielectric loss for
C00.9Cug 1Fe, «CrO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).
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In most cases, interfacial polarization appears owing to the inhomogeneous
structure of the dielectric material, and as explained by Maxwell-Wagner kind of
interfacial polarization which complies with the Koop’s theory [411,412]. According to
this theory, the decline in & with rising frequency could be interpreted considering
dielectric materials to be made up of well-conducting grains which are separated by
weakly conducting grain boundaries [419]. The grains are strongly effective at higher
frequencies while the grain boundaries are dominant at lower frequencies. Highly
conducting grains separated by grain boundaries brings about the localized buildup of
charge carriers under the applied electric field increasing interfacial polarization and €’ at
lower frequencies. Beyond a particular frequency, electron exchange between bivalent
and trivalent ions is not able to keep pace with a rapidly changing field. Consequently,
the possibility of electrons attaining the grain boundaries gets reduced which decreases
the contribution from interfacial polarization and hence the €’ drops at higher frequencies
[199,405,420,421]. The variation in tan ¢ as a function of frequency is depicted in Fig.
5.36(b) which also exhibits a comparable trend as that of &’. Furthermore, the present
investigation revealed that the €’ and fan  of Cr** substituted Co-Cu ferrite was higher

than that of corresponding Co-Cu ferrite in the lower frequency region.

The frequency-dependent (1 MHz) €’ and fan J at various temperatures (300 to
773 K) are depicted in Fig. 5.37. It was noticed that both the parameters gradually
increases with rising temperature. As the material is thermally activated, the mobility of
the charge carrier gets enhanced owing to the increased thermal energy which facilitates
them to align in the course of the applied electric field. This adds their contribution to the

temperature-dependent interfacial and dipolar polarization resulting in increased &’ [422].
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At a relatively lower temperature, the charge carriers are unable to align themselves in
the applied field direction; thus, the contribution to the polarization is not significant

[184,199]. The trend in zan ¢ could be elucidated in a similar manner as thatof in the case

of¢’.
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Fig. 5.37 Temperature dependent dielectric constant and dielectric loss forCog gCuq 1Fe; xCr,O4
(where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

5.5.5 C0p.9Cug1Fe2.xMn,O4 (Where x = 0.03, 0.06, 0.09, 0.12, and 0.15)

The variation of the &' andtan ¢ with frequency at room temperature for
C0o9Cup 1FerxMnO4 (where x = 0.03, 0.06, 0.09, 0.12, and 0.15) were studied in the
frequency range from 20 Hz to 1 MHz and is shown in Fig. 5.38.A maximume' and tan ¢
were observed in the lower frequency region and both the parameters decreased as moved
towards a higher frequency region indicating the normal behavior of ferrite samples. The
observed dispersion behavior can be attributed to the Maxwell-Wagner interfacial
polarization theory for the inhomogeneous two-layer dielectric structure, which is in

accordance with Koop’s phenomenological theory [411,412].
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Fig. 5.38 Room temperature, frequency dependent dielectric constant and dielectric loss for

C00.9Cug1Fe,xMnyO,4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

It is observed from Fig. 5.38 that the &’ showed higher values for higher Mn ion
concentration as compared to the unsubstituted sample. In spinel ferrites, rotation of Fe**
and Fe** dipoles may be visualized as the exchange of electrons between the ions so that
the dipoles align themselves in response to the applied alternating field. In the present
case at higher Mn ion concentration, the Mn®** and Mn®" ions possibly present at the
octahedral site will also contribute towards polarization hence a higher value of ¢’ was

observed. So the polarization at lower frequencies may have resulted from electron

hopping between Fe** and Fe®** and Mn** and Mn** ions in the ferrite lattice.
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Fig. 5.39 Temperature dependent dielectric constant and dielectric loss for Cog¢Cug1Fe,xMnO,
(where x =0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

The temperature dependence of ¢’ and tan ¢ at a constant frequency of 1 MHz has
been shown in Fig. 5.39. It was observed that the ¢’ increased with the increasing
temperature. The enhancement in ¢’ at elevated temperature is due to the increased
mobility of thermally activated charge carriers. As a result, the rate of hopping increases,
which enhances the contribution of charge carriers to the temperature-dependent

interfacial and dipolar polarization. The tan ¢ also showed a similar trend as that of &,

5.5.6 C0p.9Cug.1FerxInyO4 (Where x = 0.03, 0.06, 0.09, 0.12, and 0.15)

The room temperature dielectric properties of In®" substituted and un-substituted
Co-Cu ferrite was examined over a wide range of frequencies (20 Hz to 1 MHz).
Relatively high values of ¢ were observed for all the compositions in the lower

frequencyregion and it declined sharply as moved to the higher frequency region as
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shown in Fig. 5.40, which is typical behavior of spinel ferrite materials. This kind of
dispersion in e'could be credited to Maxwell-Wagner theory of interfacial polarization

and Koops’ theory [411,412].
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Fig. 5.40Frequency-dependent (a) dielectric constant and (b) dielectric loss for CogoCug 1Fe,.
«InxO4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15).

The interfacial and dipolar polarization, which are strongly dependent on
temperature and frequency is mainly accountable for the higher value of ¢ at lower
applied frequencies. At higher applied frequencies, the slow variation in ¢ is due to the
contribution from ionic and electronic polarizations which are temperature and frequency
independent [242]. The tan 6 values obtained also showed a similar trend as that ofe’. It
showed higher values in the lower frequencies and remained almost unchanged athigher

frequencies.
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The compositional dependence of ¢ at applied frequencies showed a decrease in ¢’
with successive addition of In** ions. As discussed in section 5.2.6, In®" ions could have
occupied the B site in CogoCuo1Fe,O, replacing Fe** ions. This reduces the electron
hopping interaction between Fe?* and Fe®" charge carriers at the B site, accountable for
polarization in spinel ferrites which consequently decreases the polarization and hence
the £[242]. Similar conclusions were drawn by Hashim et al.[236] and Lakshman et al.

[251] for In** substituted spinel ferrites.
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Fig. 5.41Temperature-dependent (a) dielectric constant and (b) dielectric loss for Cog¢Cug 1Fe,.
«In,O4 (where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) at 1 MHz.

The variation in ¢ and tan 6 with the temperature at a constant frequency of 1
MHz is shown in Fig. 5.41. At higher temperature a strong temperature dependence of ¢’
was observed while at a lower temperature it is almost temperature independent. The
enhancement in " at elevated temperature is due to the increased mobility of thermally

activated charge carriers, thereby increasing the rate of hopping and hence the £423].

188



However, at lower temperatures, the thermal energy provided to the samples is
insufficient to enhance the mobility of the charge carriers, as a result, it reduces the

hopping process [228].

5.6 UV-Vis diffuse reflectance spectroscopy (UV-DRS)
5.6.1Y,.xCeyEu,O3 (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

The diffuse reflectance spectra of the substituted and co-substituted Y;0;
phosphors were measured against the reference barium sulphate. Figure 5.42 shows
diffuse reflectance spectra of the Y,..Ce,Eu,O3 (where y = 0.00, 0.01 and x = 0.00, 0.02,
0.04, and 0.06) phosphor. A sharp band was observed ~215 nm for all the compositions

suggesting that light having this particular wavelength was absorbed.
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Fig. 5.42 UV-DRS plots of (a) Y,03 (b) Y149Ce0,0103 (C) Y1.97C€0.01EU.0203 (d) Y195Ce001EU0 0403
() Y1.03Ce€0.01EUg 0603

The band-gap of the prepared samples were estimated with the help of Kubelka-
Munk function using diffuse reflectance spectra (Fig. 5.43) and the values obtained are
tabulated in Table 5.30. Similar band gap values for substituted Y,0O3; were obtained by

Som et al. [273].
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Fig. 5.43Tauc plots of Y,,Ce,Eu,O3 (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and
0.06).

Table 5.30 Estimated band gap values for Y,.,CeyEu,O3 (where y = 0.00, 0.01 and x
=0.00, 0.02, 0.04, and 0.06).

Sample Composition Band gap
(eV)
Y,0, 5.73
Y1.990e0.01o3 5.48
Y1.97060.01EuO.0203 5.31
Y1.950@0.01EuO.O4O3 5.36
Y1.93060.01EuO.OGO3 5.35

5.6.2 YxCeyEryOs (Wherey =0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)
Fig. 5.44 shows the UV-DRS spectra of the Ce and Er co-substituted Y,03;. A
sharp absorption band was observed at ~215 nm which confirms that the light having this

particular wavelength was absorbed by the phosphor.
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Fig. 5.44 UV-DRS plots of (a) Y203 (b) Y1.09C€0.0103 (C) Y1.97C€0.01Er0.0203 (d) Y1.05C€001Er0.0403
(&) Y1.03Ce0.01Er0.0603.
The plots of (ahv)? versus iv from the optical absorption spectral data is presented
in Fig. 5.45. Extrapolating the linear section of the curves to touch the x-axis yields the

band gap values (Table 5.31). The values obtained were in close agreement with the

literature reports.
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Fig. 5.45 Tauc plots for Y,..Ce,Er,O; (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06).
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Table 5.31 Estimated band gap values for Y,..Ce Er,O3 (where y = 0.00, 0.01 and x =
0.00, 0.02, 0.04, and 0.06).

Sample Composition Band gap
(eV)
YZO3 5.73
Y1I99C(§0I0103 5.48
Y. 6:C€001E0.0005 5.47
Y1.9sceo.01Ero.o403 5.41
Y1.9sceo.01Ero.0603 5.43

5.6.3 Gdllge.xEl’olo4YbXO3 (where x =0.04, 0.08, 0.12, 0.16 and 0.20)
The diffuse reflectance spectra of Gdj.g6-xEro.04YbxO3 (Where x = 0.04, 0.08, 0.12,

0.16 and 0.20)have been presented in Fig. 5.46.
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Flg 5.46 UV-DRS spectra of (a) Gd; 9oErg04Ybg0405 (b) Gd; g5Erg04Ybo 0503 (C)
Gd1.84Er0.04YD0.1205 (d) Gd1.80Er0.04YD0.1605 (€) Gd176Er0.04YD0 2003

192



Taucs plot was used to estimate the band gap and is represented in Fig. 5.47. and
the band gap values obtained are tabulated in Table 5.32. Kumar et al. [332] reported

similar band gap values for substituted Gd,Os.
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Fig. 5.47 Tauc plots of Gd; gs.xErg.04YbsO3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20).

Table 5.32 Estimated band gap values for Gd; gs.xEr.04YbxO3 (where x = 0.04, 0.08, 0.12, 0.16

and 0.20)
Sample Composition Band gap

(eV)
Gdl.QZEr Ybo 0403 5.28
Gd, B0 0, YD, 0505 5.28
Gd, ¢,Ery ., YD, ,0, 5.27
Gdl.soEr Ybo 1603 5.21
Gdl.76Er Yb0 2003 5.21
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5.6.4 Gd1 96-xH00.04YbxO3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

Fig. 5.48 shows the UV-DRS spectra of Gdj g6.xH00.04YbxO3 (where x = 0.04,

0.08, 0.12, 0.16 and 0.20) phosphor.

Absorbance (a.u.)

(e)
(d)
(c)
(b)
(a)

; | . , . , ;
200 300 400 500 600
Wavelength (nm)

Flg 5.48 UV-DRS spectra of (a.) Gd1.92H00.04Yb0.0403 (b) Gd1_38H00_04Yb0_0803 (C)
Gdl.84H00.04Yb0.1203 (d) Gd1.80H00.04Yb0.1603 (e) Gd1.76H00.04Yb0.2003'

The band gap values obtained from the Tauc plot (Fig. 5.49)are tabulated in Table
5.33. Similar band gap values for Gd,O3 were obtained by Dhananjaya et al. [424]. The
existence of surface defects, oxygen vacancies, and distortion inside the material could be

accountable for the variation in the band gap of the phosphors.
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Fig. 5.49 Tauc plots of Gdy g6.xH00.04Yb,O3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20).

Table 5.33 Estimated band gap values for Gdy gxH00.04YbxO3 (Where x = 0.04, 0.08, 0.12,

0.16 and 0.20).

Sample Composition Band gap
(eV)

Gd, 4,Ho, ,,Yb, ,,0, 5.27

Gd, gsHO, 1, YD, 16O, 5.29

Gd, g,Ho, ,,Yb, ,,0, 5.28

Gd, g,HO, ,,Yb, 60, 5.28

Gd, ,Ho, ,,Yb, .0, 5.26

5.7 Photoluminescence studies

5.7.1 Y,.xCeyEuxO3 (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and
0.06)

The excitation spectrum of Ce®" substituted Y,Os; was monitored at 430 nm

emission wavelength (Fig. 5.50). The spectrum showed a peak at ~383 nm.
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Fig. 5.50 Excitation spectrum of Y gsCegq10smonitored at 430 nm.
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Fig. 5.51 Emission spectrum of Y ¢9Ce0:0sunder excitation of 383 nm.

The excitation spectrum for Eu®* and Ce®**co-substituted Y,O3 phosphor spectra

were monitored at the 611 nm emission wavelength, corresponding to the Dy — 'F»

transition of Eu** (Fig. 5.52).There are several bands, located at 361 nm, 381 nm, 393
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nm, 415 nm, 465 nm, and 532 nm which correspond to the transitions 'Fo—’Ds,
"Fo—°G,, 'Fo—°Ls, 'Fo—°Ds, 'Fo—°D,, and 'Fo—’D; respectively. The strongest
excitation bands for Eu** is found at 393 and 465 nm hence the samples were excited at

these wavelengths.

Excitation spectrum
7\.““= 611 nm w2

PL Intensity (a.u)

T - - :
300 400 500 600
Wavelenghth (nm)

Fig. 5.52 Excitation spectrum of Y, ¢3Ceq91EUq 0603 monitored at 611 nm.

In the room temperature emission spectra (Fig. 5.53, 5.54, 5.55) of Eu** and
Ce**co-substituted Y,03, Eu** showed its characteristic emission pattern. The emission
spectra showed strong red emission. The sharp emission peaks were observed at 580,
587, 593, 599, 611, 630, and 650 nm associated with the *Do—'Fy, *Do—F1, *Do—F4,
*Dy—'F1, °Do—'F,, “Do—'F3 and °Dy—'F3 transition of Eu®* ions respectively the
strongest emission peak located at 611 nm corresponding to °Do—'F» transition of Eu**
ions (Fig. 5.53, Fig. 5.54, Fig. 5.55).These observations are in line with the previously
reported results. It was also observed that the emission intensity increases with the
increase of Eu®" concentration. The Ce®* emission has also shown its existence in the

emission spectra, which indicates that there is no effective energy transfer between
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Ce®*"and Eu®" which is expected taking into consideration the sensitizing nature of Ce**
ions. The only observation that could be made from the spectra is that the intensity of
Ce®* emission decreased when the Eu®* substitution increased from 2 to 6 mol%,
highlighting the concentration-dependent energy transfer or in other words it can be said

that the increase in Eu®* concentration in Y,O; lattice has increased the interaction

between Eu®* and Ce®" ions.
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Fig. 5.53 Emission spectra of Y g9.xCeg01EUO3 (Where x = 0.02, 0.04, and 0.06) under an

excitation of 383 nm.
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Fig. 5.54 Emission spectra of Yy g9xCeg01EUQ3 (Where x = 0.02, 0.04, and 0.06) under an

excitation of 393 nm.
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Fig. 5.55 Emission spectra of Yy g9 xCeo01EUO3 (Where x = 0.02, 0.04, and 0.06) under an
excitation of 465 nm.
Fig. 5.56 depicts the CIE chromaticity diagram estimated from GoCIE software in

order to understand the overall emission color of Ce** and Eu®*" co-substituted Y,Os3
phosphors. The position of CIE coordinates was marked considering a 393 nm excitation,
and the emission spectra recorded from 400-750 nm were displayed in Fig. 5.53. The
coordinates shifted towards the red region from the pink region with rising Eu** content.
The CIE colour coordinates obtained were (0.37, 0.24), (0.43, 0.26), and (0.48, 027) for

Y1,g7C€‘o,01EU0,0203,Y1,95C80,01EU0,0403, and Y1,93C80,01EU0,0603 respectively.

0.9
®a

Hb
2 Ac

CIEY

0 T T T
0 0.2 0.4 0.6 0.¢

CIEX
Flg 5.56 CIE diagram for (a) Y1_97C60_01EUO_0203 (b) Y1_95C90_01EUO_0403 and(C) Y1_93C90.01EU0.0603.
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5.7.2 Y,.xCeyEryO3 (where y = 0.00, 0.01 and x = 0.00, 0.02, 0.04, and 0.06)

Fig. 5.57 shows the PL excitation spectrum of the Ce** and Er®* co-substituted
Y03 phosphor recorded in the wavelength range of 200 - 550 nm ( Aem= 565 nm). A
strong peak at 377 nm is assigned to the *l15,—"G11» transition and other bands with a
maximum at 407, 453 and 490 nm are assigned to *lis,—Hop, *liso—*Fsp, and

*115,—*F712 excited states of Er** ion transitions respectively.

Excitation spectrum

A.em= 565 nm
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1172 2
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Fig. 5.57 Excitation spectrum of Y . Ce  Er O, monitored at 565 nm.

Figure5.58 and 5.59 shows the emission spectra of Ce®* and Er** co-substituted
Y,0zphosphor under 377 and 383 nm excitation. The emission spectra display the
characteristic emission peaks of Er®* ions in cubic Y,Os. The intense emission peaks
observed in the green region (520-565 nm) were assigned to the (*Hiwa, *Sz) —*lisi
transitions of Er** ions. The PL intensity at 524, 538, 553 and 563 nm was found to
increase with substituent concentration up to 4 mol% of Er®* and then decreased with a
further increase in the substituent concentration. At lower concentrations of the Er**, the

optical activation of the Er** jons becomes more, which results in an increase in the PL
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emission intensity. As the concentration of Er®" exceeds the critical concentration, the
emission intensity of the (*Hy, *Ss) — 152 transitions gets reduced. The decrease was
attributed to the concentration quenching, as the distance between the Er** ions in the
host lattice gets reduced, it causes the bunching of the Er®" ions which results in an
increase of the crosslinking which leads to the PL quenching. The concentration

quenching effects have been well documented in the literature.
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Fig. 5.58 Emission spectra of Y;.g9.xCe0.0:ErO3 (Where x = 0.02, 0.04, and 0.06) under an
excitation of 377 nm.
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Fig. 5.59 Emission spectra of Yy go xCeo01ErOs (Wwhere x = 0.02, 0.04, and 0.06) under an

excitation of 383 nm.
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The CIE diagram (Fig. 5.60) presents the overall emission color of Ce** and Er®*
co-substituted Y,03; phosphor samples and indicates that the blue-green emission color
approaches green color with an increase in the Er** concentration. The position of CIE
coordinates was marked considering a 377 nm excitation, and the emission spectra
recorded in the range of 420-750 nm were shown in Fig. 5.58. The CIE coordinates were
found to be (0.26, 0.28), (0.27, 0.28) and (0.26, 0.31) for Yi¢;Ce01Ero 203,

Y1.95C€0.01Er0.0403 and Y1.43Ce0.01Er0,0605 respectively.
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Flg 5.60 CIE diagram for (a) Y1_97ceo_01Er0_0203 (b) Y1.95ceo_01Er0_o403 and(C) Y1_93C90.01Er0.0503.

5.7.3 Gd1.96-xEr0.04 YbxO3 (where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

Up-conversion (UC) is a phenomenon in which the absorption of two or more
low-energy photons results in the emission of a higher-energy photon. Therefore, the
wavelength of the emitted light is shorter than that of the excitation light. The UC
emission spectra of Gdj gsxEro.04Y0bxO3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20) under

the laser excitation of 980 nm are presented in Figure 5.61. The major emission peaks of
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Er®* ions shift from 562 (*H1y2/*Ss;; — *l1512) to 660 nm (*Fo, — *l1s), resulting in the

increased integrated intensity ratios of red-to-green emission which results in the UC

emission color shifting from green to red. The red emission could be enhanced further by

varying the Yb®* ion concentration in Er**/Yb** co-substituted Gd,Os. The emission

intensity at 562 nm was maximum at 16 mol%. For 20 mol%, the emission intensity of

660 nm peak was found to decrease which is attributed to the concentration quenching

between the Yb®* ions.
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Fig. 5.61 UC emission spectra of Gdy gs.«Ero04Yb,O3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20).

The CIE diagram for Up-conversion emission of various concentrations of Yb**

and 4.0 mol% Er** co-substituted Gd,O3 phosphors under 980 nm laser excitation with

1.5 W pump power is shown in Fig. 5.62. From the figure, it was observed that the

overall emission color of sample shifts from green to yellow and then orange as the
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Yb**content is increased. The colour co-ordinates estimated from CIE diagram are

tabulated in Table 5.34.
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Table 5.34 X, Y coordinates for CIE diagram for Gd;.gs.xEFo.04YbxO3 (Where x =0.04, 0.08,
0.12, 0.16 and 0.20).

Sample Composition X Y
Gd, ,Er, ,Yb O, 0.38 0.59
Gd Er Yb O, 0.43 0.52
Gd ,Er . Yb, O, 0.47 0.48
Gd Er Yb O 0.49 0.46
Gd _Er Yb O, 0.47 0.45

5.7.4 Gd1 96-xH00.04 Y bxO3 (Where x = 0.04, 0.08, 0.12, 0.16 and 0.20)

The UC luminescence spectra of Gds.g6-xH00.04YbxO3 (where x = 0.04, 0.08, 0.12,
0.16 and 0.20)phosphors under laser excitation of 980 nm has been shown in Fig. 5.63.
The effect of various concentration of Yb®*" (4, 8, 12, 16 and 20 mol %) was tried on 4

mol% Ho** substituted Gd,Os. The dominant green emission peaks ~550 nm, (°S,/°Fs —
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®lg) accompanied by relatively weak red emission peaks ~667 nm, (°Fs — °lg) were
detected. For UC materials the individually substituted Ho®*" ions are too weak to absorb
the 980 nm photons, hence Yb®" ions are taken as the NIR sensitizer. The Yb** ion acts as
a sensitizer and Ho®" ion as a luminescent ion. The emission intensity of red emission
was found to decrease while that of green emission increased with Yb** substitution up to
8 mol%. Further, a continuous decrease in emission intensity was observed with Yb**
substitution. The decreased intensity could be considered as the consequence of the

quenching effect, which transfers energy from the Ho** ions back toYb** ions.

60000 - }\.ex= 980 nm a ——Gd, Ho, Yb O
1 mT _Gdl.ssHoo.MYbu.osOs
50000 \n o Gd'-34HOU.ﬂ4Ybﬂ,|203
| w; L:v Gdl.SOHO().MYbu.mO_;
] Gd|.76HOU.IJ4YbIJ.ZOO3
2 40000 -
9,
>1 -
=
2 30000 -
s
= ]
]
g 20000 4
10000 < o
] 0
0 pre . -
T T T T T T .
400 500 600 700 800

Wavelength (nm)

Fig. 5.63 UC emission spectra of Gd; gsxH00,04Yb4O3 (Wwhere x = 0.04, 0.08, 0.12, 0.16 and 0.20).

For understanding the overall emission color of the emitted light for Ho** and

Yb** co-substituted Gd,O3 under the laser excitation of 980 nm, the color coordinates
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were determined (Table 5.35) and are presented in the CIE chromaticity diagram (Fig.
5.64). The calculated color coordinates showed that the overall emission color shifts from
green to yellow region with increasing Yb®" substitution. For Gd,gH0g0sYbo160; an

unexpected greenish-blue emission was observed.
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Flg 5.64 CIE diagram for (a) Gd1_92H00_04Yb0_0403 (b) Gd1_83H00_04Yb0_0303 (C) Gd1_84H00_04Yb0_1203
(d) Gdy.60H00.04YD0.1603  (€) Gd1.76H00.04YD0.2003.

Table 5.35 X, Y coordinates for CIE diagram for Gd; ¢5.xH00.04YbxO3 (Where x = 0.04, 0.08,
0.12, 0.16 and 0.20).

Sample Composition X Y

Gd, .,Ho ,Yb, 0, 0.31 0.64
Gd, g HO 1, YD, 1605 0.31 0.66
Gd, 5, Ho,,Yb,,,0, 0.31 0.64
Gd, o, Ho,,,Yb, O, 0.33 0.45
Gd, . Ho ;,,Yb, ,,0, 0.32 0.60
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5.8 Antimicrobial Studies

5.8.1 Antimicrobiocity of Cu®" substituted CoFe,O, nanoparticles against six

microbial pathogens by disc diffusion method

A series of Cu®* ion substituted CoFe,0,4 nanoparticles (Co1.xCuxFe,Oswherein x
= 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25) were tested against six different microbial
pathogens viz. Escherichia coli, Proteus vulgaris, Salmonella typhi, Staphylococcus
aureus, Streptococcus pyogenes,andCandida albicansusing: i) Nutrient-rich solid media
and Kirby-Bauer agar disc diffusion method [425] ii) Liquid nutrient-rich growth media.
Individual pathogens maintained on nutrient agar were plated on the same agar. Filter
paper discs of uniform size, incorporated with 3 mg/ml of different concentrations of
Cu?* in CoFe,0, nanoparticles were placed on the agar and incubated at 37 °C for 24 h.
Areas around the sample discs showing no growth of corresponding pathogens were
recorded as a zone of inhibition.

The response of Gram-negative E. coli and Gram-positive S. aureus were studied
against each concentration of Cu®* in CoFe,O, nanoparticles in nutrient broth. The
aliquots were removed every 4 h to check growth at 600 nm for 32 h. Antimicrobial
effect of nanocomposites was monitored in terms of the number of colonies obtained at

12 h of growth and expressed as survival percentage using the following equation.

) Number of Colony Forming Units in the presence of nanocomposites
Survival % = - — _ x 100
Number of Colony Forming Units in the absence of nanocomposites
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5.8.2 Antimicrobial properties of substituted spinel ferrites on E. Coli by well
diffusion method.

Minimum inhibitory concentrations (MIC) of the substituted CoFe,O4 and cobalt
copper ferrite were carried out using 100 mg/ml stock solutions of each sample
suspended in methanol as solvent. E. coli maintained on nutrient agar was grown to log
phase and added to the wells of microtitre plate containing nutrient broth with different
concentrations (1 to 10 mg/ml) of the prepared materials under static condition. The plate
was incubated at 37 °C and checked for growth in terms of turbidity at 600 nm for 24 h.
The experiments were carried out in triplicates and appropriate methanol as control was
maintained. The MIC is the lowest concentration of the material at which the absorbance
was less than 0.05 and no visible growth of the E. coli was seen. A further effect was
seen in terms of a number of colonies obtained at 12 h of growth and expressed as
survival percentage using the equation mentioned in section 5.7.1.

5.8.3 Antimicrobiocity of Cu®* substituted CoFe,O, nanoparticles

Replacement of Co®" ions by Cu?*ions significantly inhibited the growth of all six
pathogens in the order of E. coli > S. aureus > P. vulgaris> S. typhi> S. pyogenes> C.
albicans (Fig. 5.65). Zone of inhibition of growth in E. coli, P. vulgaris, and S. typhi was
very sharp and clear while that of the Gram-positive cultures, the zones were fuzzy.
Additionally C. albicans showed minimum sensitivity to the increasing concentration of
Cu?"ions. It can be seen in Fig. 5.66, that the zone of inhibition of growth for all
pathogens increases with increase in Cu®* ion concentration in CoFe,O, nanoparticles
with the highest zone of inhibition of 20.66 mm attained for Cog75Cug2sFe,0,4 against

Gram-negativeE. coliwhileGram-positive yeast C. albicans showed the least (5.00 mm).
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This clearly demonstrates the ability of Cu?* substituted CoFe,O,4 to inhibit microbial
pathogens. Such an effect ofCog5CugsFe,O4 at 1 mg/ml concentration against E. coli and
S. aureus has been reported earlier [145]. Also using 2 mg/ml of different concentrations
of Cu** substituted CoFe,04 has been checked for antibacterial activity against E. coli

[426].

Fig. 5.65 Effect of Co,_,Cu,Fe,O, where x =0.00, 0.10, 0.15, 0.20, and 0.25 on growth of six
clinical pathogens : (a) E. coli, (b) P. vulgaris, (c) S. typhi, (d) S. aureus, (e) S. pyogenes and (f)
C. albicans evaluated by Kirby-Bauer agar disc diffusion assay.

209



25

Il CoFe 0,

I Co,, Cu,  Fe O,
I Co,, Cu,  FeO,
I Co,, Cu, Fe O,
I Co,, Cu, , Fe,O,
[ Co,, Cu, , Fe,0,

ek N
] <
1 1

Zone of inhibition (mm)
=
1

E. Coli P. vulgaris  S. typhi S.aureus 8. pyogenes C. albicans

Fig. 5.66Zone of Inhibition of growth of: E. coli, P. vulgaris, S. typhi, S. aureus, S. pyogenes,
and C. albicans by Co,_,Cu,Fe,O4 (where x = 0.00, 0.10, 0.15, 0.20, and 0.25)
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Fig. 5.67Growth (a) and Survival (b) of: E. coli and S. aureus in presence of Co,_,CusFe,04
where x = 0.00, 0.10, 0.15, 0.20, and 0.25.

As seen in Fig. 5.67(a), the growth of E. coli and S. aureus decreased with
increase in Cu®* ion concentration in CoFe,O4. The results indicate that the

augmentation of the Cu?'substituent in CoFe,O, enriches the nanoparticles in its

210



antimicrobial potency. The CoggyCug20Fe204 and Cog75Cug25Fe,04 showed 50% of cell
death for both E. coli and S. aureus. Further as depicted in Fig. 5.67(b), the overall
percent survival in the presence of Cu?* substituted CoFe,O4 nanoparticles is lower for
Gram-negativeE. coli than Gram-positiveS. aureus. It is seen that E. coli are 79% more

susceptible to Cog 75Cug 25Fe204 at 3 mg/ml concentration as compared to S. aureus.

The microbicidal activity of copper species against a wide variety of bacterial
strains, both as metal and complexed species, have been well documented. The studies
allow us to emphasize that the antimicrobial effect of Cu is directly linked to its higher
oxidation states [427]. However, the exact mechanism behind this phenomenon still
remains debatable, and it emerges that several co-acting mechanisms may be involved.

The Cu*" substituted CoFe,O, may have two probable modes of action against
pathogens. The first involves the adhesion of nanoparticles to the bacterial cell wall
followed by penetration inducing damage to the cellular membrane [428,429]. Secondly,
Cu?* ions generate reactive oxygen species which bind to biologically active micro and
macromolecules causing lipid peroxidation, protein oxidationand DNA degradation

which results in the loss of metabolic functions and ultimately killing the cells [430,431].

Conclusively thestudy depicts the broad spectral antimicrobial property of Cu®*
substituted CoFe,O,4 nanoparticles against emerging Gram-negative and Gram-positive
pathogens from the state hospital and which have been obtained from Urinary Tract
Infection (UTI), inflammation of mucosa lining, diarrhoea and Hospital-acquired

nosocomial infections [432—-434].
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5.8.4 Evaluation of antibacterial properties of substituted cobalt ferrites
As seen in Fig. 5.68 and Table 5.36, except In®", other metal ( Sb*", Dy**, Sm**,
Gd*, Yb*, and Eu®") substituted cobalt copper ferrite showed MIC of 8 mg/ml against

Gram-negative E. coli. On the other hand, MIC of the Cr** and Mnion substituted Co-Cu

ferrite reduced to 6 and 6.5 mg/ml respectively.

Fig.5.68 Representative plates showing the % survival of E coli (a) Control (b) C0og99CuUq 10F€,0,4
(¢) Cog.75Cug 25F€,04 (d) CoFey 915000904 (€) C0p.90CUo.10F€1.95DY0.0504 (f)
C00.90CU0.10F€1.955M0.0504 (g) C00.90C U0 10F€1.95Gd0.0504 () C0p.90CU0.10F€1.95Yb0.0504 (i)
C00.90CUo.10F€1.95EU0.0504 (j) C009CUo.1F€1 851N0.1504 (K) C00.90CUo 10F€1.85CT0.1504 (1)
C00.90CUo 10F€185MNg 1504.

It was observed that, when compared to Cu?* ion substituted spinel ferrite which

showed MIC of 3 mg/ml and 4 mg/ml, other substituted metals would result in a decrease

in the antimicrobial property against E. coli. A report by Sanpo et al. [145]on
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antibacterial activity of transition metal-substituted CoFe,O,4 nanoparticles revealed that
Cu-Co ferrite nanoparticles have the most effective contact biocidal property among Zn,
Mn, and Ni ion substituted CoFe,;O, nanoparticles. In another study by Ashour et al.
[223] showed Cu, Mn, and Zn ion substituted CoFe,O,4 nanoparticles inhibit the growth
of E. coli at a concentration of 5 mg/ml with Zn-Co ferrite being a most potent
antimicrobial agent. In a recent study light active Gd** substituted ZnFe,O, has been
evaluated for antibacterial activities against Gram-negative strains (Pseudomonas
aeruginosa and E. coli) [435]. Recently, Nanocrystalline spinel ferrite nanoparticles such
as CoFe;0., Zn-Co ferrite, Co-Cu ferrite, and Mn-Co ferrite have been tested against

multidrug-resistant bacteria and fungal strains by agar disc diffusion method [436].

Table 5.36 MICs (mg/ml) and survival percentage (%) values of substituted Cobalt ferrite.

Sample composition MIC (mg/ml) % Survival
C009CUo.10F€204 4 19.04
C00.75CUg 25F€204 3 15.00
CoFe;1.015h0.0904 8 61.90

C00.90CUo.10F€1.95DY0.0504 8 64.28
C009CUo.1F€1.955M0 0504 8 60.00
C00.9CUg.1F€1.95Gd0 0504 8 69.00
C00.9CUo.1F€1.95YD0,0504 8 66.00
C00.9CUo.1F€1.95EU0 0504 8 71.42
C00.9CUg.1Fe1.851N0.1504 7 66.00
C00.9CUg.1Fe1,85Cr0.1504 6 42.85
C009CUo.1Fe1.65MN 150, 6.5 45.23
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SUMMARY AND CONCLUSION

6.1 Summary

This thesis deals with the preparation, detailed characterization, microstructural,
magnetic, electrical and dielectric studies of fractionally substituted cobalt ferrite and
cobalt—copper ferrite with magnetic and non-magnetic ions. In addition, the thesis also
describes the preparation, characterization,down and Up-conversion luminescence studies
of rare-earth substituted Y,03 and Gd,Oj3 respectively. The effect of substitution and the
trends observed were evaluated systematically with the most appropriate scientific reason

supported by analytical data.

Chapter 1 described the importance of metal oxides and mixed metal oxides in
various fields. The significance of spinel ferrites and mixed rare earth oxides were
presented. The properties of the materials can be tuned to specific applications by
substitution with various metal ions was also elaborated. The work carried out was

highlighted and the organization of the thesis has been described in this chapter.

Chapter 2presented a detailed literature review on the spinel ferrites, substituted
spinel ferrites, and substituted Y,03; and Gd,Os;. A brief summary of the preparation
methods, potential applications reported was described. A general idea on the effect of
substituent ions on the magnetic, electric, dielectric and luminescence properties of the

host material was obtained from this chapter.

Chapter 3 described the sample preparation procedures used in the present work.
Spinel ferrites were prepared using sol-gel auto combustion process at a sintering

temperature of 800 °C. In this process, malic acid was used as a complexing agent while
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ethylene glycol was used as a gelling agent. The mixed rare earth oxides were prepared
employing the combustion method utilizing glycine as a fuel at a sintering temperature of
1000 °C.It also gave brief procedures and principles regardingthe instrumental techniques
employed in the characterization process. The samples were characterized by TG-DTA,
XRD, ICP-AES, IR, Raman, and XPS. The surface morphology and particle size were
estimated from SEM-EDX and TEM-SAED techniques. Material studies such as
magnetic, DC-electrical resistivity, dielectric properties, and photoluminescence studies

were performed and analyzed on the samples.

Chapter 4 presented detailedcharacterization and spectroscopic studies of the
prepared spinel ferrites and mixed rare earth oxides. Thermal analysis (TG-DTA)
performed on the samples determined the combustion temperature, calcination
temperature, and stability of the compounds. X-ray diffraction technique was employed
to determine the phase purity and crystallinity. ICP-AES analysis was performed to
estimate the precise chemical composition. IR analysis of spinel ferrites showed two
prominent absorption peaks ~ 400 cm™ and ~ 600 cm™ which are typical peaks for spinel
ferrites. The IR spectra of substituted Y,03; and Gd,O3; showed absorption peaks in the
range ~ 400 — 560 cm™ attributed to metal-oxygen stretching. Raman spectra of spinel
ferrites showed characteristic Raman modes. Analysis of SEM images showed the
presence of spherical agglomerates on the surface of the samples. EDX pattern of the
representative samples from each series showed the presence of expected elements. The
analysis of TEM images revealed the particle size of the materials. The XPS studies

confirmed and validated the chemical states of the elements.
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Chapter 5 showed the solid-state studies and optical studies carried out on the
prepared compositions. The room temperature Méssbauer studies showed the magnetic
nature of the material and also indicated the oxidation state of the Fe species. The
magnetization measurements carried out by varying magnetic field upto 3 Tand 5 T
showed the effect of Cu®* and Sb* ion substitution in cobalt ferrite. Also, the effect of
substitution of RE®" ions (RE= Gd, Dy, Sm, Yb, and Eu), Cr**, In*, and Mn ions was
investigated. The magnetization measurement carried out at 50 K and 5 K by varying the
field up to 3 T and 5 T showed a similar trend as that of 300 K but showed considerably
higher values. AC magnetic susceptibility studies carried out at a constant field of 5 kOe
by varying the temperature and the Curie temperature was determined. DC electrical
resistivity studies showed a decrease in resistivity with increasing temperature in spinel
ferrites highlighting the semiconducting nature of spinel ferrites. Dielectric studies
showed higher values of dielectric constant and dielectric loss in the lower frequency
region. Also with increasing temperature at a fixed frequency dielectric constant
increased which was attributed to an increase in temperature-dependent interfacial and
dipolar polarization.The band gap values for mixed rare earth oxides were evaluated from
UV-DRS technique. The Pl emission spectra of Ce**/Eu** and Ce**/Er** co-substituted
Y,03 showed its typical emission peaks. The UC luminescence spectra of Er¥*/Yb** co
substituted Gd,O3 under the laser excitation of 980 nm showed a strong red luminescence
along with weak green emission. The UC luminescence spectra of Ho**/Yb** co-
substituted Gd,O3; under laser excitation of 980 nm showed a dominant green emission

with feeble red emission.
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The Cu®" substituted cobalt ferrite was tested for inhibitory activity against 6
different pathogens. The Cu®* substitution enhanced the activity of cobalt ferrite against

both Gram-positive and Gram-negative pathogens.
6.2 Conclusions

In conclusion, a feasible preparative procedurewas developed to prepare
substituted spinel ferrites and mixed rare earth oxides at a relatively lower temperature
compared to previous reports. The monophasic Cu?* and Sb®" ion substituted cobalt
ferrite and RE®* (where RE= Gd, Dy, Sm, Yb, and Eu), Cr**, In**" and Mn ion substituted
Co-Cu ferrite were successfully prepared employing sol-gel auto combustion process at a
sintering temperature of 800 °C. The mixed rare earth oxides were successfully prepared
by combustion process using glycine as a fuel at a sintering temperature of 1000 °C. The
thermal analysis suggested the combustion temperature, calcination temperature and
stability of the compounds. XRD analysis revealed that all the compositions are
monophasic having a cubic structure and no traces of impurity phases were noticed in the
pattern. The XRD analysis also indicated the highly crystalline nature of the samples. The
lattice parameters calculated from the XRD data were in close agreement with the
reported values. Crystallite size was also estimated from the XRD data using the
Scherrer’s equation. ICP-AES results verified the formation of formulated compounds
since the results obtained were close to the expected values. Infrared spectroscopic
analyses supported the presence of metal-oxygen stretching in the compounds with no
readable impurity. The results attained using Raman studies confirmed the spinel cubic
structure formation. Also, the absence of impurity peaks confirmed the formation of

monophasic compounds.
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The SEM images showed the uniform distribution of sphericle agglomerates
which is due to the high-temperature heat treatment given to the sample and magnetic
forces present in the sample in case of spinel ferrites. The TEM measurements indicated
that the particle size decreased with substitution. The particle size estimated from TEM
studies showed that the particle size varied from 25 nm to 120 nm for spinel ferritesand
40 nm to 120 nm for mixed rare earth oxides. The corresponding SAED pattern showed
bright rings and dark spots which indicated the highly crystalline nature of the materials.
The detailed XPS studies of individual Co 2p, Cu 2p, Fe 2p, Ols, Sb 3d, Gd 4d, Dy 4d,
Sm 3d, Yb 4d, Eu 4d, Cr 2p, Mn 2p, In 3d, Y 3d, Er 4d, and Ho 4d spectra revealed and
substantiated the expected chemical states. The Mdssbauer spectra showed two six-line
hyperfine patterns suggesting the ferrimagnetic nature of the spinel ferrites. The isomer
shift values below 0.5 mm/s also indicated the presence of high spin Fe in 3+ oxidation

state with the absence of Fe?* species.

Cu?* ion substitution in CoFe,O4was quite effective in lowering the coercivity
which was credited to the small magnetic anisotropy of copper. Also, a slight decrease in
the saturation magnetization and Curie temperature was obtained with the insertion of
Cu?*(1 pg) ions by replacing Co®*(3 pg) ions. The copper substitution improved the value
of the dielectric constant in the lower frequency region with an insignificant quantity of
dielectric loss. The Cu®" ion substitution resulted in a decrease in the Curie temperature
indicating the generation of weak exchange interactions in the materials with the
prominent Hopkinson peaks observed for all samples. AC susceptibility studies also
suggested the multidomain — single domain nature of the particles. The replacement of

cobalt with Cu®* ions in CoFe,O4 considerably improved the antimicrobial activity
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against E. coli.Consequently, the results indicated that the inclusion of Cu®* ions strongly
affects the microstructure, crystal structure, particle diameter and antimicrobial activity of

the CoFe,O,4 nanoparticles.

For Sb* ions substituted CoFe,O,4 the magnetic studies showed that the saturation
magnetization decreased with the incorporation of non-magnetic Sb®* ions in the
CoFe,O4,which also suggested the probable site occupied by Sb®* ions. It was also
observed that the enhancement of DC electrical resistivity and dielectric constantcould be
achieved by introducing Sb®* ions.The increased DC electrical resistivity with Sb>* ion
substitution is due to decreased electron pair hopping at the octahedral sites accountable
for conduction in ferrites.The increase in dielectric constant with Sb®* content
wasattributed to increased Fe-O and Sb-O bond length at the octahedral sites which

increased the atomic polarizability and subsequentlydielectric constant.

The substitution of RE** ions in Co-Cu ferrite enhanced the coercive field due to
anisotropy and size effect, whereas the saturation magnetization decreased.RE*" ions
played a considerable role in lowering the Curie temperature due to the weakening of
exchange interactions. The introduction of RE** ions in place of Fe** ions in Co-Cu
ferrite improved the dielectric constantwith a negligible amount of dielectric loss.
Accordingly, the results suggested that by the addition of the desired amount of selected
RE ions, one can tune the magnetic as well as electric properties of Co-Cu ferrite for
desired applications.

In theCr** ion substituted Co-Cu ferrite the saturation magnetization, as well as
coercivity decreased, as the Cr** ion contentincreased, which is credited to the

replacement of Fe** ions by weak magnetic ions on the octahedral site of the spinel
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lattice. The obtained coercivity valuesare relatively higher than those reported which
suggests, the utilization of the entire Co-Cu ferrite in permanent magnets
applications.The Curie temperature of the ferrites under investigation decreased with
increase in Cr®* concentration due to reduced magnetic superexchange interactions with
the prominent Hopkinson peaks observed for all samples. The Cr** ion substitution had a

noticeable impact on the DC electrical resistivity and dielectric features of Co-Cu ferrite.

The Mn ion substituted Co-Cu ferrite showed an initial increase in saturation
magnetization followed by a decrease. The initial increase in saturation magnetization
can be attributed to the occupancy of highly magnetic Mn?*(5 pg) ions at the B site,
whereas at higher concentration the presence of less magnetic Mn**(4 pg) ions at the B
site decreases the saturation magnetization. The DC resistivity increased at lower Mn
concentration and then decreased marginally at higher concentrations. The increase in DC
resistivity can be credited to a large number of Mn?* ions occupying B sites, forcing some
of the Fe** ions at B sites to migrate to A sites, which reduces the hopping rate between
Fe** and Fe?" ions at B site. The dielectric constant showed higher values for higher Mn
ion concentration as compared to the unsubstituted sample. This can be due to the
presence of Mn®* and Mn®" ions at the octahedral sites at a higher concentration which

also contributed towards polarization.

The magnetic studies performed on In** ion substituted Co-Cu ferrite, indicated a
decrease in saturation magnetization and coercivity with increasing In®** ion
content,whichsuggested the B site occupancy of the substituent. A considerable decrease
in Curie temperature was observed with Indium ion substitution due to the weakening of

the exchange interactions. DC resistivity showed a gradual increase with increasing
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substituent concentration. The In** ions are likely to occupy the B sites, displacing an
equal number of Fe** ions to the A sites, which will decrease the concentration of
Fe**/Fe*" ion pairs at B site accountable for conduction in ferrites. The considerably
higher value of dielectric constant with an insignificant amount of dielectric loss
suggested that the materials under investigation have an immense potential for
applications in microwave devices. The overall results of this study indicated that the
magnetic and dielectric properties of CogoCupiFe,O, can be tuned to a specific

application with fractional Indium ion substitution.

For Ce*"/Eu®*co-substituted Y,Osthe dominant emission was observed in the red
region with the strongest emission peak located at 611 nm corresponding to the *Do—'F»
transition of Eu®* ions.The emission intensity increased with the increase of Eu*
concentration. The Ce** emission showed its existence in the emission spectra, which
indicated that there is no effective energy transfer between Ce®** and Eu®*but the intensity
of Ce®* emission decreased when the Eu®" substitution increased from 2 to 6 mol%.
Highlighting at the concentration-dependent energy transfer.The CIE diagram showed
that the coordinates shifted towards the red region from the pink region with rising Eu**
content. The band gap values obtained were ranged from 5.31 - 5.73 eV indicating the

insulator type nature of the prepared materials.

The emission spectraCe®*/Er**co-substituted Y,Osdisplayed the characteristic
emission peaks of Er** ions in cubic Y,0s. A strong emission was noticed in the green
region(520-565 nm) which were assigned to the (*Hi1p, *Ss2) — s transitions of Er**
ions. The PL intensity increased with substituent concentration up to 4 mol% of Er** and

then decreased. At lower concentrations of the Er**, the optical activation of the Er** ions
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becomes more, which results in an increase in the PL emission intensity. The decrease
was attributed to the concentration quenching, as the distance between the Er®* ions in the
host lattice gets reduced. The CIE diagram showed that the overall emission color of Ce**
and Er** co-substituted Y,Os; phosphor samples and indicated that the blue-green
emission color approaches green color with an increase in the Er** concentration.

The UC emission spectra of Er**/Yb*'co-substituted Gd,Osunder the laser
excitation of 980 nm showed major emission peaks of Er** ions shift from 562
(H11o/*S3 — *lisp) to 660 nm (*For, — “lisp), resulting in the UC emission color
shifting from green to red. For 20 mol%, the emission intensity of 660 nm peak was
found to decrease which was attributed to the concentration quenching between the Yb**
ions. The red emission could be enhanced further by varying the Yb*" ion concentration
in Er¥*/Yb®" co-substituted Gd,0s.The CIE diagram suggested that the overall emission
color of sample shifted from green to yellow and then orange as the Yb®" content is

increased.

The Up-conversion luminescence spectra of Ho®**/Yb®* co-substituted Gd,Os
showed the dominant green emission peaks ~550 nm, (°S,/°’Fs — °lg) accompanied by
relatively weak red emission peaks ~667 nm, (°Fs — °lg). The emission intensity of red
emission decreased while that of green emission increased with Yb** substitution up to 8
mol%. Further, a continuous decrease in emission intensity could be due to the quenching
effect, which transfers energy from the Ho®* ions back to Yb** ions.The calculated color
coordinates showed that the overall emission color shifts from green to yellow region

with increasing Yb** substitution.
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