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PREFACE

Over the past few years, spinel ferrites have gained tremendous importance in
recent times due to their potential applications in low loss magnetic core materials,
microwave absorbing materials, transformer cores and antenna rods, etc. to perform a
number of functions at high frequencies. The problem of Electromagnetic Interference
(EMI) has attracted considerable attention due to a variety of applications in
telecommunication systems such as mobile phones, computers and radar systems. The
different kinds of electromagnetic waves shielding and absorbing devices have been
developed to solve the problem of EMI by making use of the absorbing materials. The
recent researches on microwave absorbing materials and to improve the properties
have been reached and achieved with the better outcomes. Nowadays, the microwave-
absorbing properties of rare-earth doped nickel ferrites are investigated in-depth due
to the magneto crystalline anisotropy in the 4f (Lanthanides)-3d (Fe2QO4) intermetallic
compounds. The Lanthanides doped nanoferrites are interested in the current research

due to the technological development in electronics and medicine.

In this study, four series of nanoferritesCoLaxFe>-xOs, MnLaxFe2xO4(X=0.00,
0.02, 0.04, 0.06 and 0.08) and MnLaxFe2xO4(X=0.00, 0.02, 0.04, 0.06 and 0.08) were
prepared using solgel method, were investigated to explore their structural, optical,
magnetic and electrical properties using X-ray diffraction (XRD), ultra violet-diffuse
reflectance spectroscopy (UV-DRS), Fourier Transform Infrared Spectroscopy
(FTIR), Field Emission Scanning Electron Microscopy (FESEM) coupled with
energy-dispersive X-ray (EDAX) analysis, X-ray Photoluminence Spectroscopy
(XPS), Vibrating Sample Magnetometer (VSM). Inductance Capacitance and
Resistance (LCR) Hitester and electrochemical impedance spectroscopy. Lanthanum-
doped Cobalt nanoferrites CoLaxFez-xO4 (X=0.00 to 0.08) were synthesized by using
solgel method. A cubic spinel structure was confirmed by using X-ray diffraction
pattern. Fourier transform infrared spectrum confirmed the presence of metal oxide
spinel nanoferrites. The bandgap energy has increased with addition of La%* ions by
using ultraviolet diffuse reflectance spectrum. The grain boundary contribution is
greater than that of grain contribution due to small crystal size, which was confirmed
by an impedance analysis. The dielectric constant and dielectric losses were decreased



with increasing frequencies. The binding energy of La, Co, Fe and O were determined
by X-ray photoelectron spectroscopy. The magnetic studies were made through
vibrating sample magnetometer. The hysteresis loop revealed the soft ferromagnetic

nature.

Lanthanum doped Manganese spinel nanoferrites (MnLaxFe2-x04) with series
x=0.00, 0.02, 0.04, 0.06 and 0.08 were fabricated using sol-gel method. The
fabricated samples were characterized to X-ray diffraction analysis for structural
investigation and also it confirms single phase cubic structure. Fourier Transform
Infrared Spectra were used to subject the chemical band of tetrahedral and octahedral
sites in the spinel ferrites (FT-IR). Field Emission Scanning Electron Microscope
revealed that the prepared samples attain spherical in shape. Energy dispersive X-ray
spectra confirm the presence of Mn, La, Fe and O element with few impurities. The
optical property for prepared nanoferrites was used to characterize Ultra-Violent
diffuse reflectance spectroscopy. It reveals absorbance spectra are inversely
proportional to band gap energy. The magnetic hysteresis curves measured at room
temperature expose ferromagnetic behavior with decrease of saturation (Ms) and
increase of coercivity (Oe). Th of the CoGdxFez-xOsNanoferrites e origin of
ferromagnetism in La®* doped Manganese nanoferrites were discussed in elaborate
with reference to the allocation of Mn?* and Fe®*ion with in the spinel lattice. An
impedance spectroscopy of the samples is performed in the frequency range 100 mHz
-10 MHz at room temperature and also it is used to understand the dielectric
parameters. The resistance of the grain and grain boundary is found to increase with
La®>* ion. The dielectric constant and dielectric loss decrease with increase of

frequency.

Gadolinium doped Cobalt nanoferrites (CoGdxFe.xO4, where x = 0.00, 0.02,
0.04, 0.06 and 0.08) were synthesized by sol-gel method. The structural effects of Gd
doping in the nanoferrites were analysed by X-ray diffraction (XRD), Micro-Raman
and FT-IR spectroscopic techniques. A well crystalline cubic phase was identified by
XRD and the crystallite size was found to be lower for the Gd doped compositions.
Spherical shaped particles were observed by field emission electron microscope and

the elemental composition of the Gd doped ferrites was investigated using Energy



dispersive X-ray analysis (EDAX) technique. Ultra-Violet diffuse reflectance
spectroscopy (UV-DRS) revealed that absorbance spectra were inversely proportional
to band gap energy due to synergistic effect of the dopant. The magnetic hysteresis
curves exposed soft ferromagnetic nature with increases of coercivity (Oe) and
decreasing of saturation (Ms) with increasing of doping (Gd3*) concentration. The
impedance spectroscopy has been used to investigate the effect of Gd co-doping on
the grain and grain boundary resistance of the nanoferrites. An improved dielectric
property was found with increasing Gd3* concentration as a function of applied AC

frequency (voltage).

Gadolinium doped manganese nanoferrites (MnGdxFe2-x04) (X = 0.00, 0.02,
0.04, 0.06 and 0.08) for microwave absorbers and storage devices were synthesized
by using an effective sol-gel method. The structural parameters analysed using X-ray
diffraction (XRD) revealed a well crystalline cubic phase with crystallite size being
smaller in Gd doped compositions. The elemental compositions of the Gd doped
ferrites were studied using energy dispersive X-ray analysis (EDAX) technique, and
spherical-shaped particles were detected using a field emission electron microscopy
(FESEM), UV diffuse reflectance spectroscopy (UV-DRS) revealed that the
absorbance spectra were inversely related to bandgap energy due to the synergistic
action of the dopant. The magnetic hysteresis curves demonstrated soft ferromagnetic
nature with increasing coercivity (Oe) and decreasing saturation (Ms). Gd co-doping
altered the grain and grain boundaries resistance of nano ferrites and better dielectric
characteristics were formed with increasing Gd** concentration as AC frequency
increased (voltage); they have strong microwave absorption capacity.

The aim of this research is to synthesize lanthanides doped nanoferrites with
various X concentration (X= 0.00 to 0.08) to explore the properties are structural,
magnetic, dielectric and microwave-absorption of the prepared nanoferrites. The

thesis is compiled in the following manner.
Chapter | deals with the brief introduction of the research work presented along with

the general introduction, classification, properties and application of the nanoferrites.

The aim and scope of the present investigation is proposed here.



Chapter Il deals with the literature survey on various synthesis methods of

lanthanides doped cobalt and manganese nanoferrites.

Chapter 111 deals with the different methods and materials to prepare and
characterize the lanthanides doped cobalt and manganese nanoferrites. And also,

provides detailed information about the Sol-gel method and its advantages.

Chapter 1V deals with the Impact of Lanthanum ion on Magnetic and Dielectric

properties of Cobalt Nanoferrites.

Chapter V deals with the Dependance of Lanthanum ions on Structural, Magnetic

and Electrical properties of manganese-based spinel nanoferrites.

Chapter VI deals with the Effect of Gd** ions on Structural, Optical, Magnetic and
Dielectric Properties of CoGdxFe2-xO4 (0.00 < X > 0.08) Nanoferrites.

Chapter VII deals with the Influence of Gd** ions on Structural, Optical, Magnetic
and Dielectric properties of MnGdxFe2-xO4 (0.00 < x > 0.08) Nanoferrites, along with

their applications.

Chapter VIII deals with the summary and conclusion of the findings in the present
investigation. The promising future of the research work is also highlighted at the end

of the chapter.
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CHAPTER -1

INTRODUCTION TO NANOFERRITES

Nanotechnology is well developed day-by-day through the world-wide
researches. The foundation of nano has been made in the voice of Richard Feynman
in 1959. The sector of nanotechnology has included many technologies in its core.
Because of this, results can be extended to any discussion on society and environment
regards, specific to any particular application. In recent years, the nanotechnology is
found to be a most significant and stimulating technology in Physics, Chemistry,
Biology and Engineering. Coming years, nanotechnology will be upgrading in the
path of the wide range of technological advances through some different applications.
Worldwide research and development are being undertaken with the intension of
assessing its potential for technological innovations. Nanotechnology deals with
materials that the size of less than hundred nanometres, for governed by new

characteristics and behaviour and also based on the recognition of nanostructure.

This chapter contains a brief overview of the research work given in this
thesis, as well as a general introduction to nanoferrites, their classification, qualities,
and applications. The significance of nanoferrites and lanthanides doped nanoferrites,
as well as nanoferrites applications, are discussed. At the end of the chapter, the
purpose of the current investigation is proposed, together with the specific objectives

derived from it.
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1.1 NANOMATERIALS AND NANOTECHNOLOGY

The word "nano" comes from the Greek and means "dwarf." The ability to see,
measure, manipulate, and synthesise materials at the nanoscale scale is a current field
in nanotechnology. A nanometer (hnm) is a SI unit of length equal to one billionth of a
metre (10°m). Nanotechnology (or "Nanotech™) is the study of controlling matter at
the atomic and molecular level. Nanotechnologies, in general, deal with a wide range
of scientific fields, including physical, biological, and chemical qualities, phenomena,
and processes in the nanoscale range. These materials and systems can be investigated
for innovative and significant improvements. Because of their improved and diverse
optical, magnetic, and electrical capabilities compared to their bulk structure,
nanoparticles are regarded one of the most important materials. Because of their
critical applications in highly efficient catalysts, low loss magnetic core materials,
high-density recording media, electric generators, high-density data storage,
microwave absorbing materials, magnetic resonance imaging, transformer core, and
antenna rod, nanomagnetic particles have sparked a lot of interest. Due to the above
properties or applications of nanoferrites are playing a key role in modern technology
[Reghunadhan et.al., 2018, Bhagyaraj et.al., 2018, Oluwafemi et.al., 2018, Dolez

et.al.,2015 &Ramsden et.al.,2009].

1.2 CLASSIFICATION OF NANOMATERIALS
Figure 1.1 shows the dimension-based classifications of nanomaterials. The

following are the dimensions that can be used to classify nanomaterials:

e Zero-dimensional: The materials have dimensions in all three directions

that are in the nanoscale range (no dimensions). It can be spherical in
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shape in general -quantum dots, silver nanoparticles, fullerenes,
nanoporous silicon, nanograins, nanoshells, nanocapsules, nanorings,
colloidal particles, activated carbon and quasicrystals.

e One-dimensional: These materials will have one dimension that is outside
of the nanoscale range -nanowires, nanorods, nanofilaments, nanotubes
and quantum wires.

e Two-dimensional: The nanoscale isn't the only place where two
dimensions exist - nanofilms, coatings, sheets, disc, platelets, superlattices,
and quantum wells.

e Three-dimensional: Oils, nanocones, nanopillars, and nanoflowers all
have three dimensions (Oluwafemi et.al., 2018, Dolez et.al., 2015 &

Tiwari et.al., 2012).

%‘

ﬁf@ \w

Clusters Nanotubes, fibers, and rods Films and coats Polycrystals

0D D 2D 3D

Figure 1.1 Classification of Nanomaterials Based on Dimension
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1.3 PROPERTY ANALYSIS OF NANOMATERIALS

Certain characteristics, such as crystallite size, specific surface area, shape,
crystalline phase, crystallinity and defect structure, size distribution, aspect ratio,
agglomeration/aggregation state, dustiness, particle and surface morphology/
topography, can change the properties of nanomaterials. To gain a better knowledge

of nanoparticles, some of their impart properties are mentioned below.

1.3.1 Structural Properties

When it comes to minuscule dimensions like nanometers, the size and
distribution of materials matter. The structural parameters of nanoparticles are their
shape (including aspect ratios when appropriate), size, and morphological sub-
structure of the substance. A nanomaterial's size is a criterion for evaluating its
electrical, thermodynamic, and chemical properties. The shape, crystallinity, and
structure lattice properties of a nanomaterial are affected by its size. The structural
features are complexly formed from atomic and molecular origins. Nanomaterial
cluster properties, for example, differ significantly from those of individual
components in bulk or at extended surfaces [Vollath et.al., 2008].
1.3.2 Optical Properties

Nanomaterials' optical characteristics are responsive to UV and visible light at
the same time (Reghunadhan et.al., 2018). Nanoparticles have the ability to produce
appealing colours. The optical characteristics of nanoparticles vary significantly
depending on particle size and colour. The energies of the highest occupied molecular
orbital (valence band) and the lowest empty molecular orbital are most affected by the
reduced dimensionality of the small nanocluster's electronic structure (conduction
band). During the electronic transition between these two states, optical features such

as emission and adsorption occur [Bhagyaraj et.al., 2018, & Oluwafemi et.al., 2018].
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1.3.3 Surface Morphology

The combined influence of the size, shape, and particular arrangement of the
involved particles is known as surface morphology of nanomaterials. The crystallinity
and synthesis process influence the development of surface morphology. The exposed

surface of the materials generates this image [Kefeni et.al., 2017].

1.3.4 Electrical Properties

Nanomaterials have characteristics that differ dramatically from bulk materials
due to the increased relative surface area and quantum effects of electrons. The
attributes of reactivity, strength, and electrical characteristics can all be altered or
improved by these parameters. In general, polarisation components such as ionic,
space charge orientational, and electronic polarisation influence the dielectric
characteristics of any material. At lower and higher frequency areas, however,
electronic and space charge polarisation has been seen in synthesised nanomaterials

[Hashim et.al., 2013, Solymar et.al., 2010 & Walsh et.al., 2010].

1.3.5 Magnetic Properties

Classical ideas cannot explain the magnetic characteristics of nanoparticles.
The interaction of magnetic moments of unpaired electrons in the presence of an
external magnetic field is demonstrated by the unique magnetic characteristics of
nanomaterials. Because of the huge surface-area-to-volume ratio of nanostructures,
constituent atoms experience distinct magnetic interaction with nearby atoms,
resulting in varied magnetic characteristics. Due to the fluctuation of magnetization,
the magnetic anisotropy energy in magnetic nanoparticles may be slightly decreased

[Bhagyaraj et.al., 2018, Kelsall et.al., 2005 & McHenry et.al., 1999].
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The confinement effect, crystal flaws, and surfaces all have a role in the
characteristics of nanomaterials. Under varied situations, these factors are generally
modified in the synthesis procedures. In general, top-down and bottom-up strategies
were used to create nanomaterials. Bottom-up approaches are utilised to create
smaller components with atomic or molecular dimensions that self-assemble. Top-
down procedures are applied to a process that begins with a huge element and works
its way down to smaller structures [Rosa et.al., 2013]. Figurel.2 shows a schematic

depiction of top-down and bottom-up techniques.

l

e

% Nanoparticles

* Clusters
e Atoms

Bottom up

Figure 1.2 Schematic Representation of Top-down and Bottom-up Methods

Bulk
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1.4 FERRITES

Ferrite is the name for a ferrimagnetic substance. Ferrites are a specific type of
ferromagnetic substance. Except for the alignments of spin magnetic moments,
ferrites and ferromagnetic materials have comparable properties. The ferromagnetic
materials' spin magnetic moments are oriented in the same direction. The spin
magnetic moments of ferrite materials, on the other hand, are not associated in the
same direction. Some of them have a back-and-forth relationship. The term "ferrite"
comes from the Latin word "ferrum." Ferrites are metal oxide mixtures with iron
oxide as the major component. Throughout the last few decades, ferrites have played
a critical part in numerous scientific and technological breakthroughs that have
drastically altered our lives. According to their crystalline structure, ferrites can be
categorised into Four categories: spinel, hexagonal, garnet, and magnet plumbites

[Kaur et.al., 2016, Sharmaet.al., 2016, & Pullar et.al., 2012].

Classification of Ferrites

Classification According Classification According
to Crystal Structare to Magnetic Field

Lo s ) ) (omreme | (L

Figure 1.3 Schematic Representation of Classification of Ferrites
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The first group of ferrites are those having the general chemical formula

AB>O4, in which A and B represent tetrahedral and octahedral cation sites,

respectively, and O represents the oxygen anion site. Magnetically, spinel ferrites are

soft. It could be used instead of metal magnets like Fe and stacked Fe-Co &Mn alloys.

Due to its exceptional magnetic characteristics, it usually performs better in

applications. Spinel ferrites have excellent electrical resistivity and low magnetic

losses, among other characteristics. The spinel ferrite family includes the two widely

used magnets, Cobalt - Manganese ferrites and Manganese - Cobalt ferrites. They've

piqued interest because of their high electrical resistivity, high magnetic permeability,

and the capacity to modify intrinsic properties throughout a large range [Sharma

et.al., 2016, Hazra et.al., 2014, Ghosh et.al., 2014, & Valenzuela et.al., 2012]. Figure

1.4 shows the structure of the spinel ferrite unit cell's tetrahedral and octahedral sites.

P A i

rd 0 P y

0 Q- O

. MR i 0 0

|
e | 6 ' .— A Site ions
Y

9/; ; 0‘ /. 0)- B Site ions

°- Oxygenions @ 3 (8]

P—

2

/

Tetrahedral site

Octahedral site

Figure 1.4 Structure, Tetrahedral sites and Octahedral sites of Unit cell
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The oxygen anions form a close face-centered cube (FCC) packing in Figure
1.4, resulting in 64 tetrahedral sites (8 of which are occupied) and 32 octahedral sites
(16 are occupied). Regular spinel ferrites, inverse spinel ferrites, and mixed spinel

ferrites are the three forms of cation distribution.

 Spinel Ferrites (Regular): Divalent cations occupy the A-sites, while trivalent
cations occupy the B-sites. Regular spinel is the name given to the ferrite.
Magnetically, MgAIl>O4 and FeCr204 are examples of normal spinel ferrites. Regular
spinel ferrite has the structural formula M?* (divalent ions) [Fez2**] O4%, as shown

schematically in Figure 1.5.

A | B]
M2+[ Fe23+] e You

l I

Figure 1.5 Cation Distributions in Regular Spinel Ferrites

e Inversed Spinel Ferrites: This ferrite has all divalent cations in B sites and
trivalent cations evenly divided across A and B sites; the structure is called
inversed spinel.

e The structural formula of inverse spinel ferrite is Fe**[M?*Fe®*"] O4 is the
structural formula for inverse spinel ferrite. Magnetite NiFe2O4 and CoFe204 are
examples of inverse spinel ferrites. One half of Fe*" is put in A-sites and the other
half in B-sites in inverted spinel ferrites. Figure 1.6 depicts the inverse spinel

ferrite schematically.
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A | B]
Fe [ MZ " Fex” 1O,

l 1

Figure 1.6 Cation Distributions in Inverse Spinel Ferrites

« Mixed Spinel Ferrites: Mixed spinel ferrites are formed when the cations M?* and
Fe3* occupy both A and B sites. M1-6"Fes®" [Ms?"F25>"] Oa is the structural formula
for mixed spinel ferrite, where & is the degree of inversion [Valenzuela et.al., 2012;
Sharma et.al., 2017]. Figure 1.7 shows a schematic representation of mixed spinel

ferrite.

A | Bl
M1_52+F653+ [M52+Fe2_53+] 042-

R

Figure 1.7 Cation Distributions in Mixed Spinel Ferrites

e Garnet Ferrites

Mn3AlLSizO12 is an example of the garnet ferrites' crystal structure. The crystal
structure is relatively complicated and possesses cubic symmetry. In garnet ferrites,
there are three types of cation sites: dodecahedral (eightfold), octahedral (sixfold), and
tetrahedral (fourfold). R ions, rare earth cations, occupy the greatest dodecahedral

sites, while Fe®* cations are found in tetra- and octahedral sites. The cation
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distribution is written as R3 (Fes) [Fe2] O12, with brackets indicating dodecahedral
sites, () parentheses indicating tetrahedral site occupancy, and square brackets
indicating octahedral sites []. Tetrahedral cations are antiparallel, while dodecahedral
and octahedral ions are parallel [Kaur et.al., 2016 & Ozgur et.al., 2009]. Figure 1.8

shows the garnet ferrite.

position
O c
® a

(a) o d

tetrahedral
site

dodecahedral
site

octahedral
site

Figure 1.8 Garnet Ferrite: (a) Crystal Structure and (b) Interstice.

e Magneto plumbite (Hexagonal) Ferrites

M?*Fe12019 (M= Mn, Ni, Co, Ba, Pb, Sr, etc.) is the typical composition of
magneto plumbite. They're called hexagonal ferrites because the magneto plumbite
structure is hexagonal. These ferrimagnetic oxides include a main component (Fe203)
as well as divalent oxides (MnO, CoO or SrO). There are 64 atoms in a hexagonal

ferrite unit-cell. Magneto plumbites ferrites contain a lot of uniaxial anisotropy, a lot
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of magnetizations, and they're chemically stable. [Kaur et.al., 2016, Morgan et.al.,
1982, and Cirlin et.al., 1982] Magneto plumbite ferrites are ideally suited to the needs

of recording technology. Figure 1.9 shows the magneto plumbite ferrite.

Figure 1.9 Magneto plumbite (Hexagonal) Ferrites

Classification of Ferrites
Ferrites are often classified as "soft ferrites” and "hard ferrites."”
which refers to their low or high coercivity of magnetism, respectively.
> Soft Ferrites: Soft ferrites are ferrimagnetic materials with a cubic crystal
structure, and their chemical formula is MFe2O3, where M is a transition metal
ion such as Iron, Cobalt, Nickel, Manganese, Zinc, and so on. Manganese-
Cobalt ferrites are a type of soft ferrites that can be employed in magnetic

applications up to 10 MHz in frequency. The soft magnetic material can be
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magnetised and demagnetized easily, allowing it to store and transfer magnetic
energy in alternating or other shifting waveforms (sine, pulse, square, etc.).
Due to eddy current losses, metallic soft magnetic materials cannot be
employed at high frequencies. As a result, soft ferrites, which are ceramic
insulators, have emerged as the material of choice for telephone signal
transmitters and receivers, as well as switch mode power supply (referred to as
DC-DC converters). The main factor for increasing frequency in this type of
application is to allow miniaturisation [Hazra et.al., 2014 & Ghosh et.al.,

2014, Jaswal et.al., & Singh 2014, Goldman et.al., 2006].

» Hard Ferrites: Hard ferrites are used to make permanent ferrite magnets,
which have a high coercivity and remanence after magnetization. Iron and
barium or strontium oxides make up these ferrites. They conduct magnetic
flux well and have a high magnetic permeability when magnetically saturated.
This allows these ceramic magnets to store magnetic fields that are stronger
than iron. They are inexpensive and commonly found in household items such
as refrigerator magnets [Hazra et.al., 2014 & Ghosh et.al., 2014, Jaswal et.al.,
2014, & Singh et.al., 2016, & Goldman et.al., 2006]. Figure 1.10 shows

typical hysteresis loops for soft and hard ferrite.
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Figure 1.10 Typical Hysteresis Loops for Both Soft and Hard Ferrites

1.5 COBALT NANOFERRITES

Nanotechnology has advanced dramatically in the previous few decades,
particularly in the physical sciences. Nano crystalline spinel ferrite forms play a
significant role at the nano and subnano scales. Because of its typical ferrimagnetic
properties, low conductivity, lower eddy current losses, and good electrochemical
stability, cobalt nanoferrite (CoFe2QOs) is one of the most versatile and technologically
relevant soft ferrite materials.

Due to its outstanding magnetic, magneto resistive, and magneto-optical
capabilities, magnetic resonance imaging enhancement, and magnetic high-density
information storage properties, cobalt nanoferrites have shown a variety of uses
[Shanmugavel et.al., 2015 & Jie Tan et.al., 2013]. Electric and magnetic properties
are the most important attributes of cobalt nanoferrites, and they are affected by a

variety of factors such as preparation circumstances, annealing temperature, cation
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distributions, particle size, and chemical composition. Magnetic heads, inductors,
magnetic refrigeration, and magnetic resonance imaging all require a different type of
cobalt nanoferrite magnetic device. Modern uses of magnetic nano-particles include
magneto-optical devices, contrast agents in magnetic resonance imaging, microwave
industries, and ferrofluid technologies [El-Sayed et.al., 2017, Prasad et.al., 1998 &
Gajbhiye 1998]. The type of cations and their distribution between the two interstitial
sites determine the cobalt ferrites. Cobalt ferrites have different cation distributions
than their bulk counterparts, which is highly interesting. The change in cation
distribution from normal to mixed spinel-type, where Fe** and Co?* ions occupy both
positions, is related to the order of high-temperature cobalt ferrites. Co?" ions on B-
sites and Fe3* ions spread equally among A and B-sites make CoFe2O4 a well-known
inverse spinel. Cobalt nanoferrites have a collinear spin arrangement in the core and a
magnetic moment inclined to the magnetisation direction in the surface layer

[Chinnasamy et.al., 2001].

Because of its interaction with electric charges and magnetic dipoles present in
the material, microwave radiation can be used to heat cobalt nanoferrites to high
temperatures. Internal electric fields generated by microwaves penetrating and
propagating through a magnetic dielectric material such as cobalt nanoferrite induce
translational motions of free or bound charges (electrons or ions, rotate charge
complexes, and electric and magnetic dipoles). Microwave processing
[Sankaranarayanan et.al., 2003, Sreekumar et.al., 2003, Shi et.al., 1999, & Shafi
et.al.,, 1997] is a rapid and efficient method for eliminating solvents and volatile

species and sintering a wide range of materials.
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1.6 MANGANESE NANOFERRITES

Superparamagnetism, exchange bias, and disordered surface spins are among
the unique features of spinel nanocrystalline cubic ferrites. Chemical compositions,
preparation methods, dopant ions, particle sizes and shapes can all influence the
optical, magnetic, and electrical properties of soft mixed nanoferrites [Kumar et.al.,
2010].

The soft Mn-Zn mixed nanoferrites feature a cubic inverse spinel structure
with two distinct sublattice sites, namely tetrahedral-coordinated sites and octahedral-

coordinated sites.

Because of their enormous size, all Co?* (0.65 A) ions prefer to occupy
tetrahedral positions in the spinel cubic structure, whereas Mn?* (0.83 A) ions prefer
to occupy octahedral sites. Although MnFe,O4 nanoparticles generated by a variety of
chemical processes are generally not complete inverse spinels, they do exist [Ghosh

et.al., 2019].

The type of dopant ions, preparation procedures, and cationic distribution
between sublattices all have a big impact on the magnetic, optical, and dielectric
properties of cubic spinel ferrites. Because diamagnetic Co?* ions occupy tetrahedral
sites, Mn?* jons cannot migrate from octahedral locations. As a result, Mn?* ions enter
octahedral sites, and the presence of diamagnetic Co®" ions in tetrahedral sites (50
percent) substantially changes different physical properties. In the nanoscale, cubic
spinel MnosCoosFe;O4 ferrite has dilute magnetic properties and good dielectric

responses [Gopalan et.al., 2010].
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1.7 LANTHANIDES

Rare-Earth (RE) elements, which are f-block elements in the periodic table,
are referred to as "lanthanides.” These elements are not uncommon, but they are
legally required to occur in equal amounts in nature and are difficult to distinguish
from one another. In the periodic table, the RE elements have 15 Lanthanide elements

with atomic numbers 57-71 [Cotton et.al., 2006 & Kittel et.al., 2005].

Spin coupling of the 3d electrons, which comes from Fe— Fe interactions,
governs the conductivity and magnetic characteristics of spinel ferrites. The R—Fe
interactions develop when Fe®* ions of spinel ferrites are partially substituted/replaced
by rare earth ions (R®*"), which belong to the 4f element series, resulting in 3d—4f
coupling. The addition of rare-earth ions to these base ferrites significantly alters the
ferrites' electromagnetic characteristics. The interaction between 3d-4f electrons
caused by rare earth elements affects the ferrite’s electrical and magnetic properties,
resulting in magnetic anisotropy, also known as magneto-crystalline anisotropy. R can
be divided into two groups based on their ionic radii. The radius of R®" ions is very
near to that of Fe®* ions in the first class, and the rare-earth ions will enter the spinel
lattice soon. The radius of R3* ions is greater than that of Fe* ions in the second class,
and the rare-earth ion cannot enter the spinel lattice unless a low quantity of R* is
utilised. When large concentrations of RE are used in the preparation of ferrites,

secondary phases can occur [Ahmed et.al., 2013].

In recent years, ferrite materials have been the subject of a slew of studies. The

ferrite’s exceptional features, including as high saturation magnetization, enormous
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permeability at high frequencies, and remarkably high electrical resistivity, have been
intensively explored. Electrical, dielectric, and magnetic properties of Co & Mn
ferrites containing R [Lanthanum and Gadolinium] are important in the design of
microwave, electronic, magnetic, and electrochemical devices, among other things.
Rare-earth-doped cobalt and manganese ferrites have low eddy current losses; no
other known material has as broad a range of uses in power production, conditioning,
and conversion as rare-earth-doped cobalt and manganese ferrites. In such
applications, boosting electrical characteristics and increasing the dielectric of rare-
earth-doped cobalt and manganese ferrites would be beneficial. The electrical
properties of rare-earth-doped cobalt and manganese ferrite at room temperature, on
the other hand, are dependent on the synthetic condition, chemical composition,
reactive/processing atmosphere, and the ions that substitute Fe**/Fe?* ions [Opuchovic
et.al., 2015, Inbanathan et.al., 2014, & Meng et.al., 2012].
1.8 APPLICATIONS OF NANOFERRITES FERRITES

Ferrites are widely employed as a vital component of electronic inductors,
transformers, and electromagnets in our daily lives due to their high electric
resistance, which results in very low eddy current losses. Ferrite powders, which have
a spontaneous magnetic moment below the Curie temperature, are also utilised in the
coatings of magnetic recording tapes, radars, and stealth-aircraft coatings. Because of
their widespread use in our daily lives, more research is being conducted to determine
their properties and applications in a variety of fields such as magnetic drug
discovery, photocatalysis, and enzyme mimics. The role of ferrites and ferrates as
adsorbents for the removal of environmental toxins is a novel application of ferrites

and ferrates. As a result, Figure 1.11 depicts numerous ferrites applications.
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Figure 1.11 Applications of Ferrites in Different Areas
1.9 AIM OF THE PRESENT INVESTIGATION
The goal of this study is to produce lanthanides doped nanoferrites and
investigate their microwave absorption, magnetic, and electrical properties. The goal
of this study was based on the review fundamentals.
The following are the specific aim of this work:
« To make lanthanide-doped cobalt and manganese nanoferrites as
ColLaxFe>.xO4, MnlLaxFe,xOs and CoGdxFe2-xOs, MnGdxFez-xOs
(X=0.00, 0.02, 0.04, 0.06, 0.08 rare-earth concentration).
« To investigate the structural, optical, magnetic, and electrical properties of

lanthanide-doped cobalt nanoferrites.
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To investigate the electromagnetic absorption properties of cobalt and
manganese nanoferrites doped with gadolinium.

To evaluate the effect of addition of gadolinium to manganese nanoferrites
on the improvement of magnetic, dielectric and optical properties of

nanoferrites.
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CHAPTER -II

REVIEW OF LITERATURE

2.1 INTRODUCTION

In recent years, rare earth doped nanoferrites with unique electronic and
magnetic properties have drawn significant attention in different fields. As an
important metallic material of the rare-earth  nanoferrites reveal newly promising
applications in several technical fields including Electro Magnetic Radiation,
Telecommunication system, solar cell, gas sensing and electr magnetic sheilding.
However, the synthesis of nanoferrites well supported nanoferrites remains a valued

research area.

2.2 LANTHANUM DOPED COBALT NANOFERRITES

Demirci et.al., (2018) have investigated the structural, compositional, and
magnetic properties as well as the AC magnetic hyperthermic response of
CoFey«xLaxOs (x = 0.0, 0.2, 0.5) nanoparticles. They have studied the AC magnetic
hyperthermia response. A series of temperature versus time measurements was done
by varying the magnetic eld amplitude, the medium carrier viscosity, and the
nanoparticles' concentration as parameters that governed the heating efficiency. A
decrease of specific loss power was observed with an increase of the viscosity of the
carrier medium for x = 0 and x = 0.25 substituted Co-ferrite nanoparticles. In contrast,
a small increase was observed with the x = 0.1 La®" substituted Co-ferrite
nanoparticles. They have found that the La®* ions substituted into the Fe3* ion sites,

resultingin increased magnetocrystalline anisotropy with x.
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Lawrence Kumar et.al., (2012) synthesized CoFe>.xLaxO4 nanoparticles with
different crystallite sizes by the citrate precursor method. All the XRD patterns could
be analyzed by the Rietveld refinement technique. The cations distribution between
the tetrahedral (A-site) and octahedral sites (B-site) has been estimated by Rietveld
analysis. The refinement results show that La®* ions have strong preference for
octahedral sites (B-sites). The presence of Co, Fe, La and O ions in the sample has
been obtained by EDS with the help of FE-SEM. The saturation magnetization has
been analyzed by the ‘‘Law of Approach (LA)’’ technique. They have found that the
saturation magnetization, magnetic coercivity and magnetocrystalline anisotropy

constants are found to decrease with the increase of La®* concentration.

Rajendran Indhrajothi et.al., (2015) have prepared the Mesoporous CoFe20s4,
and lanthanum ion (La®") substituted CoFe,Os4 nanoparticles of composition
CoLao.osFe1.9404 were prepared by the citric acid and urea assisted combustion
process. The citric acid, urea, and glycerol assisted the foam combustion process,
respectively. The effect of lanthanum ion substitution on the crystallite size, the lattice
parameter, the particle morphology and electrical properties of pristine CoFe20s is
studied using XRD, FTIR, SEM, TEM and impedance spectroscopy. Furthermore,
half-cell charge/discharge performances are studied using cyclic voltammetry and
charge/discharge cycling. They have recommended that; the rare earth ion substitution
improves the structural stability of pristine CoFe.Os4 and enhances the oxidation
reaction, maintaining lithium ions involved in the oxidation and reduction reactions. It
also improved the battery performance; for instance, the specific capacity of La%*-ion-

doped CoFe>04 is 188% compared to the new CoFe204 anode even after 50 cycles.
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NiCoZn-ferrites doped with La3p ions, Nio.3sC00.15ZnosLaxFe-Os were
prepared by Xiaohu Ren et.al., (2014) using the sol-gel method. The effect of the
La3p ions doping on the microstructure, complex permeability, Permittivity and
microwave absorption of the samples was investigated. The results show that all
samples exhibited a well-defined spinel phase when sintered at 1000 °C. With the
increase of the substitution ratio of La3p ions the lattice parameters increased
gradually, which resulted in the change of the particle shape and size. The magnetism
data showed that the addition of La3p ions decreases saturation magnetization (Ms)
and coercivity (Hc). They have reported that La3p ions doped in the ferrite not only

improved complex Permittivity but also microwave absorbency.

Bahhar etal.,, (2018) were synthesized the (ZnFe.xLaxOs ferrite)
nanoparticles with a magnetocaloric effect at low temperatures (<10 K). Sol-gel
technique was employed to synthesize ZnFe;xLaxO4 (x=0.00, 0.001, 0.005 and 0.01)
spinel. Structural, magnetic and magnetocaloric properties of ZnFezxLaxOas spinel
were investigated in detail. The XRD results show that the crystallite size was reduced
with the increase in La®* cations. Magnetic properties and the magnetocaloric
response of ZnFe,«LaxOs ferrite have been studied as a function of La®*
concentration. They have found that the Neel temperature (TN) decreased slightly

with the La®* content.

Furthermore, the magnetic moment decreased with the addition of La®*
cations. The peak of magnetic entropy changes slowly reduced. They suggested a
notable difference in structural, magnetic and magnetocaloric properties of ZnFex-

xLaxO4 due to La doping.
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La-doped nano spinel ferrite compounds were synthesized via the
standardmicelle’s method by Ketan A. Ganure et. al,. (2018). The prepared nano
ferrites were characterized by spectrographic tools such as XRD, FTIR, TGA/DSC
and EDAX, respectively. X-ray diffraction shows well defined cubic spinel structure
with the secondary phase of ortho ferrite LaFeOs. Lattice parameter exhibited gradual
increases with increasing in La®* ion concentrations FT-IR spectra recorded to detect
vibrational bands. SEM analyzed surface morphology. TGA/DSC curves show
calcination temperature, and EDAX confirmed stoichiometry of elements. They have
found that synthesized particle size is in the range of a few nanometers with little

agglomerations through TEM analysis.

Kulkarni et.al., (2018) have prepared La substituted Ni-Co nanocrystalline
ferrites via the sol-gel auto combustion method. NiosCoosLaxFe2.xO4 nanoparticles
were drilled at different percentages of La®* compositions with analytical grade metal
nitrate. The prepared samples were sintered at 400°C and characterized by XRD. The
particle size was determined using Scherrer’s formula. The nanoparticles size of
NiCoFe,04 with the influence of La®*" was found to be in the range of 23.30 to 32.31
nm. They have suggested that the average grain size is found to be constant with

increasing La substitution.

Dascalu et.al., (2013) have been investigated the influence of rare earth (RE)
addition on the structural, dielectric, magnetic and magneto resistive properties of
cobalt ferrite bulk materials. Three lanthanide ions with different ionic radii and
magnetic properties were dopants: Dy, Gd, La. The structural properties of the

sintered samples were investigated using XRD, Raman spectroscopy and SEM. The
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variation of the magnetoelectric response with the applied dc magnetic field was
analyzed through VSM studies. They have reported that the insertion of rare earth
elements influenced the structural characteristics of the samples and their magnetic
and electric properties. And also, they have explained the weaker nature of the RE3p—
Fe3p interaction compared to Fe3p—Fe3p interaction and to the antiferromagnetic
alignment of the REFeO3s second phase observed in the diffraction patterns after the

sintering process.

Copper and rare-earth-doped (RE= La, Gd, Nd) CuFe1.85REo.1504nano ferrite
were prepared by Rajesh kanna et.al., (2018) using the sonochemical method. The
effective doping of rare-earth (La®*, Nd**, Gd®") ions with copper nanoferrites were
confirmed by X-ray diffraction. The tetrahedral and octahedral sites of the
nanoferrites were identified through the FTIR spectra. The doping of rare-earth
elements enhances the optical bandgap energy of the nanoferrites that are observed
through Ultraviolet-DRS spectra. The SEM images indicate a spherical morphology
with agglomeration to some elongate. They have suggested that values of dielectric
constant and conductivity decrease considerably due to doping of rare-earth ions with

copper nanoferrites.

2.3 LANTHANUM DOPED MANGANESE NANOFERRITES

Nanoferrites of Mn—Nd-Cu combinations were synthesized by Rajesh kanna
et.al., (2019) using the sonochemical method. The XRD pattern showed a cubic spinel
structure with its appropriate lattice parameters. FTIR spectra showed the chemical
bond of tetrahedral and octahedral sites in the spinel ferrites. The surface morphology

and elemental composition were analyzed by SEM coupled with EDAX, which
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showed elongated, spherical agglomeration with desired elemental peak. The optical
bandgap energies increased with the inclusion of Nd**, which was investigated using
the UV-DRS. The dielectric parameter decreased with an increase in frequency. The
relatively low AC conductivity values were obtained for the Mn—Nd—Cu nanoferrites.
The hysteresis curve showed that the prepared nanoferrites had a soft magnetic
material with ferromagnetic nature. They have reported that the enhanced optical
bandgap, decreased dielectric loss, and low coercivity of NMC4 indicated that the

prepared nanoferrites could be utilized at super-high frequencies in electronic gadgets.

Pure and La-doped zinc ferrites were synthesized by Tholkappiyan et. al.,
(2014) through the combustion method using glycine as fuel. The prepared
nanoparticles characterized using XRD revealed the formation of cubic spinel phase
with high crystallinity. The average crystallite size, X-ray density and bulk density
were found to decrease with an increase in La3p concentration. The chemical
elements and states on the surface of these ferrites were determined using XPS. The
magnetic behaviour of these nanoparticles was studied using a VSM and
corresponding changes in the magnetic parameters. In the UV-DRS studies, the
optical band gap was found to be in the range of 1.87-1.97eV. They documented that;
the combustion method significantly produces a large number of products within a
short time. Therefore, this method is potentially suitable for manufacturing industries
for preparing magnetic nanoparticles.

Ahsan et. al., (2018) had synthesized manganese doped cobalt ferrite
nanoparticles via standard solid-state reaction route. The XRD spectrum confirms the

formation of the spinel structure of the synthesized samples. The average crystallite
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size is estimated through FESEM. The energy dispersion spectrum showed the
presence of Co, Mn, Fe and O in the prepared sample. Frequency-dependent
dispersion exhibits strange behaviour. A pronounced leftward shift of relaxation peaks
in the distribution was observed in the loss factor tand curve. The fabricated
nanoparticles have shown semiconducting behaviour at a low-frequency regime but a
purely insulating behaviour at a higher frequency regime, indicating a second-order
phase transition. The magnetoresistance of Co112sMno.12sFe1g7504 decreases
monotonically with increasing magnetic field and hence bears the signature of
semiconducting material. However, comparing the transverse and longitudinal
magnetoresistance of the material, they have found that both the magneto resistive
parameters are magnetic field dependent and hence bear the nature of mixed metallic

and semiconducting material.

Elangbam Chitra Devi et. al., (2017) had successfully prepared the La-doped
Mn ferrite MnLaxFe>—xO4 (x = 0.02, 0.04, 0.06, 0.08, 0.10) by adopting the chemical
co-precipitation method. The prepared samples were characterized by analytical tools
such as XRD, FTIR, EDAX and SEM, respectively. XRD and FTIR studies confirm
the single spinel phase formation of the prepared nanoparticles up to 0.10
concentration of Lanthanum. SEM micrographs depicted the morphology of
agglomerated nanoparticles. EDX confirmed the presence of the elements Mn, Fe, La
and O. The behaviour of dielectric constant with the applied frequency follows the
normal behaviour of ferrites and is explained in terms of Maxwell Wagner and
Koop’s model of dielectrics. The frequency variation of ac conductivity of all the

samples further confirms the hopping mechanism of the conduction process in the
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prepared nanoferrites. They had recommended that; this particular method is suitable
for the effective synthesis method for preparing single spinel phase La-doped Mn

ferrite nanoparticles at low cost and time.

Humaira et. al., (2013) had effectively achieved the Mn-Zn doped with Cd?*
(Mno.sCdxZnos-xFe204) nanoferrite powders using the sol-gel auto- combustion and
coprecipitation methods. The effect of Cd?* doping on the crystalline phase was
investigated by XRD, which confirms the spinel structure of prepared samples.
Crystallite size was found to be lower for samples prepared by the coprecipitation
method. The samples prepared using coprecipitation were found to be denser as
compared to the sol-gel process. SEM analysis confirmed the nanostructure of the
prepared samples. Dielectric properties were studied using impedance analyser and
RF material analyser, respectively. DC electrical measurements showed a highly
resistive nature of the prepared samples, and values are high for samples prepared
from the sol-gel method. Impedance spectroscopic analysis for the prepared samples
shows the resistance of grain boundary is more elevated than grains. They reported
that the high resistance of samples is due to an increase in the number of grain

boundaries in the nano synthesised samples.

Prashant Thakur et. al., (2016) had prepared MngsZnosLaxFe>—«xOs (X=0,
0.025, 0.050, 0.075, 0.1) nanoferrites by co-precipitation method. The structural,
morphological and elemental study has been performed using XRD, FTIR, FESEM
and EDS. Different structural parameters (crystallite size, interplanar spacing and
lattice constant) have been calculated from XRD. The formation of cubical spinel

structure has been confirmed from XRD and FTIR. Magnetic properties have been
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investigated using VSM. Maximum saturation magnetization and magnetic moment
have been obtained at x=0.050. The results are attributed to the solubility of La in
Mn—Zn ferrite and the size of nanoparticles. For x=0.050, a blue shift in absorbance
and photoluminescence measurements has been observed due to quantum
confinement. They have concluded that the doping of La ions in Mn-Zn nanoferrites
results in the Maximum saturation magnetization and magnetic moment.

Spinel Mn1xCuxFe1gs5L.ao.1504 nanoferrites were synthesised by Rajesh Kanna
et al. (2017) via the sonochemical method. The effect of La®* on the structural,
optical, dielectric and magnetic properties of Cu—Mn nanoferrites was investigated
through various characterisation techniques. XRD results showed the prepared
nanoferrites to have a face-centred cubic spinel structure with an average crystal size
of 26-58 nm. The FTIR spectra showed the presence of two absorption bands related
to tetrahedral (537, 588 and 700 cm™?) and octahedral (450 cm™) group complexes
within the spinel ferrite lattice system. XPS spectra confirmed the elements and
oxidation states of Cu 2p, La 3d, Fe 2p, Mn 2p and O 1 s elements. The surface
morphology of the nanoferrites revealed a spherical shape, and the elements of the
prepared nanoferrites uniformly arose with the designed chemical formula, which
SEM confirmed with EDAX analysis. The optical bandgap energy values (5.23-5.42
eV) of the nanoferrites were examined from the observed wavelength (228-237 nm)
of UV-DRS. The dielectric measurements showed a low dielectric constant and
dielectric loss. They had reported, these nanoferrites were made up of soft magnetic

material and had a ferromagnetic nature.
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La3* substituted Mn-Zn nanoferrites with composition Mng.sZno.sLaxFez-xOa (X
=0.0. 0.2) have been prepared by Sanjeev Kumar et al. (2017) using the sol-gel auto-
combustion technique. The structure of the synthesized samples has been analyzed
using the XRD, which confirmed the single-phase formation. The augment trend in
the lattice parameter (8.37-8.39 A) has been observed with the substitution of La®*
ions in the Mn-Zn nanoferrite. In addition, they had found that the investigation of dc
resistivity shows the semiconducting nature of prepared nanoferrites.

2.4 GADOLINIUM DOPED COBALT NANOFERRITES
Asif Igbal et. al., (2013) have been synthesized Lii2Mgos GdxFep-xy Oa

(X=0.00, 0.02, 0.04, 0.06, 0.08, 0.10) ferrites via sol-gel auto combustion technique
and reported the Effect of Gd on physical and magnetic properties of Li—Mg ferrites.
XRD analysis reveals the fcc phase in all the samples, along with a few traces of the
second phase. Due to the Partial solubility of Gd-ions in the lattice, the constant lattice
increases initially and then decreases with Gd's substitution. It is revealed from M
(H)-loops that magnetization follows decreasing trend; however, coercivity increases
with Gd substitution. The decreasing trend of saturation magnetization is attributed to
the weakening of exchange interactions. However, the increase in coercivity with
substitution of Gd concentration is attributed to the presence of an ultra-thin layer at
the grain boundaries. They have found that Li—-Mg ferrites have a high value of

coercivity, can be suitable for high-frequency microwave absorption.

Muhammad Shahid et al. (2017) has been synthesized the Nanoparticles of
gadolinium (Gd**) and cobalt (Co?*) doped manganese spinel ferrites by the
microemulsion method. TGA, XRD, magnetic hysteresis, FTIR and dielectric

measurements were done to study the variation in manganese ferrite with Co?* and
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Gd** substitution and their effect on lattice parameters. The phase development
identified by XRD showed the cubic nature of the fabricated material. Magnetic
properties showed a definite S-shaped hysteresis loop at room temperature for all
compositions. This increase could be explained by the substitution of Fe** ions with
Gd** ions. Gd** ions have a very high value of magnetic moment due to seven
unpaired electrons. FTIR spectra exhibited two major frequency bands and confirmed
cubic spinel structure. They achieved nanoparticles with a decrease in dielectric loss

and dielectric constant with the increase in substitution.

Gadolinium substituted cobalt ferrite CoGdxFe>—«O4 (x=0, 0.04, 0.08) powders
have been prepared by QingLin et al. (2015) through the sol-gel auto combustion
method. XRD result indicates the production of a single cubic phase of ferrites. The
lattice parameter increases, and the average crystallite size decreases with the
substitution of Gd**ions. SEM shows that the ferrite powers are nanoparticles.
Mossbauer spectra display its ferromagnetic behaviour. They have found that the

saturation magnetization decreases, and the coercivity increases by the Gd** ions.

Murugesan et al. (2015) studied the influence of Gd*" substitution in the
structural, magnetic and electrical properties of cobalt ferrite synthesized using the
sol-gel auto combustion method. The XRD analysis reveals that the Gd-substituted
cobalt ferrites crystallize in a single-phase spinel structure for lower concentrations of
Gd*", while a trace of GdFeOsappears as a minor phase for higher concentrations.
Raman and FTIR spectra confirm the formation of spinel structure. Furthermore,
Raman analysis shows that the inversion degree of cobalt ferrite decreases with Gd**

doping. The FE-SEM images show that the substitution of a small amount of Gd®*
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causes a considerable grain size reduction. Studies on magnetic properties reveal that
the coercivity of Gd substituted cobalt ferrites enhances, and the saturation
magnetization decreases monotonically. The electrical properties show that the Gd®*
doped samples exhibit high values of dielectric constant (616 at 100 Hz) and ac
conductivity (4.83x10-5 S/cm at 100 Hz) at room temperature. The activation energy
is found to decrease from 0.408 to 0.347 eV for the rise of Gd** content. The
impedance study brings out the role of bulk grain and grain-boundary towards the
electrical resistance and capacitance of cobalt ferrite. They have found that the Gd-
substitution and nano size of cobalt ferrite enhance the electrical and magnetic

properties, which could ensure a higher memory storage capability.

Erum Pervaiz et al., (2013) have been synthesized a series of Gd*" doped
nanocrystalline Co-ferrites CoGdxFe>xO4 (X =0.0 to 0.1) by sol-gel auto combustion
technique. Structural and morphology studies were performed using XRD and SEM,
respectively. Indexed XRD patterns confirm the formation of the pure cubic spinel
phase. Average crystallite sizes ranging from 16 nm to 25 nm +2 was calculated from
Sherrer’s formula and Williamson Hall plots. Crystal strain increases with an increase
in the doping amount of trivalent Gd ion. Lattice constant (a) and crystallite size D
(311) increases with increase in Gd** concentration due to large ionic radii (0.94nm)
of Gd** replacing Fe3* (0.64nm). SEM images show the spherical morphology and
uniform size distribution. Room temperature DC electrical resistivity decreases
(~106) for x=0.025 then increases up to x=0.1 ~ (4.5x107). Dielectric properties have
been studied using an RF Impedance/material analyzer in the frequency range of 1
MHz to 1GHz. All the studied samples show a semiconducting behaviour as

Permittivity and tangent loss (tand) decreases with the substitution of Gd®" in the
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parent crystal structure. Magnetic studies by VSM shows that magnetization (Ms)
decreases with an increase in Gd** concentration. They reported that the Coercivity

(Hc) first decreases for x=0.025, after which it increases to 2308 Oe for x=0.1.

CoFex—xGdxOs (0.0 < x >0.1) nanoparticles were synthesized by Raghvendra
Singh Yadav et. al.,, (2015) through the starch-assisted sol-gel auto-combustion
method. Powder X-ray diffraction patterns revealed the formation of cubic spinel
ferrite with the signature of the GdFeOs phase at a higher Gds+ concentration. The
FESEM study demonstrated the spherical nanoparticle in size range 4-10nm. Raman
and FTIR spectra supported the formation of the spinel ferrite structure in the
nanocrystalline form. The XPS analysis confirmed the presence of Coz+ and Fe3* at
the octahedral site as well as the tetrahedral site in CoFe, xGdxOs (X = 0.05)
nanoparticles. The distribution of Fe** ions was obtained to be about 73 % in the
octahedral sites and about 27 % in the tetrahedral sites. They have reported that the
distribution of Co?* ions at the octahedral and tetrahedral sites were 78 and 22 %,

respectively.

2.5 GADOLINIUM DOPED MANGANESE NANO FERRITES

Manganese (Mn*?) doped spinel cobalt ferrites nanoparticles (NPs) with
composition (MnxCo1.xFe204 where x = 0.2, 0.4, 0.6 and 0.8) were synthesized by
Rihab Jabbar et al. (2019) through the sol-gel precipitation method. The structural,
dielectric and magnetic properties were characterized via XRD, FTIR, LCR meter,
and VSM, respectively. The average crystallite size (D) was found to increase from
10.79 nm to 14.18 nm with increasing the Mn*2 doping ratio from (0.2 to 0.6) then

decrease to 9.95 nm with further increasing of Mn*? to (0.8). FTIR spectrum
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confirmed the formation of the spinal structure of ferrite, assigned to the octahedral
complexes and (513.08 — 574.81 cm™) assigned to tetrahedral complexes. The
hysteresis loop obtained from VSM indicated the formation of soft magnetic material
and the saturation magnetization decrease from 56 emu g*. They have found that the
dielectric properties of samples were decreased with increasing the doping ratio.

Undoped and rare earth substituted manganese ferrite (MF) nanoparticles,
MnooRo.1Fe204 (Where R = Nd, Pr, Eu and Gd) were synthesized by Mohd Mohsin
et. al., (2018) via sol-gel technique. The structural, morphological and magnetic
properties of the as-synthesized samples were determined and characterized by XRD,
FTIR, TEM and VSM, respectively. The XRD spectra reveal the formation of the
single-phase cubic spinel structure. The average crystallite size was found to be in the
range of 8.19-21.4nm and is consistent with the results of TEM. Also, the lattice
parameter increases with the rare earth (Pr, Nd, Eu, and Gd) substitution.

Furthermore, DC electrical resistivity as a function of temperature was studied
using the two-probe technique and found to decrease with an increase in temperature,
which reveals the semiconducting nature of the samples. Simultaneously, the optical
analysis shows significant decreases in bandgap energy with rare-earth content and
ranging from 2.03 to 1.73eV. It is also seen that rare earth substituted manganese
ferrites show soft ferrimagnetic behaviour, and saturation magnetization decreases
with the substitution of rare earth. They have suggested that this have expected
application in magnetic hyperthermia for cancer therapy and various other

applications.

Gd*" ion-substituted manganese ferrite nanoparticles MnGdxFe2xO4 (x=0.0,

0.05, and 0.1) were synthesized by Murugesan et. al., (2015) using sol-gel auto
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combustion method. TG-DTA result reveals that the prepared sample is thermally
stable above 300°C. Structural and morphology studies were performed using XRD,
FTIR and SEM, respectively. Indexed PXRD patterns confirm the formation of pure
cubic spinel structure. The average crystallite sizes calculated using Sherrer’s formula
decreased from 47nm to 32nm, and the lattice constant was enhanced from 8.407A to
8.432A. The FTIR spectrum of manganese ferrite shows a high-frequency vibrational
band at 564 cm ™ assigned to the tetrahedral site. Alow-frequency vibrational band at
450 cm! assigned to an octahedral site shifted to 556 cm™ and 439 cm™ for Gd**
substitution and confirm the incorporation of Gd** into manganese ferrite. SEM
analysis shows the presence of agglomerated spherical shaped particles at the surface.
Room temperature dielectric and magnetic properties were studied using broadband
dielectric spectroscopy (BDS) and vibrating sample magnetometry (VSM). They have
found that the Frequency-dependent dielectric constant, ac conductivity and tan delta
were found to increase with Gd* ion substitution. They have found that the saturation
magnetization decreases with an increase in Gd*" concentration, and coercivity

decreases gradually.

Nanocrystalline powders of Gadolinium (Gd**) substituted nickel ferrite spinel
(NiGdxFe2-xO4: x = 0.00, 0.025, 0.050, 0.075 and 0.1) samples were synthesized via
sol-gel Method by Maria Lumina Sonia et. al., (2018). The structural,
morphological, magnetic and dielectric properties of the synthesized nanoparticles
were examined by XRD, FTIR, HRSEM, EDX, TEM, VSM and dielectric studies.
The crystallite size of NiGdxFe2.xO4 samples was found to decrease from 25 nm to 11

nm with an increase in Gd** content is well correlated with the data obtained from
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HRTEM. Lattice parameters decrease, and lattice strain increases with the increase in
Gd** content in the sample. HRSEM images analysis confirms the stoichiometric
presence of expected elements in the samples. Magnetic studies of the samples were
performed magnetization values were achieved by using the “Law of Approach (LA)
to Saturation magnetization” technique. Specific correlation between magnetic
interaction and lattice strain was observed in VSM, in which magnetizations (Ms)
decrease with an increase in Gd** concentration from 36.51emu/gm to 19.69emu/gm.
They have reported that the gadolinium content was gradually increased, coercivity
and remnant magnetization were also decreased. Magnetic anisotropy of nickel ferrite
was also found to decrease with increasing gadolinium content. Dielectric parameters
such as dielectric constant and dielectric loss of the prepared samples decrease with

the increase of applied frequency and Gd** doping concentration.

Jagdish Chanda et. al., (2011) have been prepared MgGdxFezxOs
nanoparticles by solid-state reaction technique. The microstructures, electric,
dielectric, and magnetic properties have been investigated using X-ray diffraction,
Keithley 2611 system, impedance analyser, and VSM. Two orders of magnitude
increase the dc resistivity as compared to Mg ferrite. Saturation magnetization has
been increased by two times, and remnant magnetization has been increased by more
than three times due to the doping of Gd®* ions in Mg ferrite. The relative loss factor
was found to have very low values and is of the order of 10—4-10-5 in the frequency
range 0.1-30 MHz. The variations of electric, dielectric and magnetic properties of
the samples have been studied as a function of frequency and Gd** ions concentration

measured at room temperature. They have recommended that the addition of
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Gadolinium in Mg ferrite has been shown to play a crucial role in enhancing the

electric, dielectric and magnetic properties.

The dielectric and electrical properties of praseodymium substituted MnFe2O4
ferrite as a function of frequency (1 MHz to 3 GHz) at room temperature have been
studied by Muhammad Tahir Farid et. al., (2017). The dielectric constant, complex
dielectric constant and loss tangent of these samples decreased with an increase of the
praseodymium concentration. The values of the activation energy, calculated from the
direct current conductivity, increase with the substitution of praseodymium, which
suggests that the conduction mechanism in the present ferrite system is due to polaron
hopping. They have indicated that the prepared spinel ferrites are suitable for power

applications and high-frequency multilayer chip inductors.

Mohd Mohsin et. al., (2018) were prepared the undoped and rare earth
substituted manganese ferrite (MF) nanoparticles MnogRo.1Fe204 (where R=Nd, Pr,
Eu and Gd) via synthesized by sol-gel technique. The structural, morphological and
magnetic properties of the as-synthesized samples were determined and characterized
by XRD, FTIR, TEM and VS, respectively. The XRD spectra reveal the formation of
the single-phase cubic spinel structure. The average crystallite size evaluated from
XRD data was found to be in the range of 8.19-21.4nm and is consistent with the
results of TEM. In addition, the lattice parameter is found to increase with the rare
earth (Pr, Nd, Eu, and Gd) substitution. DC electrical resistivity as a function of
temperature was studied by using the two-probe technique and found to decrease with
an increase in temperature, which reveals the semiconducting nature of the samples.

Simultaneously, the optical analysis shows significant decreases in bandgap energy
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with rare-earth content and ranging from 2.03 to 1.73eV. They have found that rare
earth substituted manganese ferrites show soft ferrimagnetic behaviour and saturation
magnetization decreases with the substitution of rare earth. Because of the soft
ferrimagnetic behaviour, it has expected application in magnetic hyperthermia for

cancer therapy and various other applications.

MnGdxFe>xO4 nanoferrites with varying Gd concentration (x = 0.02, 0.04,
0.06, 0.08 and 0.10) were synthesized by Elangbam Chitra Devi et. al., (2017) at low
temperature facile co-precipitation method. XRD analysis of the prepared nanoferrites
crystallizes in the spinel structure without any secondary phases. The observed
increasing trend in the lattice constant reveals the partial substitution of Gd3*ions in
place of Fe®* ions in the spinel structure. The frequency dependence of dielectric
constant and dielectric loss tangent for all the compositions shows the usual
dispersion behaviour at lower frequencies. The doping concentration of Gd also
affects the dc resistivity of the nanoferrites. The overall dc resistivity of MnGdxFe».
xO4 nanoferrites increases with Gd concentration. They recommended that this
particular method is a very simple and effective technique for synthesising pure spinel

phase MnGdxFe2-«O4 nanoparticles.

Spinel ferrite: Mn1.xCuxFe1.85Gdo.1s04 (x = 0.2, 0.4, 0.6 and 0.8) was
synthesized by Rajesh Kanna et. al., (2018) using sonochemical method. The
structure, optical, morphology, dielectric and magnetic properties of the prepared
Mn1.xCuxFe1.85Gdo.15s04 nanoferrites were exhaustively investigated using various
characterization techniques. The phase purity, secondary phase and crystallite

parameters were studied from XRD patterns. FTIR spectra showed two absorption
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bands of transition metal oxides in the frequency range from 400 to 650 cm™, which
are related to asymmetric stretching modes of the spinel ferrites. Raman spectra have
five active modes illustrating the vibration of O?* ions at both tetrahedral (A) site and
octahedral (B) site ions. The presence of Mn, Cu, Gd, Fe, C and O elements in the
composition were confirmed through XPS spectra. The influence of the Cu?
concentration in Mn1.xCuxFe1.85Gdo.1504 on the morphology, varying from nanorods,
nanoflakes to spherical, was explored based on SEM images. UV-DRS studies
indicated that the optical bandgap (5.12-5.32 eV) of the nanoferrites showed an
insulating behaviour. The dielectric constant, loss tangent and complex dielectric
constant values decreased with an increase in frequency with the addition of Gd®*
content. VSM studies showed that the prepared nanoferrites had a soft ferromagnetic
nature. The magnetic parameter changed markedly with an increase in the Cu content
in Mn1.xCuxFe1.85Gdo.1s04 nanoferrites. They have shown clearly that the optical,
dielectric and magnetic properties were considerably enhanced with the addition of

Gd*" ions in the spinel nanoferrites.

2.6 CONCLUSION

A detailed literary study of synthesis, properties and application of rare-earth
doped nanoparticles was carried out in this chapter. Considerable particulars are
collected on study methodology, structural, optical, morphological and photo catalytic
study of sol-gel method of rare-earth doped nanoferrites and enlisted for the better

understanding of the objectives formed.
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CHAPTER- 11l

EXPERIMENTAL METHODS AND
CHARACTERIZATION TECHNIQUES

3.1 INTRODUCTION

The interest in research on nanoparticles is due to its unique properties in all
sectors and also its resistivity, efficiency, strength, hardness, conductivity, chemical
reactivity, various and versatile biological activity. The main reason for increase in
interest in the nanoferrites, because the particles are widely used in semiconductor,
catalysts, chemical sensing device, pharmaceutical applications and treatment,

batteries, storage devices, cosmetics and microbiology.

Nanoferrites such cobalt, manganese and rare-earth have often attracted
attention due to Electro Magnetic Radiation and Electro Magnetic Shielding
properties which can be used in many applications. Nanoferrites with distinctive
optical, electrical,magnetic and dielectric properties. It is used for various applications
such as sensor, magnetic storage media, electronic and electrical materials, super
capacitor and semiconductor. The preparation of these nanoferrites is one of the most
important their sizes, controlling particles size, morphology and crystalline. The
different preparation method was developed; some of the most well-researched
approaches such as sonochemical method, Hydrothermal method, Solvothermal
method, Co-Precipitation methos, Electro chemical method, Micro emulsion method,

Chemical precipitation method, Microwave irradiation and Sol-gel method.

Experimental Methods and Characterization Techniques
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The synthesis methods are important for nanomaterial qualities since they
allow for the control of nanoparticle size and shape, as well as the mechanical
strength and solidity that these nanoparticles provide. Although numerous electrical
resistance syntheses have been used to distinguish between the differences in the
exhaustive compilation of nanoferrites and the general particle size of the product, the

most appropriate ways are described below.

X4

Hydrothermal method

L)

X4

Polyol or gel evaporation method

L)

A X4

Solvothermal method

R/
A X4

Spray pyrolysis method

X4

Sol-gel method

L)

The Sol-gel method, in comparison to other approaches, uses an
environmentally benign reaction medium and offers a number of advantages,
including mild reaction conditions, low energy usage, and easy equipment. The
present study used the sol-gel method to synthesise nanoferrites since it is a simple
and cost-effective technology. The various materials and methods for preparing and
characterising lanthanides doped cobalt and manganese nanoferrites are discussed in

this chapter.

3.2 CHEMICAL METHODS

Hydrothermal, Solvothermal Synthesis, Co-precipitation, Gel-Evaporation
Method, and Sol-gel Method are some of the chemical processes utilised to prepare

lanthanides doped cobalt and manganese nanoferrites.
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3.2.1 Hydrothermal Method

The hydrothermal process is strongly linked to the appearance and
development of nanomaterials. The first publication on the hydrothermal process is
from the mid-nineteenth century, when quartz particles were submicrometric to
nanometre-sized. The hydrothermal process produces nanomaterial at a range of
temperatures from low to high. The hydrothermal technique is characterised as a
broad-range chemical reaction in a solvent enclosed in sealed containers, in which the
temperature of the solvents in this system produces heat at the same time as its
stressed points. When water is utilised as a solvent, this sort of synthesis is known as

the hydrothermal technique.
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Figure 3.1 Hydrothermal Synthesis
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The Hydrothermal method is rapidly becoming one of the most important
instruments for advanced materials processing, particularly Experimental techniques,
due to its suitability for processing nanostructured materials for a wide range of novel
applications, including gadgets, optoelectronics, catalysis, ceramics, magnetic data
storage, biomedical, biophotonics, and so on. The hydrothermal technique is a
standout among the most appealing methods for processing nano-hybrid and
nanocomposite materials because it not only aids in the preparation of monodispersed
and highly homogeneous nanoparticles, but it also aids in the preparation of
monodispersed and highly homogeneous nanoparticles. The phrase hydrothermal
comes from the geological term hydrothermal. Any heterogeneous reaction in the
presence of aqueous solvents or mineralizers at high pressure and temperature settings
to dissolve and recrystallize materials that are generally intractable under ordinary
conditions can be described as this process. (Byrappa K etal., 2001). Any
heterogeneous chemical reaction in the presence of a solvent above room temperature
and a pressure greater than 1 atm in a closed system is defined as a hydrothermal
reaction (Morey G. W et.al., 1913). It has an interesting edge over conventional
technologies among the various breakthroughs available now in advanced materials

processing.

This sophisticated materials approach has numerous benefits and can be used
to achieve high product purity and homogeneity. Single-step processes, narrow
particle size distributions, lower sintering temperature, a wide range of chemical
compositions, sub-micron particles with a narrow size distribution, using simple
equipment, lower energy requirements, fast reaction times, lowest residual time,

polymorphic changes, with low to ultra-low solubility, and a large group of different
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uses can all be achieved. This method relies on the solubility of practically all
inorganic substances in water at high temperatures and pressures, which causes the
dissolved material to crystallise and separate from the fluid. Water at high
temperatures plays a crucial role in the transformation of precursor materials. The
main parameters in hydrothermal processing are pressure, temperature, precursor

concentration, and reaction time.

3.2.2 Polyol or Gel-Evaporation Method

The solid predecessor is liquid polyol, which is either very soluble (nitrate,
acetate, and chloride) or relatively soluble (nitrate, acetate, and chloride) (oxide,
hydroxide). The solution or suspension may be agitated at a specific temperature and
is simple to convert to a metal that is less likely to lower the polyurethane reaction's
boiling point at low temperatures. They are hydrogen-based fluids with strong
permeability in water and monoalcohol because polyols are intriguing among non-
aqueous solvents and can dissolve ionic mineral substances. Furthermore, while
polyols and mono alcohols are fewer reducing agents, they can reduce atmospheric
pressure by up to 250 degrees Celsius in solvents. Because of their chelating
capabilities, polyols are comparable to diols in that they coordinate liquids with a
wide range of complexity points. As a result, they can form reactive intermediate
kinds on one side while preventing other liquids from collecting on the developing

particles' surface.
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Figure 3.2Gel-Evaporation Method

When metal-containing compounds are combined in poly ethylene glycols, the
ethylene glycol serves as both a dissolvable and a reducing agent. (Yugang Sun
et.al.,2003).With the end objective of obtaining materials with well-defined particle
size, morphology, stoichiometry, and polymorphic phase, maintaining control over
the fundamental processes that regulate particle formation, namely nucleation,
growth, and agglomeration, is critical. The local variables that each particle
encounters in its environment have a significant impact on these basic procedures;
every little temperature or chemical-specific fluctuation around the growing particle
specifies new needs, forcing each particle toward a different shape, size, or phase.
Indeed, by raising the batch size, for example, from a few millilitres to several litres,
the precise local control over the transport processes is severely harmed. As a result,

when things are scaled up, the optimum features of small-batch products vanish. As a
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result, the option of boosting production by merely raising batch size while preserving

quality is no longer viable: the reactor volume must be kept similarly modest.

3.2.3 Co-Precipitation Method

The needed metal products, known as soluble salts, are isolated from the
general medium in the co-precipitation system, commonly as hydroxides, carbonates,
oxalates, and citrates. In the case of oxidation and metal carbonates, because an acid
dissolves them. To manufacture the final product of the residue acquired after drying,
the required temperature in the atmosphere is required. The temperatures at which the
precipitates degrade are superior to the high temperatures used in the ceramic

approach. The co-precipitation process is a straightforward way to package powder.
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Figure 3.3 Co-precipitation Method

Experimental Methods and Characterization Techniques

Page 56



Chapter - 111

This method is a simple and flexible way to include nanomaterials from
aqueous salt solutions to expand a base at room temperature or at a higher temperature
in an inert atmosphere (Ramasubba B et.al., 2014). The type of salts utilised (e.g.,
chlorides, sulphates, nitrates), the ratio, the reaction temperature, the pH value and
ionic strength of the media, and the mixing rate with the base arrangement used to
trigger the precipitation all influenced the form, size, and arrangement of the
nanomaterials. Co-precipitation has been frequently used to deliver metal
nanoparticles with precise sizes and antibacterial properties. Metallic oxide particles
can also be utilised in high-speed compounds to promote continuous and large-scale
collective precipitation.

3.2.4 Solvothermal Synthesis Method

The solvothermal method is similar to the hydrothermal method, except
instead of water, organic solvents are utilised in the synthesis process. The reactions
are also known as alcohothermal and glycothermal, respectively, because alcohols and
glycerol are utilised as reaction mediums. These synthetic approaches are critical for
creating NCs with good crystal characteristics. During the solvothermal approach,
which uses a reaction mixture in sealed vessels, the chemical reaction dissolves at a
temperature near boiling. This state improves solvent efficiency in dissolving solids
and speeds up radical reactions. Precursors and other ventilators, such as solvents, are
loaded at the precise rates in the autoclave of an oven arc at a specific temperature in
everyday practise. The water and alcohols used by the samples are removed, dried,
and vacuumed before the final product is formed. The main advantage of this method
is to use any material to dissolve any motion by increasing temperature and pressure

for its central point.
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Figure 3.4 Solvothermal Process

Solvothermal synthesis is a method for producing a wide range of materials,
including metals, semiconductors, and pottery. (Anandan K etal., 2012). The
procedure includes the utilization of a dissolvable under direct to high weight
(regularly between 1 atm and 10,000 atm) and temperature (generally between 100 °C
and 1000 °C) that encourages the connection of precursors during Synthesis. If water
is utilized as the solvent, the method is called "hydrothermal synthesis."Under
hydrothermal conditions, amalgamation is normally done below the water's

supercritical temperature. (374°C).

The technique can be used to plan nanoparticles, bulk powders, single crystals,
and nanocrystals, among other geometries. Furthermore, by manipulating solvent
supersaturation, chemical of interest concentration, and Kkinetic control, the surface
morphology morphologies of the crystals generated, such as sphere (3D), rod (2D), or
wire (1D), may be regulated. The method can be used to create thermodynamically

stable and metastable states, as well as unique materials that are difficult to build from
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conventional materials. Many shapes, including spheres, rods, tetrapods, and
teardrops, can be included into Quantum dots in this manner by manipulating the
temperature, concentration, and reaction time. Furthermore, a shell of one
composition (for example, Co) can be grown on top of a core of another nanocrystal
(e.g., Mn). By adjusting the concentration after the initial growth, the core can also be
used as a seed to generate larger particles. Many quantum dot applications are
optimised by size and shape control in this technology, and solvothermal synthesis is
a fundamental breakthrough for achieving this control.
3.2.5 Sol-Gel Method

The solution eventually transforms into a gel-like diphasic system, containing
both liquid and solid phases, in this chemical reaction. These two phases have
morphologies that range from discrete particles to continuous polymer networks. The
sol-gel strategy is a low-temperature method that is also inexpensive. The chemical
makeup of the object can be adjusted using this method (Ghazaleh Allaedini et.al.,
2015). The arrangement can be doped with organic colours and rare earth elements
using this technique. The dopants are evenly distributed throughout the finished
product. This method can be used in the processing of ceramics and the production of
metal oxide nanoparticles. This technique's nanomaterials have a wide range of

applications in electronics, medicine, separation technology, and optics.
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Figure 3.5 Sol-gel Processes

3.2.6 ADVANTAGES OF SOL-GEL METHOD

The ability to synthesise nanoparticles of compounds that are unstable around
the melting point, as well as the ability to synthesise high-quality nanoparticles, are
two advantages of the sol-gel synthesis process.

The benefits of using the sol-gel process to prepare metals or metal oxides
have recently become popular. This is because the resulting powder does not require
any additional high-temperature calcinations, preventing contamination of the
nanoparticles. Any operating temperature, pressure, or reaction way effects the shape
and size of the particle during the time spent preparing nanopowder using the sol-gel
process. The Sol-gel process has reached a desired operating condition, in which the
materials attempt to avoid experiencing stage change as a result of varying
temperatures and pressures, which would influence the shape of the created crystal in
typical bunch tasks. Furthermore, in a supercritical environment, metal oxide
dissolution is low, hydrolytic speed is high, nucleation during crystallisation is fast,
and the diameters of produced crystals are small, providing substantial advantages as

follows:
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Environment friendly
Control over the morphology (spheres, rod and discs etc.,)
Easily scaled up for large Synthesis of nanoparticles

No need of high temperature, pressure, energy and toxic chemicals

YV VYV V V V

More advantageous over use of micro-organisms by less elaborate process of
maintaining cultures

» Reduce cost of micro-organism isolation and their culture media
3.3 EXPERIMENTAL TECHNIQUES

3.3.1 MATERIALS
The following chemicals are used to Synthesis the nanoferrites(Analytical

Grade, High Pure-Grade Merck). Lanthanum Nitrate hexahydrate(La(NO3)3.6H.0),
Gadolinium Nitrate hexahydrate (Gd(NOs3)s3.6H20), FerricNitrate Nanohydrate
(Fe(NO3)3.9H20), Cobalt Nitrate hexahydrate (Co(NO3)..6H20), ManganeseNitrate
hexahydrate (Co(NO3)2.6H20), citric acid (CsHgO7.H20),ammonia (NH4OH) and
distilled water were used as precursors.
3.3.2SYNTHESIS OF NANOFERRITES

A digital balance was used to measure the required stoichiometric amount of
chemical powder (Analytical, Shimadzu). To make a homogenous precursor solution,
the measured granules were combined with distilled water. For 1 hour, the combined
solution was constantly agitated at 80°C. To achieve a pH of 7, more ammonia was
added to the ferrite solution, one drop at a time. Finally, the dark solution was
collected and dried for 24 hours in a hot air oven set to 60°C. The amorphous powders
were collected and sintered for 2 hours at 500°C in a muffle furnace. The sintered
nanopowders were then ground for 15 minutes to achieve a fine powder. As a result,
the resulting nanopowders were calcined for further 24 hours at 1000°C. Finally, the
nanoferrite was finely ground. Figure 3.6 depicts the synthesis technique as a flow
chart.
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Figure 3.6The flow chart of detailed synthesis procedure.
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The following nanoferrites were synthesised using the above-mentioned method.
% ColaxFe2.x 04 (X=0.00, 0.02, 0.04, 0.06 and 0.08)
% MnLaxFez-x O4 (X=0.00, 0.02, 0.04, 0.06 and 0.08)
% CoGdxFe2.x 04 (X=0.00, 0.02, 0.04, 0.06 and 0.08)

% MnGdxFe2-x O4 (X=0.00, 0.02, 0.04, 0.06 and 0.08)

3.4 CHARACTERISATION TECHNIQUES
The different characterisation techniques used to explore their structural,

optical, dielectric and magnetic properties of the prepared nanoferrites were discussed
in the following section.

% X-ray diffraction (XRD)

% Ultra Violet (UV) Diffuse Reflectance Spectroscopy (DRS)
¢ Fourier Transform Infrared Spectroscopy (FTIR)
%+ Field Emission Scanning Electron Microscopy (FESEM)
%+ Energy-Dispersive X-ray Analysis (EDAX),
* Raman Spectroscopy
%+ X-ray Photoelectron Spectroscopy (XPS)
% Vibrating Sample Magnetometer (VSM)
¢+ Electrochemical Impedance Spectroscopy.

% Inductance Capacitance and Resistance (LCR) Hitester

3.4.1 X-ray Powder Diffraction
To identify the structural phase and the crystallite size of the prepared
lanthanides doped cobalt and manganese nanoferrites were explored by the recorded

XRD pattern (X'Pert PRO; PANalytical, the Netherlands). A CuKa radiation source
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(A=1.5406 A) was usedas a source to analyse the nanoferrites at the diffraction angle
(28) position from10° to 80° with a scanning rate of 0.05° s-1. Source was an
operated at voltage and current ratings of 40 kV and 30 mA, respectively. The
Scherrer formula was used to calculate the average crystallite size (D) of the prepared
nanoferrites by measuring the full-width at half-maximum (FWHM) and Bragg's
diffraction angle of diffraction peaks [Chand et.al., 2017, Amer et.al.,2018,

Ciocarlanet.al.,2016 & Sakthipandi et.al., 2013]:

kA
" Bcosd”’

where A is the wavelength of the x-ray, 6 the Bragg's diffraction angle and k are the

FWHM.

+

Figure 3.71llustration of x-ray scattering from crystal lattice.

The lattice constant (a) was calculated using the standard equation [Sharma

et.al., 2014]:

a= dhkl hZ + kZ + lZ 3.2

where d is the inter-planner spacing and hkl is the Miller indices of the XRD

diffraction plane. The density (pxd) Of the prepared nanoferrites was determined
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through X-ray measurements using the following relation [Sakthipandi et.al.,2011 &

Shinde et.al.,2012]:

8m
3

pxrd = — 3.3

Na

where M is the molecular weight of the prepared nanoferrites and N the

Avogadro's number.

3.4.2 Ultra-Violet Diffuse Reflectance Spectroscopy

A UV-DRS was used to determine the optical characteristics of the produced
nanoferrites (2450, Shimadzu, USA). The wavelength-dependent absorption of
nanoferrites was measured using UV-DRS spectra from 200 to 800 nm. The Eg of the
manufactured nanoferrites is calculated using the following energy-dependence

relationship:

hc
Eg = 7 34

where h is Planck's constant, c is the velocity of light and A is corresponds
tothe minimum dip of the absorption wavelength.

The band gap values were calculated using the following relation:

hya = (hy — Eggp)™ 35

where h is the Planck constant, v is the frequency, a is the absorption
coefficient, Ais the wavelength of absorption and n is the different types of electronic
transitions (n=% and 2 for direct and indirect transition, respectively) [Singh
et.al.,2017, Moslehet.al.,2016, Singh et.al., 2015, Tholkappiyan et.al., 2014 & Tehrani

et.al., 2012].
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Figure 3.8Block diagram of UV-DRS spectroscopy
3.4.3 Fourier Transform Infrared Spectroscopy
FTIR spectra acquired with a Perkin Elmer Spectrometer (Spectrum 100,
USA) in the wave number range of 4000-400 cm™ at room temperature were used to
identify the functional groups and chemical bonds present in the produced
nanoferrites. For FTIR spectral investigation, a pellet made of 95% KBr and 5%
produced nanoferrites was manufactured. (Sudalai Muthu et. al., 2013, Srivastava

et.al., 2009 & Ganure et.al.,2017).
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Figure 3.9Block diagram of FTIR spectroscopy
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3.4.4 Morphology Studies

The surface morphology and elemental composition of prepared CoLaxFe2-x

O4 and MnLaxFe2-xO4 nanoferrites were characterized using Field Emission Scanning

Electron Microscopy (Quanta FEG 250,Germany). The spectrometer was operated at

an accelerating voltage from 10to 20 kV with a magnification from x5 to x100,000.

The surface morphologyand elemental composition of prepared CoGdxFe2-xOsand

MnGdxFe2-xO4 nanoferrites were characterized using FESEM (Carl Zeiss SEM EVO

18, Germany) coupled with an energy-dispersive analysis spectrum. The elemental

composition of the nanoferrites was determined by X-ray fluorescence spectrum

(EDX-720; Shimadzu, Japan). The SEM was operated at an accelerating voltage of 5

kV with a magnification from x5 to x3,000 KX.
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Figure 3.10 Block diagram of FESEM
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3.4.5 Raman spectroscopy

3.4.5.1 Raman scattering

Virtual
states

Vibrational
states v

Stokes Rayleigh anti-stokes
Scattering Scattering Scattering

Figure 3.11 Rayleigh and Raman scattering mechanism of photons.

When light of a known frequency is shone on a medium, molecules scatter it.
Rayleigh scattering occurs when photons are elastically dispersed from molecules and
have the same wavelength as the incident one (Figure 3.11). Raman scattering occurs
when photons are elastically scattered from molecules and have a longer (stokes) or
shorter (anti-stokes) wavelength than the incident photons. The Raman shift is the
frequency difference between an incident and Stokes scattering Raman scattering.
Over a range of wave numbers, the Raman spectrum records the intensity of the

Raman shift.

3.4.5.2 Working of Raman Spectroscopy

Figure 3.12 shows a schematic diagram of the Renishaw micro-Raman system,
which includes a laser source, sample lighting and collecting system, microscope,
spectral analyzer, detector, and data processing system. After passing through a

neutral density (ND) filter and a spatial filter, a laser beam became a single
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wavelength, which was then focused on the sample by a microscope. Rayleigh light is
blocked by a holographic filter, leaving only Raman scattered light. A diffraction
grating is used to select the discrete wavelength of Raman scattered light. The CCD

detector detects a finite range of Raman signal.

@ Holographic filters
// ﬁ Grating

[N
. Sample

ND filter inhole Laser in
:E I'El G Pinhel D °

Figure 3.12 Block Diagram of Raman Scattering System

Leica microscope

The Raman Effect is highly sensitive to molecular bonds and variations in
bond-length. It can provide molecular structural information in different environments

[M. Pelletier et.al.,1999, Lewis et.al.,2001].

3.4.6 X-ray Photoelectron Spectroscopy (XPS)

Because it can be applied to a wide range of materials and provides valuable
quantitative and chemical state information from the surface of the material being
studied, X-ray Photoelectron Spectroscopy (XPS), also known as Electron
Spectroscopy for Chemical Analysis (ESCA), is the most widely used surface analysis
technique. For an XPS measurement, the average depth of analysis is about 5 nm. PHI
XPS equipment may produce spectra with a lateral spatial resolution of as little as

7.5 m. By scanning the sample surface with a tiny focussed x-ray beam, spatial
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distribution information can be collected. Combining XPS measurements with ion
milling (sputtering) to describe thin film structures can yield depth distribution
information. Many industrial and research applications where surface or thin film
composition plays a critical role in performance, such as nanomaterials, photovoltaics,
catalysis, corrosion, adhesion, electronic devices and packaging, magnetic media,
display technology, surface treatments, and thin film coatings used for a variety of

applications, benefit from the information provided by XPS.

XPS is commonly performed by bombarding a sample surface with mono-
energetic Al k x-rays, which cause photoelectrons to be released. The energy of the
released photoelectrons is measured using an electron energy analyser. The elemental
identity, chemical state, and quantity of a detected element can be calculated using the

binding energy and intensity of a photoelectron peak, as shown in Figure 3.13.
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Figure 3.13 Block Diagram of XPS
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The efficiency with which electrons are sampled by a spectrometer is highly
dependent on these lens functions, and an instrument's performance might be
significantly hampered without appropriately adjusted lens functions. Even with a
well-tuned system, collection efficiency varies across the different operating modes,
necessitating the use of a corresponding transmission function for each of the lens

modes and energy resolutions to define an instrument.
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Figure 3.14Working Principal of XPS
Fixed Analyzer Transmission (FAT), also known as Constant Analyzer
Energy (CAE), and Fix Retard Ratio (FRR), also known as Constant Retard Ratio, are
two modes in which a hemispherical analyser and transfer lenses can be used (CRR).
In FAT mode, the analyser’s pass energy is kept constant, and the transfer lens
system's sole responsibility is to retard the given kinetic energy channel to the
analyser’s acceptable range. FAT is used to acquire the majority of XPS spectra. The

FRR mode scans the lens system while also adjusting the analyser pass energy to keep
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the quantity "initial electron energy" / "analyser PE" constant, as shown in Figure 3.9.
This mode is commonly employed for Auger spectra because the detection system's
energy interval (i.e., resolution) grows with kinetic energy and recovers weak peaks at
high kinetic energies while limiting the powerful low energy background that could

harm the detection system. [Ray et.al., 2011&Yang et.al., 2018]

3.4.7 Vibrating Sample Magnetometer
As shown in Figure 3.15, the saturation magnetization (Ms), remnant
magnetization or retentivity (M), and coercivity (H¢) in the produced nanoferrites
were measured using a vibrating sample magnetometer (7404; Lake Shore, USA). At
ambient temperature, the hysteresis loop was recorded with a magnetic field of -20 to
+20 kOe. To determine the quality of the magnetic characteristics of the produced
nanoferrites, the squareness ratio and the anisotropy constant (K) were computed
using the following formulae. (Ribeiro et.al., 2018, Sabikoglu et.al.,2015, Igbal
et.al.,2011 & Rezlescu et.al.,2004):
Squarness ratio = M,/ Ms 3.6
Further, the Bohr magneton (ns) and Yafet—Kittel (ay-x) angles were
calculated from the following equations (Sharma et.al., 2017, Sarveena et.al.,2016,
Thakuret.al.,2016, Zhouet et.al., 2015 & Anwar et.al.,2012)
Ns= Mx Ms/5585 3.7
and,
ay-k = Cos [5 (1- X) +ns/(6+X)] 3.8

where M is the molecular weight and x is the concentration of rare-earth ion.
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Figure 3.15 Block Diagram of VSM

3.4.8 Impedance Study

The spectrum was evaluated using electrochemical impedance spectroscopy to

investigate the conductivity of the produced nanoferrites (PGstat302N; Autolab, the

Netherlands). The conductivity measurements provided the Warburg values, which

were utilised to determine the capacitance/resistance behaviour of the produced

nanoferrites. (Ali et al. 2013 & Yu et al. 2011).

3.4.9 Dielectric Study

Using a Hitester (3532-50; HIOKI, Japan) inductance capacitanceand

resistance meter, dielectric parameters such as the dielectric constant (g'), the

dielectric loss or loss tangent (tan &) and the complex dielectric constant(e™) were
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measured. The pellet was prepared for dielectric measurements using the prepared
nanoferrite powders. The €' of the prepared nanoferrites were calculated using the
following formula:
g'=Cd/ A 3.9
where C is the capacitance, d the thickness of the pellet, A the cross-sectional
area and ¢go the permittivity of free space. The dielectric loss and €" values of the
prepared nanoferrites were measured using the following equations:
tan 6= 1/ 2meoe'p 3.10
and,
g =¢tan d 3.11

where p is the resistivity and f are the frequency of the applied field (Prasad

et.al.,2017, Jnaneshwara et.al.,2014 & Anwar et.al.,2012).

In this research, the synthesised nanoferrites; lanthanides doped Cobalt and
manganese nanoferrites were subjected to the aforementioned experimental
techniques. The structural, optical, magnetic, and dielectric properties of microwave-
absorbing materials, electrical, and magnetic devices were investigated using
characterisation techniques such as XRD, UV-DRS, FTIR, FESEM coupled EDX,
XPS, VSM, dielectric spectroscopy, and electrochemical impedance spectroscopy and

measurements.
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CHAPTER - IV

IMPACT OF LANTHANUM IONS ON MAGNETIC AND
DIELECTRIC PROPERTIES OF COBALT
NANOFERRITES

4.1 INTRODUCTION

Recently, spinel nanoferrites have been used in numerous technological and
scientific applications [Raghvendra Singh Yadava et.al., 2018] ie., low loss magnetic
core materials, hyperthermia, memory devices, drug delivery, antenna rods, gas
sensors, microwave-absorbing materials, super capacitors, solar cell and high
frequency devices etc [Kovalenko et.al., 2016, Anantha ramaiah et.al., 2017,
Lasheraset.al., 2016]. Basic formula of spinel nanoferrites is AB2Oa4, where A and B
represents a divalent and trivalent metal cation [Lawrence Kumar et.al., 2012]. The
spinel ferrites are classified into three types such as normal spinel structure, inverse
spinel structure and intermediate spinel structure. In normal spinel ferrites, divalent
ions are at tetrahedral A- site and trivalent ions are in octahedral B- site; at inverse
spinel structure, where half of the trivalent ions are at B- site and half at A- site and
the remaining ions are distributed in octahedral B- site whereas intermediate spinel
structure possesses the intermediate stage between the normal and inverse spinel
ferrites [Kunal Pubby et.al., 2018]. From the different spinel ferrite materials,
CoFe204 is the best challenging ferromagnetic material due to its better properties, as
high Curie temperature, high coercivity, reasonable saturation magnetization, high
mechanical and chemical stability [Lu et.al., 2015, Widatallah et.al., 2008]. Recent
years, rare earth elements substituted spinel nanoferrites have special attention in

developing their physical properties such as grain size and cation distribution at
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tetrahedral and octahedral sites [Gore et.al., 2017, Kamala Bharathi et.al., 2011]. The
spinel nanoferrites are the best advisable materials used for absorption of
electromagnetic radiation (EMR) in different ways such as ceramic tiles, sheets and
powders [Leninet.al., 2018]. Electromagnetic interference (EMI) has got most
promising applications in communication systems such as radar systems, computers,
and mobile phones [Azadmanjiri et.al., 2007, Wang et.al., 2012]. The EMI affects
electronically controlled systems and also damages human health. It causes device
interrupt, generate distorted images, increase clutter on radar due to system-to-system
interruption during EMI [Chaudhari et.al., 2013]. To circumvent these EMI troubles,
EMR is preferred, which has the ability of absorbing unwanted electromagnetic
signals. Rare earth doped nanoferrites have unique and important applications in
electronic devices, transformer cores, magnetic recordings, radar signals, high
frequency circuits and telecommunication. The doping of Lanthanum (La%") ions
which are having unpaired electrons in the 4f orbital tends normally to nonmagnetic
state. However, replacing smaller ionic radii Fe®* ions into La3* ions at the octahedral
site (B) to the ferrites leads to enhance the magnetic and electrical properties of the
spinel nanoferrites used for microwave frequency applications [Roy et.al., 2007,
Kadam et.al., 2012, Rajesh Kannaet.al., 2017]. The magnetic saturation (ms)
decreases with an increase in the concentration of rare earth content in Li, Co, and Ni
spinel nanaoferrites [Sakthipandi et.al., 2011]. From the literature, stability for
transformer core where EMI is gently reduced and can avoid predicting false image in
telecommunication system [Azadmanjiri et.al., 2007]. Lanthanum doped Cobalt
ferrites are synthesized by various techniques such as the sonication technique

[Rajesh Kannaet.al., 2017, Mechanical milling technique [Widatallah et.al., 2008],
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Co-precipitate method [de Vicente et.al., 2000], Sonochemical method [Raghvendra
Singh Yadava et.al., 2018], Hydrothermal method [Anwar et.al., 2013] and Sol-gel
technique [Zhikai Yan et.al., 2015]. The spinel nanoferrites were synthesized by sol-
gel technique which overcomes the difficulties in Co-precipitate technique [de

Vicenteet.al., 2000].

In this study, Lanthanum doped Cobalt nanoferrites CoLaxFe2.xO4 (X = 0.00
to 0.08) were synthesized by using sol-gel method. The obtained Lanthanum doped
cobalt nanoferrites were characterized by X-ray diffraction (XRD) for phase and
structural identification, Ultra Violet diffuse reflectance spectroscopy (UV-DRS) to
identify the optical properties and Fourier transform infrared spectroscopy (FTIR) for
checking the metal oxides presence. The field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray analysis (EDAX) were used to understand the
surface morphology and elemental analysis. Magnetic and Electrical properties were
evolved using vibrating sample magnetometer (VSM) and Impedance spectroscopy.
The obtained results were analyzed and utilized for the application of electronic

devices in Micro-wave frequency.

4.2 MATERIALS AND EXPERIMENTAL PROCEDURE
4.2.1 Materials

High pure grade Merck precursors such as Cobalt nitrate (Co (NO3z)2.6H20),
Lanthanum nitrate (La(NO3)3.6H20), Ferric nitrate (Fe(NO3)3.9H.0), Ammonia

(NH40H), Citric acid (CeHgO7.H20) and deionized water were used.
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4.2.2 Experimental Procedure

The ColLaxFe,xOs (x= 0.00, 0.02, 0.04, 0.06, 0.08) nanoferrites were
synthesized by sol-gel technique in the following approach. The measured precursors
were dissolved with 100 ml of de-ionized water to obtain a uniform mixture of the
precursor materials. The final mixture was continuously stirred at a temperature of 80
°C for 1 hr. Further, ammonia was added drop wise to the ferrite solution to attain the
pH value of 7. Finally, the dark solution was obtained and dried in hot air oven at
fixed temperature of 60 °C for 24 hrs. The dried nanoparticles were collected and
sintered in muffle furnace at 500°C for 2 hrs. At next, sintered nanopowders were
grinded for 15 mins to obtain byproducts free nanoparticles. Thus, obtained
nanopowders were calcined at 1000°C for 24 hrs. The schematic diagram of

CoLaxFe>.xO4 nanoferrites were shown in Figure 4.1.
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Figure 4.1 Schematic diagram for preparation of CoLaxFe>-xOs nanoferrites.

4.2 .3 Characterization of the CoLaxFe»-xO4 Nanoferrites

The crystallite size and structural properties of the prepared ColLaxFez-xO4
(X = 0.00 to 0.08) nanoferrites were made by XRD (SHIMADZU-XRD 6000)
technique with CuKo radiation source, at the 26 range from 20° to 80°, operated at 40

kV and 30 mA. The chemical interaction and functional groups obtained in the
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prepared ColLaxFe2.xO4 nanoferrites were determined by FTIR spectra (SHIMADZU-
UV 18000) ranging from 4000 to 400 cm™ at RT (room temperature). The surface
morphology and elemental composition were analyzed using FESEM with an EDAX
(Quanta FEG 250). The optical properties of the synthesized samples were analyzed
using an UV- DRS spectrum and the absorption wavelength was noted from 200 to
800 nm. The electrical property of the synthesized CoLaxFe>.xOs nanoferrites was
revealed using Impedance spectroscopy with the frequency range of 100mHz to
10MHz at Room temperature (30°C) (Biologic SP-300), Silver coating was applied to
the pellet for good Ohmic contact. X-ray photoelectron spectroscopic (XPS) studies
were made using an (ALU-PHI5000) AUG spectrometer with monochromatic Al Ka
(26.00 eV) radiation. Magnetic studies were assessed using VSM (Lakeshore VSM

7140) at room temperature (RT) with an applied magnetic field of -15 to +15KOe.

4.3 RESULTS AND DISCUSSION

4.3.1 Structural Analysis
XRD patterns of CoLaxFe>xO4 for all the samples with series of X=0.00 to

0.08, calcined at 1000 °C are shown in Figure 4.2. The obtained peaks are related to
cubic spinel ferrites crystal structure and are matched with the standard JCPDS file
No 22-1086. The peak 30.08°, 35.43°, 43.05°, 53.44° and 56.97° at corresponds to
the crystal planes (220), (311), (400), (422) and (511) respectively [Sonia Gaba et.al.,
2004, Bensebaa et.al., 2017].

The average crystallite size of the synthesized nanoferrites was estimated

using Debye's Scherrer equation [Vigneshwaran et.al., 2018].

_ ka
- LCos6

(4.1)

Impact of lanthanum ions on magnetic and dielectric Properties of
cobalt nanoferrites Page 85



Chapter - IV

where k 1s a Scherrer constant (0.9), A is the wavelength of X-ray beam, f is
the full width half maximum (FWHM) and 0 is the Braggs diffraction angle. The
crystallite size of the ferrites decreases from 42 to 18 nm with increasing dopants
concentration from X = 0.00 to 0.08. The La®** ion having ionic radius of 1.06 A has
larger ionic radii compared with Fe3* ionic radius 0.67 A. Therefore, it’s difficult to
displace Fe3* ion in CoFe;O4 spinel cubic nanoferrites. So, few La®" ions could be
present at grain boundaries. This larger ionic radius of La®* ions form pressure on the
grains and therefore crystallite size deceases with increasing La content [Sattar et.al.,
2002]. The emergence of small amount of orthoferrite phase LaFeOs also appear with
La3* content of (X = 0.02, 0.04, 0.08). The ionic radius of La3* ion is 1.06 A, which is
higher than that of the Fe3* ion (0.67 A), and hence the amount of Fe3* ions replaced
by La%* ions are limited and hence there is a solubility limit for the replacement of
Fe3* ions by La®* ions. Thus, it is expected that an excess substitution of La* ions
tend to aggregate around the grain boundaries in the form of LaFeOs.

The lattice constant for the prepared nanoferrites is calculated using Nelson-
raley function [Irshad Ali et.al., 2013];

a = dp/(h? + k2 + [2) (4.2)

where d is inter planar distance, a is the lattice constant and (hkl) are Miller
indices. The value of lattice constant is 8.37 A which is in agreement with the
reported value [Raghvendra Singh Yadav et.al., 2015]. Lattice constant increases
monotonically with increasing La®* ions which is due to the substitution of both Co?*
ions with ionic radius of 0.78 A and Fe3* ions with ionic radius of 0.67 A by the larger
La®* ions with ionic radius of 1.06 A in Co-Fe-La spinel lattice [Peng et.al., 2011].
The volume of unit cell increases from 587.3 to 600.9 A with the increasing La3*

concentration which occurs due to increase in the lattice constant.
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Figure 4.2 X-ray diffraction pattern of CoLaxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites.
X-ray density of the CoFe>O4 nanoparticles was calculated following equation

[Peng et.al., 2011];

d, = Zm (4.3)
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where Na is Avogadro's number, m is the molecular weight of the sample, a3 is
the volume of the unit cell and Z is the basic unit cell for the cubic spinel structure
which contains 8 ions.

X-ray density decreases from 5.685 to 5.403 g/cm3 with increase of La* ion
concentration in cobalt ferrite nanoparticles, which may possibly due to the increase
in unit cell volume. The volume of the unit cell is inversely propositional to the X-ray
density. The bulk density (dg) was calculated using mentioned equation [Irshad Ali

et.al., 2013];

dy = — (4.4)

nr2t

where r is the radius of the pellet, m is the mass of the pellet, and t is the
thickness of the pellet. The bulk density of Lanthanum doped cobalt nanoferrites was
noticed to decrease from 2.6085 to 2.0173 g/cm?® with increase of Lanthanum ions. As
compared to X-ray density, bulk density was less due to the presence of pores which

mainly depend on calcinated conditions [Ihsan Ali et.al., 2013].

The surface area (S) was estimated using following expression [Ranjith Kumar

et.al., 2015].
S =6/dxD (4.5)

where dx is the X-ray density and D is the crystallite size of the nanoparticles.
The surface areas (S) are increases with increase of La®* ions which attribute to
decrease in crystallite size.

The porosity (P) was calculated using following relation [Ranjith Kumar et.al.,
2015];

P= (1-ds/dx) % (4.6)
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The percentage of porosity increases from 5.0 to 6.4 % which may be due to
decrease in bulk density with increase of La®** concentrations. Structural parameters
such as X-ray density, crystallite size, dislocation density, microstrain, lattice
constant, volume of unit cell, surface area, bulk density and porosity were determined

and listed in Table 4.1.

Table 4.1 Structural parameters of CoLaxFe>-xO4 (X = 0.00 to 0.08) nanoferrites

Crystallite Dlsloca}tlon Micro | Lattice V°'“'T‘e X-ray | Surface | Bulk
. density - of unit densi densi .
Compositio size ®) strain | constant cell ensity | area ensity | Porosity
(D) e © | @ @) | o) | (o) | (ds) | (%)
(nm) E+15 X10 A (g/cm?®) | (m*g) | (g/cm?)

X =0.00 42 0.55 0.849 8.37 587.30 5.68 25.12 2.68 5.0
X=0.02 37 0.72 0.977 8.37 589.30 5.64 28.72 2.61 5.2
X =0.04 34 0.85 1.058 8.40 593.95 5.54 31.83 2.57 5.3
X =0.06 25 1.56 1.429 8.42 596.96 5.47 43.81 2.45 5.6
X =0.08 18 2.85 1.933 8.43 600.99 5.40 61.68 2.01 6.4

4.3.2 Optical Analysis

The influence of Lanthanum on Cobalt nanoferrites were studied by using
UV-DRS spectra are shown in Figure 4.3. The UV-DRS spectra has overcome UV-
Visible absorption spectroscopy in its capability to evaluate the optical properties of
powdered nanoparticles. UV-Visible absorption has larger scattering effect when
compare to UV-DRS spectra [Rajesh Kannaet.al., 2017]. The absorbance values are
226.6, 224.7, 223.3, 222.5 and 222.0 nm as shown in Figure 4.3. The Eq4 of the
prepared nanoferrites was obtained energy dependant relation as follows [Rajesh

Kannaet.al., 2017];

E, =% 4.7)

Impact of lanthanum ions on magnetic and dielectric Properties of
cobalt nanoferrites Page 89




Chapter - IV

where ¢ is the velocity of light, h is the Planck's constant and A is the

wavelength of the absorption.
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Figure 4.3 Absorbance spectra of CoLaxFe2.xO4 (X = 0.00 to 0.08) nanoferrites.

The indirect and direct band gap energy values of Lanthanum doped cobalt

nanoferrites were calculated using the following relation [Rajesh Kanna et.al., 2017];

hya = (hy — Eggp)™ (4.8)

where vy is the frequency, h is the plank’s constant, a is the absorbance
coefficient and n are the different types of electronic transition (n=1/2 and 2) for

bandgap (indirect and direct) transition respectively.
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Figure 4.4 Direct bandgap energy of CoLaxFe2.xO4 (X = 0.00 to 0.08)

nanoferrites

In Figure 4.4, direct bandgap energy demonstrates the Taue plot between
(aEphoton)? VS Ephot and the E values were 1.45, 1.50, 1.53, 1.55 and 1.56 eV. In Figure
4.5, indirect bandgap energy demonstrates the Taue plot between (o)Y? VS Epnot and

the bandgap energy values of prepared nanoferrites were 1.73, 1.86, 1.93, 1.97 and

2.06 eV respectively.
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Figure 4.5 Indirect bandgap energy of CoLaxFe>-xO4 (X = 0.00 to 0.08)

nanoferrites.

The absorbance and bandgap energy values of the Lanthanum doped cobalt
nanoferrites are listed in Table 4.2. The bandgap energy shifts from red region to blue
region for doped La3* ions. These shifts are attributed to 3d-4s spin interchange
between Fe ions and La ions. However, the Lanthanum doped Cobalt nanoferrites

bandgap energies vary based on the Brus equation [Saravanan et.al., 2014].
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Table 4.2 Optical parameters of CoLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

" Absorbance Indirect bandgap Direct bandgap
Composition
(nm) energy (eV) energy (eV)
X=0.00 226.6 1.73 1.45
X=0.02 224.7 1.86 1.50
X=0.04 223.3 1.93 1.53
X=0.06 222.5 1.97 1.55
X=0.08 222.0 2.06 1.56

4.3.3 Functional Group Analysis

The FT-IR spectra of prepared nanoferrites were depicted in Figure 4.6. The

transmittance spectra were obtained from the vibrational peaks appropriate to citric

acid used in sol-gel technique which was acquired by stretching vibrations appropriate

to metal- oxygen band of around 583 cm to form spinel cubic structure. The broad

and strong stretching peak obtained which indicates the O-H stretching due to the

available water vapour in the prepared sample at 3437 cm* [Hankare et.al., 2011]. The

bending vibration of CH> carbon chain was observed with peak 2921 cm™. The peaks

are at 1745 cm corresponding to the C-H bending absorption of carboxyl group.

Then 1149 cm? is the C=0 stretching vibration due to nitrogen group [Ghulam

Mustafa et.al., 2015]. In these cubic structure ferrites Fe3* ions placed tetrahedral A-

sites as well as Octahedral B- sites.

Impact of lanthanum ions on magnetic and dielectric Properties of

cobalt nanoferrites

Page 93



Chapter - IV

— CoFey0y A
—CoLaj o2Feq 9gO0y /A

— CoLag g4Fe1 9604 7R
—— CoLag g6Feq,9404 //8m V'
- CoLaj ggkeq 920, 4

-
—
—_—

Transmittance (%)

o N
_="1745 |l 1
; I |
™ 2921 '
3437 583
. ) 1 1 . I ¥ I ¥ I i I ¥ I
4000 3500 3000 2500 2000 1500 1000 500

-1
wave number (cm )

Figure 4.6 FT-IR spectra of CoLaxFe>-xO4 (X = 0.00 to 0.08) nanoferrites.

Table 4.3 Functional parameters of CoLaxFe2.xO4 (X = 0.00 to 0.08) nanoferrites

Experimental absorption (cm™)

X=0.00 | X=0.02 | X=0.04 | X=0.06 | X=0.08

S.No | Vibrational assignments

Metal - oxygen stretching

; . 583 583 583 583 583
vibration

2 | C=0 stretching vibration 1149 1149 1149 1149 1149

C - H bending vibration

1745 1745 1745 1745 1745
of carboxyl group

CH: bending vibration of

. 2921 2921 2921 2921 2921
carbon chain

5 | O - H stretching vibration | 3437 3437 3437 3437 3437
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4.3.4 Surface Morphology with EDAX

The FESEM images of Lanthanum doped cobalt nanoferrites were used to
study surface morphology. Figure 4.7 denote that the prepared nanoferrites were
spherical in shape with some agglomeration. This agglomeration of grain structure
was mainly due to small crystallite size, calcinating process and magnetic nature of all
the crystallites form together and promotes cluster and also gets agglomerated
[Hankare et.al., 2013, Peng et.al., 2011]. Magnetic force or weak Vander Waals
bonds play a major role in holding these agglomerations in contact [Aghav et.al.,

2011]. In the obtained result, grain size was decreased with increase of La%* ions.

Figure 4.7 FESEM with EDAX images of the CoLaxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites
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EDAX spectra of Lanthanum doped cobalt nanoferrites corresponds to the
elements Fe, O, Co, and La, which is presented in Figure 4.7 (X=0.02 to 0.08) where

absent of La peaks are observed for (X=0.00).

4.3.5 XPS Analysis

The X-ray photoelectron spectrocopy (XPS) analysis was used to investigate
oxidation state and elemental composition of prepared nanoferrites. Figure 4.8(e)
brings a wide scan spectrum of pure and Lanthanum doped Cobalt nanoferrites in the
range of 0-980 eV. In the long range spectrum as shown in Figure 4.8(e), it can be
clearly shown that the elemental and oxidation states of Co 2p, Fe 2p, La 3d, o 1s and
c 1s are present. No other elements were found, which proves the purity of prepared
nanoferrites. The narrow scan spectrum of O 1s shown in Figure 4.8(b), clearly
indicate a peak at 529.06, 535.76 and 535.96 eV for pure and Lanthanum dopd Cobalt
nanoferrites. These obtained peaks were due to the presence of O2 in the nanoferrites
[Abdellatif et.al., 2017, Anandan et.al., 2017]. Th narrow scan spectrum of Co 2p as
noticed from Figure 4.8(c), and corresponding two peaks at 778.93 and 786 + 0.4 eV.
Similarly 785.11 eV and 790 + 15 were present for Co 2p®?2 and Co 2p'?, which
confirms the oxidation state of Co?*. The narrow range spectrum of Fe 2p in
nanoferrites revealed Fe 2p¥? and Fe 2p? binding energy peaks at 709.75 and 718 +
0.8 eV for Fe 2p®?, 723.54 and 725 + 14eV for Fe 2pY? Figure 4.8(a), respectively.
The peak at 718 + 0.8 eV is attained due to the Fe3* cation located at the octahedral
site in the spinal ferrites, and the peak at 725 + 14eV is attained due to the Fe?* cation
located at the tetrahedral site in the spinal ferrites [Venkatesha et.al., 2015, Karakas
et.al., 2015]. From the Figure 4.8(d), the narrow scan spectrum was obtained for La®*

with binding energies of 833.18 + 0.69 eV for 3d>? and 837.20 +0.12 eV for 3d%2.
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The obtained peaks were explained to the electron transfer of oxygen to the 4 f sub-
shell of La®** ions due to photo-ionisation process [Anandan et.al., 2017]. From XRD
and XPS results, it was clearly noticed that the La3* ions were assimilated into Fe ions
in cobalt nanoferrites. The observed binding energy of Oxygen, Cobalt, iron and

Lanthanum were listed in Table 4.4.

— x=0.08

SN

—x= 0.02

= x=0.02

5 2 Fi
— = =
z 2 H
@

5 £ ;
E =

|—— x=0.00/ *=0.00|
. L .
. . . . . 528 530 636 540 L L s L
705 710 715 720 725 Binding aner ay (eV) ° 200 400 600 800

Binding enrgy (eV) Binding enargy (eV}

La 3d

X=0.08| N | — N
X=0.02]

" " " "
770 775 780 785 790 795
Binding energy (eV)

Intensity | a.u)

— X=0.00]

a2s5 830 835 840 845
Binding energy [ eV)

Figure 4. 8 (a-e). XPS spectra of the CoLaxFe>.xO4 (X = 0.00 to 0.08)

nanoferrites.
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Table 4.4 Binding energy of CoLaxFe>-xO4 (X = 0.00 to 0.08) nanoferrites.

o O1ls Co 2p (eV) Fe 2p (eV) La 3d (eV)
Composition v
(eV) 2p 32 2p 12 2p 32 opl2 | 3d52 | 3d3°2
X=0.00 529.06 | 778.93 | 785.11 | 709.75 | 723.58 - -
X=0.02 535.76 | 786.98 | 790.28 | 718.49 | 725.16 | 833.18 | 837.20
X=0.08 535.96 | 787.12 | 790.43 | 718.57 | 725.30 | 833.87 | 837.32

4.3.6 Magnetic Analysis

The M-H loop for prepared CoLaxFe2-xO4 nanoferrites have been plotted with

magnetic field maximum of 15,000 Oe at room temperature by VSM. From the Figure

4.9 S shaped hysteresis loops shows the soft magnetic nature of the prepared

nanoferrites. The variation in magnetic parameters such as coercivity (Hc), magnetic

saturation (Ms), retentivity (M) and magnetic moment (ng) for prepared nanoferrites

have been revealed to be dependent of number of factors such as grain growth,

anisotropy, density, A-B exchange interaction, surface spin effect, synthesis

techniques and chemical composition [Raghvendra Singh Yadav et.al., 2017].
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Figure 4.9 Hysteresis loop of the CoLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites.
From magnetic hysteresis loops, it is understood that the inclusion of La3*ions
promote ferromagnetic nature. From Table 4.5, it is noticed the values of saturation
magnetization decreases with increase of La®* ions in CoFe2O4 nanoparticles which is
could be explained by Neel's sub lattice model [Aziz et.al., 2016]. From the Neel's
sub lattice model, the magnetic moment of ions on the A site and B site sub lattices

were aligned anti parallel to each other and their spins has a collinear structure.

The magnetic moment was calculated by using following equation;
Ng= Mz - Ma (4.9)
where Ma and Mg are [A] and [B] sub lattices [Dasanet.al., 2017]. In general,
magnetic super exchange interaction is based on the cation distribution between A site
and B sites. This could be attained due to their larger ionic radii. Therefore,

suggesting that the non- magnetic La** could be replacing Fe3* ions from Octahedral
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site (B) to tetrahedral site (A) [Santosh Bhukalet.al., 2012]. Moreover, three types of
exchange interaction would have happened between the magnetic ion at octahedral
(B) and tetrahedral (A) site in spinel structure such as AA interaction, BB interaction,

AB interaction.

Out of three, mentioned interactions AB interaction predominates over rest of
other two interactions [Raghvendra Singh Yadav et.al., 2017]. Further, the increase of
La%* ions in ColLaxFe,xO4 nanoparticles decreases the value of Ms from 97.35 to
75.84 emu/g with decrease of crystal size from 42 to 18 nm, which result in increase
in the surface effect [Dasan et.al., 2017, Santosh Bhukal et.al., 2012]. Decreasing
crystallite size due to the substitution of La®* trends to the increase of disordered spins
which implies in the decrease of magnetic saturation. The value of coercivity
increases from 736.33 Oe to 1128.35 Oe with increase of La%* ions depend on crystal
size, magnetic crystallite, cation distribution, strain, porosity and anisotropy
[Joshi et.al., 2017]. According to Brown's relation the coercivity is inversely
proportional to the magnetic saturation. It was agreed for the prepared nanoferrites,
where the coercivity increased with decreasing magnetic saturation for addition of

La3* concentration.

The anisotropy constant and squareness ratio were estimated by using

following equation [Anwar et.al.,2012, Zhou et.al., 2015];

squareness ratio = % (4.10)
_ HeMs
K= o5 (4.11)
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where M, is the remanent magnetization or retentivity, K is the anisotropy
constant. Further, Bohr magnetizations (ng) in magnetic moments (pg) were estimated

from the following equation [Zhou et.al., 2015];

MXM;
5585

N, = (4.12)

where X is the concentration and M is the molecular weight of La®" ion
content. The magnetic parameters such as magnetic saturation (Ms), coercivity (Hc),
retentivity (M), squareness ratio, anisotropic constant (k) and Bohr magnetron (ng)
were noticed from M-H and measurements are listed in Table 4.5. This suggests that
CoLaxFe>xOs nanoferrites have spin arrangements which are better on the B-site,
leading to decrease in (A-B interaction) [Tholkappiyan et.al., 2014, Kebede K.
Kefeniet.al., 2017]. It was observed that the addition of La3* ions in cobalt matrix
improved to get soft ferrite behavior with good saturation magnetization and it has

good suitability for electromagnetic application [Lily et.al., 2008].

Table 4.5 Magnetic parameters of CoLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Magnetization Rema_nen.t Coercivity Squar(_aness Anisotropy Bohr
- magnetization ratio constant

Composition (M) (He) magneton
(emufg) (M) ©g) | MM O ) ue)

(emu/g) (No unit) (Oe) H

x=0.00 97.35 27.45 736.33 0.2819 73.14 0.4381

x =0.02 95.62 26.75 958.91 0.2797 93.56 0.4273

x=0.04 95.59 25.64 993.84 0.2683 96.90 0.4241

x =0.06 94.66 25.04 1010.45 0.2645 63.60 0.3731

x=0.08 75.84 19.45 1128.23 0.2564 34.94 0.3188
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4.3.7 Impedance Analysis

Impedance spectroscopy is a well-known technique for complete
understanding of electrical properties of spinel type ferrites, whose properties depend
on their ceramic texture, impedance of electrodes, distribution of dopants and grain
and grain boundary contributions [Azizar Rahman et.al., 2014]. And it also provides
information regarding imaginary and real components of the impedance property of a
material. The Nyquist plot shows a complete contribution of grain and grain boundary
resistance. Figure 4.12 shows that the applied frequency dependent imaginary (Z")
and real (Z") part of impedance are decreases with increase of frequency. It denotes an

increase in AC conductivity.
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Figure 4.10 Real part of impedance spectra of CoLaxFez-xO4 (X = 0.00 to 0.08)

nanoferrites
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The real part (Z') of the spectra values for all the prepared nanoparticles lead to lower
values at higher frequency which implies release of space charges as a result of
reduction in barrier properties of material [Azizar Rahman et.al., 2014]. In Figure
4.10 impedance vs frequency plot gives an indication of increases of conduction with
frequency, which infers that the ferrites to behave like a semiconductor material

[Mangalaraja et.al., 2002].

Figure 4.11, the imaginary part (Z") of the La3* doped cobalt nanoferrites
decreases with increase of applied frequency and then remains low at high frequency.
The imaginary part (Z") of the impedance spectra brings out relaxation peaks due to
existence of space charge relaxation, associated with charge carries resulting from
energy vacancies [Murugesan et.al., 2015]. The Z" also decreases with increasing

frequency due to the decreasing loss in the imaginary part of the nanoferrites.
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Figure 4.11 Imaginary part of impedance spectra of CoLaxFe>.xO4

(X =0.00 to 0.08) nanoferrites.
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Nyquist plot of impedance spectra as function of frequency for ColLaxFe>-xO4
nanoferrites are shown in Figure 4.12. Clear semicircle arcs were formed in high
frequency for all the prepared nanoferrites with series of (X= 0.00 to 0.08) because of
the grain and grain boundary contributions to the conductivity. This also indicates that
because of small crystallite size, the grain boundary contribution is higher than that of
the grain contribution [Jnaneshwara et.al., 2014]. Furthermore, it is observed that the
value of Z' and Z" in the impedance spectra for cobalt decreases with increasing La%*
concentration and it depicts that the overall resistance of the La%* doped cobalt ferrite

nanoparticles decrease, accordingly.
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Figure 4.12 Nyquist plots of CoLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites
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4.3.8 Dielectric Analysis
4.3.8(a) Dielectric Constant (£ )

The variation of dielectric constant (£ ) measured at the frequency in 100 mHz
to 10 MHz at RT for the prepared nanoferrites as shown in Figure 4.13. The dielectric
constant decreases with increase of Lanthanum content as a mechanism for the
electrical conduction, which is same that of dielectric polarization. The dielectric

constant was calculated using the following equation [Santosh Bhukal et.al., 2012];

g = fo—‘fq (4.13)
where ¢'is the dielectric constant, C is the capacitance of the pellet, &, is the
permittivity of free space, A is the area of the CoLaxFe>.xOs pellet and d is the
thickness of the pellet. The values of dielectric constant both €' and &" are higher at

lower frequency and then decreases with increase in frequency for all the

compositions (X=0.00 to 0.08).
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Figure 4.13 Dielectric constant of the CoLaxFe2.xO4 (X = 0.00 to 0.08)
nanoferrites
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The obtained dielectric constant and complex dielectric constant values are
321, 585, 659, 852, 1100 and 1150, 1921, 1874, 2190, and 2344 for all the
compositions of X = 0.00, 0.02, 0.04, 0.06 and 0.08 respectively. The dielectric
constants at lower frequency are based on some polarizations such as ionic, space
charges and interface [Parashar et.al., 2015, Ravinder et.al., 2003]. This type of
behavior can be described based on Maxwell-Wagner interfacial polarization which is
in agreement with Koop's theory [Mohan et.al., 1999]. According to the Maxwell-
Wagner model, the dielectric constant was due to high conductivity grains and poor

conductivity grain boundaries.

In CoLaxFe>xOs spinal ferrites, the formation of Fe?* ions are due to
interchange of electrons between Co?* and Fe®* to generate a pair of Co®" and Fe?*
ions [Igbal et.al., 2012]. The electron hopping between Fe?* < Fe3* and hole hopping
between Co% < Co?* ions and hence an applied electric field, the electrons pile up
there, due to high resistance ultimately produces polarization. However, at high
frequency the electron cannot move with fast changes due to the applied electric field
because charge carries need sufficient time to transfer their orientation in react to the
applied electric field. In general, the dielectric constant of any surface material
depends on bulk polarization factor such dipolar, interfacial, ionic and electronic
polarizations. In certain polarizations, dipolar and interfacial polarizations are real for
the noticed behavior in dielectric constant at lower frequency, while electronic
polarization is held responsible in the high frequency region [Kotnala et.al., 2013].
The decrease in both £€" and &' with frequency is due to the fact that any spices
contributing to polarization is bound to slow the logging behind the applied field at
high frequency [Hashim Alimuddin et.al., 2013, Mansour et.al., 2005]. Interestingly

dielectric constant values decreased by more than 50% from 1100 (X = 0.08) to 321
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(X = 0.00) when the La%* increased less than 0.1% in CoLaxFe2-xOa. The substitution
of La®" ions in ColLaxFe,xO4 nanoferrites tends to have significant variation in &'
which improves the suitability of the nanoferrites for microwave frequency

applications.

4.3.8(b) Dielectric Loss

The variation of dielectric loss or loss tangent with variation of frequency is
shown in Figure 4.14. It is evidently noticed that the loss tangent decreases with
increase of La3* concentration. This can be mainly due to the increase in resistivity
which results loss in tand. From the results, it is observed that the dielectric loss
decreases with an increase of frequency at low frequency which decreased slowly in
high frequency region before it become almost independence of the frequency in the
higher frequency region. The dielectric loss is formulated with high resistivity at low

frequency which is playing major role.

The dielectric loss and complex dielectric constant of nanoferrites were

calculated using following equations [Veji et.al., 2009];

(4.14)
E' = &'tané (4.15)
The dielectric losses of the nanoferrites are 3.583, 3.284, 2.844, 2.571 and
2.131 respectively. The electron interchange between Fe?* and Fe3* required more
energy and accordingly more energy ions due to high resistivity of grain boundaries
[Saafanet.al., 2012]. Further, the electron interchange between Fe?* and Fe®* required
loss of energy at high frequency of applied AC electric field which is equal to the

hopping frequency of the charge carrier.
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Figure 4.14 Dielectric loss of the CoLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

The large amount of energy was thus recovered to transfer the oscillating ions
and those by appearance of dielectric loss. The prepared material shows low dielectric
loss is favorable for application in micro frequency devices. The electrical parameters
such as dielectric constant, dielectric loss and complex dielectrics were listed in

Table 4.6.
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Table 4.6 Dielectric parameters of CoLaxFe2.xO4 (X = 0.00 to 0.08) nanoferrites

Composition Dielectric Dielectric Loss | Complex dielectric
Constant (g") (tand) constant (g'")
X=0.00 321 3.583 1150.14
X=0.02 585 3.284 1921.44
X=0.04 659 2.844 1874.19
X=0.06 852 2.571 2190.49
X=0.08 1100 2.131 2344.10

4.4 CONCLUSION

Lanthanum doped Cobalt (ColLaxFe2xOs) nanoferrites with various
composition for X = 0.00, 0.02, 0.04, 0.06, 0.08 were synthesized using simple and
most effective sol-gel technique. XRD revealed cubic spinel structure with an average
crystallite size of 31 nm. FTIR analyses confirmed the presence of metal at 583 cm
corresponding to stretching M-O bond respectively. The lattice constant and volume
of unit cell were increases with increase of La3* ions, whereas X-ray density and bulk
density became inversely proportional to lattice constant. UV - diffuse reflectance
spectra showed that the absorbance spectra of the ColLaxFe;xOs nanoferrite were
varied from 226 to 222 nm. The value of indirect and direct energy bandgap varied
from 1.73 to 2.06 eV and 1.45 to 1.56 eV. The obtained bandgap energy increased
with increase of La%* concentrations. The obtained prepared nanaoferrites were
identified with spherical morphology. XPS confirmed the presence of Co 2p, Fe 2p,
La 3d and O 1s at octahedral [B] and tetrahedral [A] sites in ColaxFe2xOs
nanoferrites. The obtained VSM result showed that the prepared Lanthanum doped
Cobalt nanoferrites has got a soft ferromagnetic nature. The saturation magnetization

from 97.35 to 75.84 emu/g decreases with increase of La®* concentration. The higher
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coercivity (1128 Oe) with dielectric constant of the Lanthanum doped cobalt spinel
nanoferrites is favorable for the applications in magneto recording devices.
Impedance spectroscopy is used to identify grain contributions and grain boundary
contributions to conductivity and utilized to estimate electrical response of
Lanthanum doped cobalt nanoferrites. The frequency dependant dielectric constant,
complex dielectric constant and dielectric loss decreases with increase of La®" ion.
Behavior of dielectric constant and AC conductivity of Lanthanum doped cobalt
nanoferrites was found to follow Maxwell-Wagner's model. Hence the combination of
structural, magnetic, electrical and optical activities makes CoLaxFe>.xO4 (X = 0.00 to
0.08) nanoferrites highly useful for reducing false signals in the electronic devices and

its highly suitable for Microwave frequency applications.
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CHAPTER -V

DEPENDANCE OF LANTHANUM IONSON
STRUCTURAL, MAGNETIC AND ELECTRICAL OF
MANGANESE BASED SPINEL NANOFERRITES

5.1 INTRODUCTION

Nanomaterials have been showing excellent chemical and physical properties
due to their smaller crystal size, high surface area, quantum confinement effect and
high calcined ability. Recently, ferrite nanoparticles are used in many applications
such as technological and fundamental reasons [ Kryder et.al., 1996]. So that, these
materials are of most challenging as magnetic memories, high density storage media,
transformer cores, analogue devices, electron transport devices, electron magnetic
interchange devices, choke coil and even in high - frequency device [Samoila et.al.,
2015, Igbal et.al., 2012, Dixit et.al., 2013]. The properties attained by these ferrites
are based on their cation distribution and chemical composition and in Octahedral B-
sites and tetrahedral A-Site [Nitendar Kumar et.al, 1998]. Mn nanoferrites are one of
the most important soft magnetic materials due to its high coercivity and low core
losses [Katarzyna Winiarska et.al., 2012]. The rare earth iron play’s vital role to
change its magnetic properties involving large magneto crystalline anisotropy; a high
magnetostriction and magnetic moment on adding of La** ions with high ionic radii at
very low temperature because of its localized nature of 4f electrons [Hemeda et.al.,
2001]. La*" ions replace Fe*' ions at low concentration as they like to enter the
octahedral site (B-site) [Nalbandian et.al., 2008, Wang et.al., 2004]. Micro strains are

developed due to variation in the ionic radii between La’* and Fe** ions which may
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affect spinel structure that in turn influence the motion of domain wall. Lanthanum
doped manganese nanoferrites are very helpful in preventing and extinguishing

electromagnetic interference to electronic controlled system [Hasting et.al.,1956].

In recent years, the sol-gel method is used to prepare various mixed oxide,
nanoporous oxides, nanoscale architectures, nanomaterials, inorganic and organic
hybrids [Chinnasamy et.al,2000]. The sol-gel method has got most admiring
advantages such as small crystalline size and better homogeneity in the final product
[Yang et.al., 2009]. Samolia.et.al. have reported magnetic and structural properties of
Gd-doped Ni-Mn-Cr ferrites synthesized by sol-gel method and noticed that
magnetization and coercivity decrease with the increase of Gd** ions [Samoila et.al.,
2015]. The rare earth element of Nd*" doped manganese zinc ferrite synthesized by
using combustion method influences on the magnetic and structural properties and an
increase in saturation magnetization with increase of Nd** ions [Naiket.al,2017].
Lanthanum doped manganese ferrites are prepared by enormous synthesize methods
such as micro-emulsion auto-combustion, co-precipitation technique, wet chemical
and sonication method [Shahul Hameed et.al., 2014, Fanet.al.,, 2012, Guoet.al., 2013].
Systematic studies on structural, electrical, optical and magnetic properties of La*" ion
doped Manganese nanoferrites prepared by sol-gel method could not be found yet. In
the present study, dependence of La*' ion substitution on the structural, optical,
magnetic and electrical properties of manganese nanoferrites with particular series

(X'=10.00 to 0.08) was noticed.

In this study, Lanthanum doped manganese nanoferrites MnLaxFe>.xO4

(X =0.00 to 0.08) were prepared by sol-gel method. The obtained Lanthanum doped
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cobalt nanoferrites were characterized by X-ray diffraction (XRD) for phase and
structural identification, Fourier transform infrared spectroscopy (FTIR) for to
identify organic and also some inorganic materials, Field Emission Scanning electron
Microscopy (FESEM) coupled with energy dispersive X-ray analysis (EDAX) for
surface morphology and elemental analysis, Ultra Violet (UV) diffuse reflectance
spectroscopy (DRS) for optical properties and vibrating sample magnetometer (VSM)
for magnetic measurements. The results are analyzed and the obtained results are
identified towards utilized for the possible electronic devices in electromagnetic

radiation applications.

5.2 MATERIALS AND EXPERIMENTAL PROCEDURE
5.2.1 Materials

High pure grade Merck precursors such as Manganese nitrate
(Mn(NO3)2.6H,0), Lanthanum  nitrate  (La(NO3)3.6H>0), Ferric  nitrate
(Fe(NO3)3.9H20), Ammonia (NH4OH), Citric acid (CsHsO7.H20) and deionized

water were used.

5.2.2 Experimental Procedure

MnLaxFe>.xOs (X=0.00, 0.02, 0.04, 0.06 and 0.08) nanoferrites were
synthesized by sol-gel method. The precursors such as Lanthanum nitrate (La
(NO3)3.6H20), ferric nitrate (Fe (NO3)3.9H20), manganese nitrate (Mn (NO3)2.6H20),
ammonia (NH4OH), citric acid (CsHsO7.H20) and deionized water were used to
prepare Lanthanum doped manganese nanoferrites. The measured precursors were
dissolved with 100 ml of deionized water to attain homogeneous mixture of the

precursor. The mixed solution was continuously stirred at 80°C for 1 hr. Further
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ammonia was added drop by drop to the ferrite solution to attain the pH value of 7.
Finally dark solution was collected and dried in a hot air oven at fixed temperature at
60°C for 24 hrs. The amorphous powders were collected and sintered in muffle
furnace at 500°C for 2 hrs. Then the sintered nanopowders were grinded for 15 mins
to reach a fine powder. Thus, obtained nanopowders were again well calcined at
1000°C for 24 hrs. Finally, obtained nanoferrite powders were grounded well. The
Flow chart for sample preparation of MnLaxFe>.xOs nanoferrites was shown in

Figure 5.1.
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l_, |
l_ |
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Figure 5.1 Flow chart for the sample preparation of MnLaxFe2-xO4 nanoferrites
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5.2.3 Characterization of MnLaxFe2-xO4 nanoferrites

The structural analysis of the prepared MnLaxFe>xO4 (X= 0.00 to 0.08)
nanoferrites were done by XRD (SHIMADZU-XRD 6000) technique. CuKa radiation
source is used to discover the prepared nanoferrites at the 26 range from 20° to 80°,
operated at 40 kV and 30 mA. The functional groups and chemical interactions
obtained in the prepared CoLaxFe>.xOs nanoferrites were examined by FTIR spectra
(SHIMADZU-UV 18000) in the wavelength region of wave number ranges from
4000 to 400 cm! at RT. The surface morphology and elemental composition were
analyzed out using FESEM with an energy dispersive spectrum (Quanta FEG 250).
The optical properties of the prepared samples were analyzed using the UV- DRS
with absorption wavelength in the range of 200 to 800 nm. Impedance spectroscopy is
used to examine the conductivity of the prepared MnLaxFe>.xOs nanoferrites
(Biologic SP-300). Magnetic studies were assessed using VSM (Lakeshore VSM

7140) at RT with a magnetic field of -15 to +15 KOe.

5.3 RESULTS AND DISCUSSION

5.3.1 Structural Analysis

Figure 5.2 shows the structural XRD analysis of the Lanthanum doped
manganese nanoferrites (MnLaxFez-xO4) with series X = 0.00 to 0.08 calcined at
1000°C. The peak positions appeared at 30.67°, 35.33%, 43.47°, 53.52° and 56.6°
corresponds to (220), (311), (400), (422) and (333) planes respectively. All the
obtained peaks are in good agreement with JCPDS card No (74-24023) and it is also
revealed that the synthesized nanoferrites are in cubic structure [Devi et.al.,2017]. No
other peaks related to either Lanthanum or other byproducts are observed. It confirms

that the Lanthanum is doped in to the host Mn lattice.
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The average crystallite sizes of the prepared nanoferrites are calculated using

the well-known Scherrer formula [Vigneshwaran et.al.,2018];

KA

D=
SCos0 SR

where K is a Scherrer constant (0.89), A, B, 6 are the wavelength of x-ray used,
Full Width at Half Maximum (FWHM) and Bragg’s angle respectively. The
crystallite size is calculated for the prepared nanoferrites which is decreasing from 26
to 12 nm with increase of La’" concentration from X=0.00 to 0.08. The decreasing
crystallite sizes are mainly due to the difference in ionic radii of La’" ions and Fe3*
ions [Irshad Ali et.al,2012]. Therefore, it is difficult to replace La*" ion (1.06 A)
which has larger ionic radii as compared with Fe** ions (0.67 A) on the lattice strain.
At the same time of substitution La>" ions to Fe?" ions on the lattice strain, few of the
La’" ions may be settled on the grain boundaries and created pressure on the grain
boundaries have arisen in smaller crystal size of La’>" doped Mn ferrites in comparison
with Gd, La doped Mn-Zn ferrites [Prashant Thakur et.al.,2016, Shahab Torkian

et.al.,2016].

The lattice constant for the prepared nanoferrites is estimated through Nelson-

relay function [Irshad Ali et.al.,2012];

a= dhlehz + kZ + lZ (52)

where d is inter planer distance, hkl are Miller indices and 'a' is the lattice
parameter. The lattice constant increases linearly with increase of La’" ions for
prepared nanoferrties. This may be due to La*" ions which possess a significant

affinity to replenish the octahedral site due to their larger ionic radii (1.06 A) than the
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metal ion at the octahedral site Mn?" (0.83 A) and consequently occupies the
octahedral sites [Zhang et.al.,2011].
The X-ray density was calculated by using the following equation

[Tholkappiyan et.al.,2014];

= (5.3)

x Na3

where m is the molecular weight of the sample N is Avogadro’s number (6.022x10%%)
(particles/mole) a* is the volume of the unit cell, Z is the cubic unit cell which
contains 8 atoms. X-ray density was decreases from 5.144 to 4.862 g/cm’® with
increase of La** ions. This may be due to change in volume of unit cell and also The
X-ray density is inversely proportional to the volume of the unit cell. The strains in
the unit cell of the crystal increased with substitution of La** ions due to the induced
crystalline anisotrophy [Chaudhari ez.al., 2004].

The bulk density (dg) is evaluated using the mentioned equation

[Tholkappiyan et.al., 2014];

dy, = — (5.4)

nrt

where 1 is the radius of the pellet, m is the mass of the pellet and t is thickness
of the pellet. The smaller value of bulk density than the X-ray density may be attained
due to the existence of pores in the prepared ferrites [Rezlescu et.al, 1998]. The
doping of La ions activates the process in ferrites and leads to increase in density
[Bobade et.al, 2012]. The increase in bulk density is due to difference in atomic

weight of Lanthanum (138.90 amu) and manganese (54.93 amu).
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The surface area of the prepared nanoferrites is calculated using the following

expression [ Tholkappiyan et.al., 2014];

S = 6/dxD (5.5)

where dyx is the X-ray density and D is the diameter of the particles. The
surface area (S) increases from (44.85 to 102.16) which may be due to a decrease in
crystallite size.

The porosity (p) is calculated using following relation [Ranjith Kumar

et.al.,2015];

P= (1-dp/dx) % (5.6)

The porosity decreases from 6.737 to 4.431% which is attributed to the
increase in bulk density with adding La*" ions. Here Dg and dx are the bulk and X-ray
densities for the prepared sample. Structural parameters such as crystallite size
dislocation density, micro strain, lattice constant volume of unit cells, surface area,

bulk density, X-ray density and porosity are listed in Table 5.1.
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Figure 5. 2. X-ray diffraction pattern of MnLaxFe2-xO4 (X=0.00 to 0.08)

nanoferrites
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Table 5.1. Structural parameters of MnLaxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites
. Surface
Crvstal Lattice Volume of X-ray Bulk area
.. ys constant unit cell density density N Porosity
Composition size 3 (Sxrp) o
(am) (a) @) (pxwo) | (@) | R | (%)
A A (g/cm®) (g/cm®)

X=0.00 26 8.7117 661.16 5.1448 1.6786 44.85 6.737
X=0.02 22 8.7515 670.26 5.0390 1.7888 54.12 6.450
X=0.04 18 8.7613 672.52 4.9869 1.8768 66.84 6.236
X=0.06 14 87777 676.30 4.9245 2.5383 87.03 4.845
X=0.08 12 8.7945 680.19 4.8662 2.7078 102.16 4.431

5.3.2 Optical Analysis

The optical properties of prepared nanoferrties MnLaxFe».xO4 with different
composition X = 0.00 to 0.08 were investigated using UV-diffuse reflectance
measurement. The UV-DRS spectra recorded in the ranges from 200 to 800 nm could
examine the band gap and electronic structure features. The optical absorbance is
estimated using band gap energy (Eg) of the prepared Lanthanum doped manganese
nanoferrties. The absorbance values are 228.12, 227.40, 226.10, 225.60 and 224.9 nm

respectively with corresponding X = 0.00 to 0.08 compositions.

The direct and indirect band gap energy values of prepared nanoferrites are
calculated using relation between the absorption coefficient and the band [Mahulkar

et.al., 2009].

hya = A(hy — Egqp)™ 5.7)
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where o is the absorption coefficient, h is Planck's constant, y is the
frequency of light, A is a proportional constant, and E is the band gap and exponent n

is the different type electronic transition n = 1/2 and n = 2 for direct and indirect band

gap energy.
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Figure 5.3 Absorbance spectra of MnLaxFe2-xO4 (x= 0.00 to 0.08) nanoferrites
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Figure 5.4 Direct bandgap energy of MnLaxFez-xO4 (X= 0.00 to 0.08)
nanoferrites

Figure 5.4 associates the Tauc plot between (a0 E photon)’ VS E photon and the
energy band gap values such as 1.25, 1.26, 1.30, 1.34 and 1.38 eV respectively. The
band gap value of prepared Lanthanum doped manganese nanofetrites increases with

increase La*" ions concentration (X=0.00 to 0.08).

Figure 5.5 demonstrates the Tauc plot between (a)? vs E phot and the indirect
energy band gap values of prepared nanoferrites such as 1.89, 1.98, 2.13, 2.27 and
2.35 eV respectively. The value of absorbance and bandgaps are listed in Table 5.3.
The overview of result demonstrates that the improvement of energy levels or
interface defects may be attributed to synergistic effect of Lanthanum with
nanoferrites, and then recombination of decreased electron hole, which resulted in an

increased band gap [Pinjari et.al.,2010].
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Figure 5.5 Indirect bandgap energy of MnLaxFe2-xO4 (X=0.00 to 0.08)

nanoferrites

Table 5.2 Optical parameters of MnLaxFe2-xO4 (x = 0.00 to 0.08) nanoferrites.

Indirect Direct bandgap
Composition Absorbance bandgap energy energy

(nm) (V) (V)
X=0.00 228.12 1.89 1.25
X=0.02 227.40 1.98 1.26
X=0.04 226.10 2.13 1.30
X=0.06 225..60 227 1.34
X=0.08 224.90 2.35 1.38

5.3.3 Functional Group Analysis

Figure 5.6 shows the FT-IR spectra of Lanthanum doped manganese

nanoferrites with different composition (X = 0.00 to 0.08) recorded by vibrational

appropriate in the region 4000-400cm

1

. FT-IR spectra are performed to give
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information corresponding to the phase formation of spinel ferrites and other

structural changes [Devi et.al., 2017].

The band exists in the range of 562 cm™' may be due to the stretching vibration
of metal oxygen in tetrahedral and octahedral sites. The band at 1366 cm™! represents
for C-H bending bond due to carboxylic acid (Citric Acid). The wave number near at
2368 cm! band is related C=N bond [Gupta et.al., 2017]. The broad and strong band
of oxygen hydrogen stretching vibration of remaining water appeared at wave number

3187 ecm™! [K6seoglu et.al., 2011].
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Figure 5.6 FT- IR spectra of MnLaxFe2 xO4 (X = 0.00 to 0.08) nanoferrites
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Table 5.3 Functional parameters of prepared MnLaxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites
S.No Vibrational Experimental absorption (cm™)
assignments X=0.00 | X=0.02 | X=0.04 | X=0.06 | X=0.08

|| Metal - oxygen 562 562 562 562 562
stretching vibration

o | CH bending of 1366 1366 1366 1366 1366
carboxylic acid

30 |Qreichingvibrationof T y3ep | o3es | 2368 | 2368 | 2368

4 | O-Hstretching 3187 3187 3187 3187 3187
vibration

5.3.4 Surface Morphology with EDAX

The morphology of prepared samples is obtained by FESEM which is shown

in Figure 5.7. It reveals that spherical shape with uniform grain. This happened due to

the diffusion of La*" ions mainly closer to the grain boundary, which exhibits ion and

oxygen vacancies [Xing et.al,2012]. There is some agglomeration occurred is

obtained due to typical magnetic attraction of the spinel ferrites [Al-Ghamdi

et.al ,2017]. Figure 5.7, depict EDAX spectra for a prepared sample which confirms

the presence of Mn, La, Fe and O with few impurities.
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Figure 5.7 FESEM with EDAX images of prepared MnLaxFe2-xO4

(X'=10.00 to 0.08) nanoferrites

5.3.5 Magnetic Analysis

The M-H loop for the prepared Lanthanum doped Manganese nanoferrites
MnLaxFe>xOs with series X=0.00 to 0.08 are plotted using Vibrating Sample
Magnetometer (VSM). All the hysteresis loops are scanned up to 15,000 (Oe),
recorded at room temperature. The shape and width of loops are based on few factors
such as calcinating temperature, chemical composition, porosity, cation distribution
and grain size etc. From Figure 5.8 it is learnt that S shaped hysteresis loops promote
soft and ferromagnetic natures for prepared ferrites. The magnetic saturation (Ms) in
manganese ferrites decreases with decrease of crystallite size due to increase of
surface effect [ Cullity et.al.,1978]. The values of saturation also decrease from 81.57

to 51.31 with increase in La*" ions which is attributed to smaller magnetic moment of
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La (0 IB) than Fe (5 IB). In general, magnetic moment of rare earth ions is due to 4f-

electrons [Shirsath 40 et.al.,2014].
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Figure 5.8 Hysteresis loop of MnLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Magnetic saturation for spinel nanoferrites is adopted by the super exchange
interaction between tetrahedral (A site) and Octahedral (B site) cations. Here three
types of exchange interaction are placed between the magnetic ions at tetrahedral (A)
and Octahedral (B) site in spinal structure such as A-A interaction, B-B interaction
and A-B interactions. Among these A-B Interactions predominate the intra sub lattice
than A-A, B-B interactions. The obtained A-B interaction is due to non-magnetic
nature for La** ions, which implies that exchange of ion interaction does not occur
with closest neighbouring ions [John Jacob et.al., 2010]. The values of coercivity 105
Oe to 517.37 Oe increases with increase of La’" ions for prepared nanoferrites. This

effect on coercivity based on some factors like anisotrophy, magneto crystallinity,

Dependance of Lanthanum Ilons on Structural, Magnetic and Electrical Properties of Manganese
Based Spinel Nanoferrites

Page 137



Chapter -V

magnetic particle and domain size of the material etc [Mathew George et.al.,2006].
The changes of coercivity with crystal size are due to the change in multi domain to
single domain nature [Mathew George et.al.,2006]. The magnetic saturation and
coercivity is inversely proportional to each other through Brown’s relation [Razia
Nongjai et.al.,2012]. The present work agrees this relation of decreasing magnetic
saturation to Lanthanum concentrations. Earlier reports have explained that the larger
lonic radii of rare earth substitution in spinel ferrites have increased the coercivity
[Pachpinde et.al.,2014]. The squareness ratio and anisotrophy constant of MnLaxFe:.
x04 (X = 0.00, 0.02, 0.04, 0.06 and 0.08) nanoferrites are evaluated through below

mentioned equations [Gupta et.al.,2017].

Squareness ratio = % (5.8)
_ HcMs
K= Y (5.9)

where M; is the remanent magnetization (or) retentivity, K is the anisotrophy
constant and Hc is coercivity. The values of squareness ratio are less than 0.5 for all
the prepared samples, which denotes uniaxial anisotropy contribution in the obtained
nanoferrites [Tholkappiyan et.al,2015]. Uniaxial anisotropy is a precondition for a

hysteresis loop in ferromagnetic ferrites. Furthermore, Bohr Magnetization (np) in

magnetic moment (pp) is calculated using the following equation [Gupta et.al.,2017].

MXM;

IlB ~ 5585 (5.10)

where x is the concentration and M is the molecular weight of La’" ion

substitution. The magnetic parameters such as magnetic saturation (M;) retentivity
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(M), coercivity (Hc), squareness ratio (M/M;s), anisotrophy constant (K) and Bohr
magnetron (1)p) are observed from M-H measurements as listed in Table 5.4. In the
present study, the value of coercivity is few hundred Oersteds (Oe) of prepared
Lanthanum doped Manganese nanoferrites and with such a low value of coercivity
nanoferrites materials are favorable for -electromagnetic radiation materials

[Azadmanjiri et.al., 2004].

Table 5.4 Magnetic parameters of prepared MnLaxFe2-xQ4 (X = 0.00 to 0.08)

nanoferrites.
Magnetization Rema'nen't Coercivity Squar(.eness Anisotrophy Bohr
Composition (M, magnetization (Hc) ratio constant magneton
(emuig) (o (00 QM ® | an
g (emu/g) (No unit) (Oe) 118) (1B)
x=0.00 81.57 33.08 105.00 0.4055 87.39 0.3739
x=0.02 59.56 26.03 392.55 0.4370 23.85 0.2711
x=0.04 58.73 25.86 429.59 0.4403 25.74 0.2654
x=0.06 52.00 21.15 516.93 0.4067 27.42 0.2334
x=0.08 51.31 09.33 517.32 0.1818 27.08 0.2287

5.3.6 Impedance Analysis

Impedance spectroscopy is a useful technique which is widely used to separate
real and imaginary part of the electrical parameter to propose the material’s electrical
properties. The impedance spectra values of prepared nanoferrites have capacitance
and resistive components. Figure 5.11 clearly shows that successive semicircles
represent electrical phenomena attributed to grain, grain boundaries and interfacial
etc. In general, low frequency regions are effective in grain boundaries while the
grains are effective in high frequency region. Thus, appearing of semi-circle in low
frequency region enables the grain boundary contribution while grains are enabling to

high frequency contribution. The real part (Z') of the spectra values for prepared
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nanoferrites are corresponds low frequency to high frequency in the range of 100

mHz to 10 MHz at room temperature.

Figure 5.9 implies to impedance in frequency graph decreases with increase in
applied frequency and then remain same at higher frequency. The constant Z' value at
high frequency promotes the dominant contribution from grain boundary. The low
value at high frequency implies the release of space charges and an improvement of

the mobility of charge carrier [Kooti et.al.,2012].
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Figure 5.9 Real part of impedance spectra of MnLaxFe2-xO4 (X=0.00 to 0.08)
nanoferrites.

The imaginary part (Z’’) of the Lanthanum doped manganese nanoferrites is
represented in Figure 5.10. It decreases with increase of applied frequency and then
merges at high frequency. The decrease in increasing frequency is due to the

reduction loss in the resistive part of the prepared nanoferrites. The noticed peaks in
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the

imaginary part (Z") are one due to existence of the

space charge

relaxation attributed with the charge carriers concluding from oxygen vacancies

[Azizar Rahman et.al., 2014].
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Figure 5.10 Imaginary part of impedance spectra of MnLaxFe2-xO4

(X=0.00 to 0.08) nanoferrites

The Nyquist plot of impedance spectra for prepared Lanthanum doped

manganese nanoferrites with series (X=0.00 to 0.08) are shown in Figure 5.11. The

plot consists of clear semicircle arc which consists the grain and grain boundaries

have contribution to the conductivity. These semicircles contain two types of

relaxations with increase in La®" ion concentrations. The lower frequency side

relaxation is attributed to grain boundary contribution and higher frequency grain

contribution is mainly due to the effect of small crystal size from XRD. Furthermore,

it is observed that the value of Nyquist plot decreases with increase of Lanthanum
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concentrations which implies that impedance is inversely proportional to the

conductivity, as the conductivity increases with increase of La*" ion. Hence this is

well corroborated from conductivity values [Li et.al., 2001].
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Figure 5.11 Nyquist plots of MnLaxFe2-xO4 (X= 0.00 to 0.08) nanoferrites.

5.3.7 Dielectric Analysis

The dielectric behavior of iron (Fe) oxide is attributed to the electric dipole

created due to the charge ion exchange interaction between the divalent and trivalent

metal cations with in the spinel structure, calcination temperature and time, method of

preparation, chemical composition and occupancy of site in metal cation among the

tetrahedral and octahedral sites on dielectric properties of ferrites [Ramana

et.al.,2013, Rabia Pandit et.al.,2014]. The dielectric behavior of ferrites as a function

of frequency gives important information of the behavior of the localized charge

carriers and understanding the mechanism of dielectric polarization in ferrites

[Pervaiz et.al.,2012].
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5.3.7(a) compositional effect on dielectric constant (¢') and complex dielectric
constant (g'")

The variation of dielectric constant (¢’) and complex dielectric constant (g°)
measured at the frequency in range 100 mHz to 10 MHz for Lanthanum doped
manganese nanoferrites MnLaxFe,.xOs4 with series X=0.00 to 0.08 at room
temperature are depicted in Figure 5.12 (a,b) respectively. From the Figure, it can be
noticed that both dielectric constant (¢’) and complex dielectric constant (&") increase

with increase of La*" ions concentration.
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Figure 5.12 (a,b) Dielectric constant and Complex dielectric constant of the

prepared MnLaxFez-xO4 (X = 0.00 to 0.08) nanoferrites

The obtained results from electron interchange between Fe?'<>Fe’* in local
displacement produce polarization of charges in these ferrites. Thus, it reveals number
of ferrous ions on octahedral sites play a predominant in the process of conduction
and dielectric polarization [Tatina et.al,2007]. The hindrance of electron transfer
between Fe?* and Fe’' ions are leading to decrease the polarization. The La** ion

occupy octahedral sites owing to their larger ionic radius (1.06A).
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5.3.7(b) Dielectric Constant (g’)

Figure 5.13, shows the variation in the dielectric constant as a function of
frequency for MnLaxFe»xO4 nanoferrites with series X = 0.00 to 0.08 at room
temperature. The value of dielectric constant for high frequency region dependent in
the low frequency region while high frequency region it is frequency independent.
The dielectric constants increase with increase of La’" ions for prepared Lanthanum
doped manganese nanoferrties which is evaluated using the following relation [Gupta

et.al.,2017];

—
e = (5.11)

where C is the capacitance of the pellet, o is the permittivity of free space, A
is the area of the pellet and d is the thickness of the pellet. The values of dielectric
constant and complex dielectric constant are high at lower frequency and then
decrease with increase in frequency for increasing La’" ions. The calculated dielectric
constant values are 486, 692, 928, 1076 and 1333 with series X= 0.00, 0.02, 0.04,
0.06 and 0.08 respectively. The dielectric constant values decrease with increase of
frequencies. This dispersion behavior in the ferrites can be explained with Maxwell
Wagner type interfacial polarization in compliance with Koop's phenomenological
theory [Hu Pinget.al.,2010, Pankhurst et.al,2003]. According to Maxwell - Wagner
type, dielectric differs for two-layer non-uniform medium, where first layer denotes
high conducting grains at higher frequency, while second layer denotes poor
conducting grain boundaries at low frequency [Hu Ping et.al.,2010]. The polarization

can be occurred due to interchange of electrons between Fe** and Fe** on applying
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field in ferrites, which follows the behavior of conducting mechanism [Tobias

Neuberger et.al.,2005].
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Figure 5.13 Dielectric constant of the MnLaxFe2.x04 (X = 0.00 to 0.08)

nanoferrites

The decreasing polarization with increasing frequency leads to decrease in
dielectric constant may be accumulated to decrease of electron exchange between
Fe?" and Fe** with applied field [Tobias Neuberger et.al., 2005]. In spinel nanoferrites
presence of La’" ions wish to occupy octahedral sites. Hopping between La** and Fe**
increases at octahedral site with increase of La*" ion. Hopping of ion exchange
between dissimilar metal is more effective when compared to similar metal ion [Bin
Liu et.al., 2007]. This mechanism gets activated to intensify the conduction while

there is an increase of La’" ions. Thus, the dielectric constant increases with La

content.
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5.3.7 (¢) Dielectric Loss

Variation of dielectric loss (or) tangent loss with frequency is depicted in
Figure 5.14. From this it is clearly noticed that dielectric loss decreases with increase
in frequency. This indicates a strong association in dielectric process and conduction
process [Bin Liu et.al., 2007]. The obtained dielectric loss decreases with increase of
higher frequency. This dielectric loss may depend on certain factors such as

composition, synthesis method and Fe?* content [Hu Ping et.al.,2010)].
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Figure 5.14Dielectric loss of MnLaxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

The dielectric loss and complex dielectric constant of prepared nanoferrites

were estimated using the below mentioned relation [Gupta et.al.,2017].

(5.12)

€' = g'tanod (5.13)
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The obtained dielectric loss values of the prepared nanoferrites are 3.28, 2.95,
2.50, 2.21 and 1.80 respectively. The tangent loss decreases with increase of La’* ions
imply a decrease in total number of hopping mechanisms, as tangent loss is directly
proportional to number of dipole available for relaxation [Iguchi et.al, 1991]. This is
agreed with impedance analysis; where the increase of La** improves the resistive
properties of materials thereby squash the Mn**<> Mn’" and Fe?’’«<> Fe* linkages
[Pawan Kumara et.al., 2010]. Even at higher frequencies, tangent loss is small which
promote the application of these prepared ferrites is suitable to electromagnetic

devices.

5.3.7(d) AC Conductivity

Figure 5.15 Shows AC conductivity of prepared nanoferrites shows increasing
trend at low frequency region whereas the mentioned behavior is exhibit at high
frequency range. Here, both Maxwell-Wagner model and Koop's phenomenological
theories are confirming that ferrite material consists of conducting grains dispersive
by resistive layer of grain boundary. This conduction process is related to the
dielectric polarization [Koops et.al,1951]. So that, all the prepared nanoferrites are
affected by grain boundaries with high resistance at low frequency region. However,
at high frequency region, effect due to grain and increasing trend of hopping of charge
carriers Fe?*- Fe3" at adjacent octahedral sites influence the increasing of conductivity

[Akther Hossain et.al.,2011].

Figure 5.15 shows that the increase in AC conductivity with increase of La**
ions. It reveals that the magnitude of electronic transfer is based on the concentration

of Fe*"/ Fe?" ion pairs located at B-sites [Elkestawy et.al., 2010]. From the graph, it is
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noticed that the AC conductivity increases with increase of La** ions gradually. The

value of AC conductivity increases from 0.014 to 0.134 (Qcm!) with increase of La**

ions (x = 0.00 to 0.08).
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Figure 5.15 AC Conductivity vs Frequency of MnLaxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites

The increase in AC conductivity is due to decrease in porosity confirms from

XRD. It is noticed that at low frequency AC conductivity implies grain boundary

contribution whereas high frequency can be attributed to the effect of grains [Navneet

Singh et.al., 2011, Bottger et.al., 1985].
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Table 5.5 Dielectric parameters of MnLaxFe2 xO4 (X = 0.00 to 0.08) nanoferrites

Dielectric Dielectric Loss Complex Dielectric AC Conductivity
Composition Constant (tand) constant (ac)

(€3] D (") (Qcm™)
X=0.00 486.08 3.2839 1595.97 0.0134
X=0.02 692.37 2.9581 2048.09 0.0672
X=0.04 928.15 2.5017 2321.95 0.0882
X=0.06 1079.69 2.2128 2389.13 0.0989
X=0.08 1333.49 1.8039 2405.48 0.1347

5.4 CONCLUSION

Lanthanum doped Manganese nanoferrites were successfully synthesized by
sol-gel method. These nanoferrites have cubic spinel structure with crystallite size
from 26 to 12nm.The lattice constant and bulk density increased with increase of La**
ions, whereas X-ray density is inversely proportional to lattice constant and bulk
density. The value of porosity decreases with increase of La** ions. The absorption
bands are noticed in the FTIR spectrum near 562 ¢cm™!, which is confirms tetrahedral
and octahedral stretching of Metal-Oxygen bond. The optical band gap values of the
prepared Lanthanum doped Manganese nanoferrites are 1.89 - 2.35 eV, which
improve with respect to the band gap 1.25 - 1.38 eV values of Mn nanoferrites due to
impact of La’" ions. FESEM with EDAX reveals that the prepare nanoferrites have
spherical morphology with few agglomerations and present elemental peaks attained
consistently in all the compositions. The value of magnetic saturation is decreased
from 81.5 to 51.3 emu/g and the value of coercivity increased from 105 to
517.32emu/g with increase of La’" ions whereas it showed magnetic saturation as

inversely proportional to coercivity. VSM revealed that the prepared nanoferrites are
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soft and ferromagnetic in nature. The dielectric constant and dielectric loss are
decreased with increase of frequency and also dielectric constant and complex
dielectric constant increased with increase of La** ions. Impedance spectra reveal that
the impedance response is over ruled by grain boundary behavior. The AC
conductivity increases with increase of La’" ions. Hence, Lanthanum doped

Manganese nanoferrites are favorable for electromagnetic applications.
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CHAPTER - VI
EFFECT OF Gd*" IONS ON STRUCTURAL, OPTICAL,
MAGNETIC AND DIELECTRIC PROPERTIES OF
CoGdxFezx04 (0.00 < X > 0.08) NANOFERRITES

6.1 INTRODUCTION

In recent years, nanosized ferrites have immense applications in various fields
with fast development microwave technology such as high frequency devices and
their component, telecommunications devices, memory core devices, microwave
absorption micro-oven, radar, antenna, sensor, magneto-resistive random-access
memory (MRAM) devices, targeted magnetic tunnel junction and spintronics devices
and drug delivery [Rashad et.al., 2009, Krishna et.al., 2012, El-Sheikh et.al.,2013,
Kamar Tanbir et.al.,2020].  In electronic society, the usage of telecommunication
and electronic equipment’s has increased due to the problem raised in electromagnetic
interference [Abbas et.al., 2007] as it generates false image, reduces the life time and
efficiency of the instruments and also destroy the safety operation of many electronic
devices. To overcome these problems, all electronic equipment’s must be aware of
electromagnetic damage [Che et.al., 2004, Huang et.al., 2007]. Now a day’s research
has been done for the improvement of latest microwave shielding materials which
includes high efficiency, light weight, lifetime and high durability. Electromagnetic
absorber solves such problems and also satisfies the above-mentioned parameters.
Therefore, electromagnetic absorbers are highly needed and broad ranges of
application have been taken out [Siddiqui et.al., 2012, Meshram et.al., 2004]. Some

rare-earth element doping has been reported to play vital roles to amplify the
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magnetic, structural and electrical properties. These properties can change based on
the cation distribution, size, shape, concentration and lattice sites [Mritunjoy Prasad
Ghosh et.al., 2020]. Spinel ferrites are one of the most absorbing materials in different
forms such as paints, powder, ceramic filter and sheets, etc. [Lenin et.al., 2018]. The
electrical and magnetic properties are superior when dopant of rare earth ions [Ahmed
et.al., 2008]. Various efforts have been taken to develop techniques for the synthesis
of nanoferrites such as co-precipitation [Lakshita PHOR et.al., 2020], sonochemical
method [Lenin et.al., 2020], micro-emulsion technique [Muhammad Junaid et.al.,
2020], hydrothermal [Bolarin-Mir6 et.al., 2011] and solvo thermal [Sivakumar et.al.,
2007]. Among these, sol-gel method has emerged as a useful strategy for the
preparation of nanoferrites. Sol-gel method allows control both size through structural
properties and also homogeneity of particles. However, doping of rare earth along
with large amount of Fe and some metal may result in unique properties [Ahmed
et.al., 2006]. To our best of knowledge, a few researchers discussed the study of Gd in
Co ferrites. Moreover, an elaborated study of magnetic and dielectric properties for

spinel nanoferrites has been reported very rarely.

In current study CoGdxFe>xO4 doped cobalt nanoferrites with various doping
concentrations (x = 0.00, 0.02, 0.04, 0.06 and 0.08) were synthesized by sol-gel
method. The impact of Gd incorporation on interconnected features such as structural,
morphological, optical, and magnetic properties were investigated. The primary goal
of the produced Gd doped cobalt nanoferrites (GNF) with varing different doping

concentrations is to improve electromagnetic microwave absorption.
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6.2 MATERIALS AND EXPERIMENTAL PROCEDURE
6.2.1 Materials

A high pure nitrate precursors of the Cobalt, Iron, Gadolinium and salts such
as Gadolinium nitrate (Gd (NO3);.6H20), and the commercial reagents Ammonia

(NH4+OH) and Citric acid (C¢HsO7.H20) were purchased from Merck.

6.2.2 Experimental Procedure

The CoGdxFexxOsnanoferrites were synthesized by the well-known sol-gel
method. The stoichiometric amount of nitrate was weighed and dissolved in 100 ml of
de-ionized water until a mixture of the precursors. Then the mixture was constantly
stirred at 80 °C for 1 hour. The ammonium hydroxide solution was further added in to

the precursor solution drop by drop until the pH value of 7.

A dark sol suspension was obtained and the content was dried in oven at 60 °C
for 24 hrs. The dried powder was kept for calcination in a muffle furnace at 500 °C
for 2 hrs to obtain the by-products free nanoparticles. The prepared nanopowders
were calcined at 1000 °C for 24 hrs. The schematic diagrams of preparation of

CoGdxFe2-xO4 nanoferrites were shown in Figure 6.1.
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Figure 6.1 Flow chart for the preparation of CoGdxFe:xO4nanoferrites

6.2.3 Characterization of the CoGdxFe:2-xOsNanoferrites

The structural properties of the prepared CoLaxFe,xO4 (X = 0.00 to 0.08)
nanoferrites were characterized by XRD (SHIMADZU-XRD 6000) with CuKa
radiation source operated at 40 kV and 30 mA. The functional groups in the
CoGdxFe>xOs4 nanoferrites were determined by FTIR spectra (SHIMADZU-UV

18000) ranging from 4000 to 400 cm™!. The morphology and elemental investigation
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of the prepared material were analyzed by using FESEM with an EDAX (Quanta FEG
250). The optical properties were analyzed by using an UV- DRS for the prepared
material. The Impedance spectroscopy with the frequency range of 100 mHz to 10
MHz at room Temperature (30 °C) (Biologic SP-300) was used to determine the
electrical properties. Raman spectroscopy studies were made using an AUG
spectrometer (ALU-PHI5000) with monochromatic Al Ka and 26.00 eV radiation.
Magnetic properties were analyzed by using VSM (Lakeshore VSM 7140) with an

applied magnetic field of -15000 to +150000e at room temperature.

6.3 Results and Discussion
6.3.1 Structural Analysis
XRD spectra of CoGdxFe2.xO4 (x = 0.00 to 0.08) are shown in Figure 6.2. The

observed reflections are (220), (311), (400), (422), and (511) of spinel ferrites which
are matched with JCPDS card No 22-1056 [Bensebaa et.al., 2004]. The diffraction
pattern confirms the formation of pure cubic structure of the spinel ferrites, without
any secondary impurities. The method used for preparation ensures the substitution of
Gd** ions into the spinel structure. The crystallite size was estimated from the basic

Scherrer equation [Scherrer et.al., 1918];

K\
D= B cost (6.1)

where D is the average crystallite size, | is the x-ray wavelength, b is the width
of the x-ray peak on the 2¢q axis, normally measured as full width at half maximum
(FWHM) after the error due to instrumental broadening has been properly corrected
(subtraction of variances), g is the Bragg angle, and K is the so-called Scherrer

constant. K depends on the crystallite shape and the size distribution, indices of the
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diffraction line, and the actual definition used for b whether FWHM or integral
breadth [Langford et.al., 1978]. K can have values anywhere from 0.62 and 2.08. In
this paper, K = X.X was used. Further, microstrain in the crystallite or nanocrystal
also affects the width b, which needs to be considered in an accurate analysis. Spatial
fluctuations in the alloy composition can also affect the width. In this work, the
calculated values of D represent estimates. (Discussion on the accuracy of Equation
[Scherrer et.al., 1918]; can be found in the literature, for example, in [Uvarov et.al.,
2013]. The average crystallite size of the nanoferrites is decreases from 29 to 13 nm
with increase of doping Gd**. The obtained results reveal that the average crystallite
size of the prepared ferrites is highly influenced by the concentration of Gd
concentration. This implies that the substitution of Fe ions with Gd ions hinders the
grain growth. It can also be explained based on the difference between the ionic radii
of Gd*" and Fe" ions. The ionic radius of Fe** ions (0.67 A) is smaller than that of
Gd*" ions (0.938 A) and, the substitution of rare earth ions shows limited solubility in

spinel lattice and higher grain growth [Peng et.al., 2011].

The lattice constant of the prepared nanoferrites is calculated using below

equation [Lenin et.al.,2021];
a=duaV (h2+ K2+ 12) (6.2)

where d is inter atomic spacing, a is the lattice constant and (hkl) are miller
indices. The lattice constant was in the range of 8.50 (+ 0.002) A to 8.59 (= 0.002) A
(Table 6.1). It reveals that lattice constant increases with Gd** substitution and when
there is a replacement of rare earth ion in spinel ferrites, the lattice constant neither

increases nor decreases [Rezlescu et.al., 1994]. The increase of lattice constant is
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mainly due to incorrect occupancy of rare earth ions in the lattices [Rahman et.al.,
2014]. In another way, the increase of lattice constant is due to replacement of ions in
greater size of rare earth into transition element ions [Peng et.al., 2011]. In the current
situation, the value of the lattice constant increases as the number of Gd*' ions
increase, which is owing to the fact that Gd>* ions have a greater ionic radius (0.94 A)
than Fe** ions in Octahedral locations, which causes the unit cell to expand, resulting
in a larger lattice constant. [Peng et.al., 2011]. Thus, incorporation of Gd** into cobalt

nanoferrites was observed without any traces of secondary phase.

X-ray density of Gd** doped CoFe;O4 nanoferrites were estimated by the

following equation [Lenin et.al., 2021];
dx=Zm/Na’ (6.3)

where Z is basic unit cell of cubic structure contains eight ions, m is molecular
weight of the ferrites, N is Avogadro’s number and a’ is volume of the unit cell. The
observed X-ray density increases from 5.0 to 5.4 g/cm?® with addition of Gd** ion and
it can be ascribed to the fact that the atomic weight of Gd* is larger than that of Fe
(55.84 g/mol). When the X-ray density increases the particles tend to acquire nanosize
and tightly packed.

The bulk density (dB) was calculated by using specified equation [Lenin et.al.,
2021];

dg =m/ nr’t (6.4)

where t is thickness, 1 is radius and m denote pellet’s mass. The result revealed

that the bulk density increases from 1.7 g/cm? to 2.7 g/cm? possibly as a result of
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pores in the prepared nanoferrites. The place of Gd*' ions activate the calcinating
condition thus trends to increase in densities [Bobade et.al., 2012]. The porosity (P)

was estimated using following equation [Lenin et.al., 2021];

P = (1-ds/dx) % (6.5)

where, dx and dp are X-ray density and bulk density of the ferrites. Table 6.1,
infer that the porosity percentage was decreased from 6.9 to 4.7 with increase of Gd**
ions which is due to increase in bulk density and also porosity behaves inversely

proportional to each other.

The surface area (S) of the sample was calculated using subsequent expression

[Lenin et.al., 2021];

S=6/dxD (6.6)

where, D is crystal size and dx is the X-ray density of the ferrites. The surface
area increases from 38 to 90 m?/g with addition of Gd*" ions are due to decrease in
crystallite size. The results observed from all the structural parameters are listed in

Table 6.1.
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Figure 6.2 X-ray diffraction pattern of CoGdxFe2.-x04 (X = 0.00 to 0.08)

nanoferrites.
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Table 6.1. Structural parameters of CoGdxFez2-xO4 (X = 0.00 to 0.08)

nanoferrites
. Lattice Volume of | X-ray Bulk | Surface
Crystallite . ! . )
Composition| size (am) | “OmStant (@) | unitcell density | density | area | Porosity
b (= 0.03) A) (pxrp) (d8) | (Sxrpn) (%)
) (:h 0.002) (33) (g/cm3) (g/cm3) (mZ/g)

(GO)

X=0.00 29 8.50 615.5 5.0 1.7 38 6.9
(G2)

X=0.02 22 8.52 620.6 5.2 1.8 51 6.6
(G4)

X=0.04 19 8.56 626.3 5.2 1.9 60 6.2
(Go)

X=0.06 15 8.57 630.7 53 25 77 5.1
(G8)

X=0.08 13 8.60 650.0 5.4 2.7 90 4.7

6.3.2 Optical Analysis

The impact of Gd*" doping on the optical properties of CoGdxFe><Os was

carried out through diffuse reflectance (DR) UV spectrometer in the wavelength range

of 200-800 nm as shown in Figure 6.3.
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Figure 6.3 Absorbance spectra of CoGdxFe2-xO4 (X= 0.00 to 0.08) nanoferrites
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It can be clearly noticed that CoGdxFe2xO4 nanoferrites exhibited absorption
in the visible region. The absorption values of cobalt ferrites show visible light cut-off
wavelength at 234 nm. As the Gd** ions increasing, the absorptions were observed as
233, 232, 231 and 230 nm respectively. When compared to Gd** doped ferrites, pure

cobalt nanoferrites show better visible light absorption.

The optical bandgap energy was calculated following expression

[Vigneshwaran et.al., 2018];

hyo= (hy — Egap) " (6.7)

where the absorption coefficient is a, the frequency of light is denoted by 7,
the planks constant is h, and the bandgap is Eg. For indirect and direct bandgap

energies, the exponents are 2 and %%.
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Figure 6.4 Direct bandgap energy of CoGdxFe2-xO4 (X= 0.00 to 0.08)

nanoferrites.
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Figure 6.4 shows that the direct bandgap energy values are found as 3.14,
3.27, 3.39, 3.46 and 3.61 eV, which are relatively high with previous reports [Asiri
et.al., 2018]. Figure 6.8 shows that the indirect bandgap values are 2.62, 2.73, 2.84,
2.96 and 3.09 eV respectively, which are also considerably higher values with

previous reports [Alves et.al., 2017].

The optical bandgap energy increased as the concentration of Gd** grew
(X'=0.00 to 0.08). This indicates an increase in energy level, which may be attributed
to the synergistic impact of the Gd** ion, which reduces electron hole recombination
and so increases the band gap [Li et.al.,, 2011]. Table 6.2 shows that the bandgap
value has increased which exhibits an inverse relationship between bandgap and

crystallite size as the lattice parameter is increased. [Kumar et.al., 2014].
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Figure 6.5 Indirect bandgap energy of CoGdxFe2-xO4 (X= 0.00 to 0.08)
nanoferrites
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Table 6.2 Optical parameters of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

_. | Absorbance | Indirectband | Pirectband

Composition gap energy
(nm) gap energy(eV) V)
X=0.00 234 3.14 2.62
X=0.02 233 327 2.73
X=0.04 232 3.39 2.84
X=0.06 231 3.46 2.96
X=0.08 230 3.61 3.09

6.3.3 Functional Group Analysis

Infrared Radiation (IR) transmittance spectra of these nanoferrites series are

shown in Figure 6.6. The absorption of IR in molecular vibrations also confirms the

1

formation of ferrites phase. The vibrational frequency at 585 cm™ represents

stretching vibration of metal-oxygen bond.
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Figure 6.6. FTIR spectra of CoGdxFe2xO4 (X = 0.00 to 0.08) nanoferrites
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The broad and strong stretching peak at 3390 cm is due to stretching
vibration of O-H bonds of water molecules coordinates to the ferrite structure
[Purnama et.al., 2019]. The peak around at 1495 cm™ is due to stretching vibration of
C-H bond [Wang et.al., 2011]. The peak appears around 2344 cm™! is due to stretching
vibration of nitrate group, which indicates that nitrate ions are present in the starting
precursors of all the samples [Sivakumar et.al., 2011]. The peak at 2935 cm™' was
ascribed to symmetric and antisymmetric stretching modes of CHa, respectively

[Zhang et.al., 2006].

Table 6.3 Functional parameters of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Experimental absorption (cm™)

S.NO | Vibrational assignments X= X= X= X= =
0.00 0.02 0.04 0.06 0.08

Metal - oxygen stretching 585 585 585 585 585
vibration

2 Stretching vibration of Nos 1495 1495 1495 1495 1495

3 Stretching vibration of C=N 2344 2344 2344 2344 2344

C=H bending of carboxylic

. 2935 2935 2935 2935 2935
acid

5 O - H stretching vibration 3390 3390 330 3390 3390

6.3.4 Surface Morpohology with EDAX
The morphology studies can be determined by using FESEM as in Figure 6.7,

which revealed that these nanoferrites have spherical in shape with few
agglomerations which is due to the magnetic interactions between the particles
increase in substitution of Gd** ions [Ghodake et.al., 2016]. It was noticed that the

substitution of Gd*" ion had insignificant effect on the material morphology, but

Effect of GD?* Ions on Structural, Optical, Magnetic and Dielectric Properties of
CoGdxFe;.x04(0.00 < X > 0.08) Nanoferrites Page 171




Chapter - VI

largely impact the average size of the ferrites, which implies that the average

crystallite decreases with increase of dopant concentration [Peng et.al., 2011].

Figure 6.7 FESEM images of CoGdxFez2-xQ4 (X = 0.00 to 0.08) nanoferrites
EDAX analysis of CoGdxFe>-xO4 ferrites are shown in Figure 6.8. It is clearly

seen that there is no formation of secondary impurity elements in the composition.
The spectra also indicate that the incorporation of Gd*" was well incorporated in the
ferrites as the Gd>* peaks appear as the intensities increase with increase of Gd* ions.
It’s worth mentioning that the atomic weight percentages are closely matched with the
theoretical stoichiometry which corresponds to the expected ratio of the

concentrations.
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Figure 6.8. EDAX images of CoGdxFe2-x04 (X = 0.00 to 0.08) nanoferrites
6.3.5 Raman Spectroscopy Analysis

Raman spectroscopy analysis has been widely used to understand the key
structural properties of the nanoparticles such as phase transition, structure and lattice
distribution, spin-lattice, charge-lattice, couplings and magnetic ordering in
nanoferrites [Yadav et.al., 2017]. Based on the group theory analysis of the lattice
vibration, the cubic 3a spinel structure cobalt ferrite has vibrational Raman active
modes of vibrations (A1g+Eg+3T2g) [Yadav et.al., 2017, Yu et.al., 2002]. These modes
are noticed due to the motion of anion and cation at A and B sites. The Raman spectra
taken at room temperature in the wavelength range of 200 to 800 cm™! at CoGdxFe»-
xO0s (X = 0.00 to 0.08) are shown in Figure 6.9. The Ai; mode is organized to
symmetric stretching of the oxygen atom, the T2 mode is associated to asymmetric

stretching of oxygen atom with both octahedral and tetrahedral cation and E; mode is
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organized to symmetric bending of oxygen atom [Yu et.al., 2002]. The highest
intensity of Aig active mode split up into two modes (Aig) and (Azg) due to cation
inversion [Saccone et.al., 2015]. The Raman modes at Tz, and Eg in the Gd doped
cobalt nanoferrites are at lower frequency region described the stability of the spinel
structure. Table 6.4 indicates the strong Raman mode above 600 cm™! represents to
A1z mode and it can be associated to the symmetric stretching of oxygen atoms along
with metal oxygen (M-O) and Fe-O bonds at tetrahedral sites. The Raman mode Tag
(3) about 230 cm™! corresponds to 2g asymmetric bending of oxygen atom, T (2)

mode around 465 cm™!

corresponds to asymmetric stretching of M-O and Fe-O at
Octahedral site and T2g (1) Raman mode around 535 cm™! is assigned to translation

motion of tetrahedral. The Raman active mode of Eg (1) are located at 310 cm™ is

linked with symmetric bending of oxygen with metal ion [Humbe et.al., 2017].
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Figure 6.9 Raman spectra of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites
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Table 6.4 Raman studies of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Composition T (3) | Ec(1) | T2g(2) | Toe (1) | Atg(1) | A1 (2)
CoFex04 199 305 462 517 614 683
CoGdo.o2Fe1.9804 222 284 450 520 604 666
CoGdo.oaFe1.9604 197 285 459 519 608 679
CoGdo.osFe1.9404 207 291 455 524 601 668
CoGdo.osFe1.9:04 195 308 462 532 599 679

In this study, the vibration modes above 600 cm™!' are associated with Ajg

symmetry of metal-oxygen bond at tetrahedral sites. The doping of Gd** ions are

expected to occupy at the octahedral sites [G. Kumaret.al., 2014] by exchange of Co**

from Octahedral to tetrahedral sites. And the vibrational frequency of Raman modes

is moved to lower frequency region due to the crystallite size and cation redistribution

of CoGdxFez-xO4 (X =0.00 to 0.08) nanoferrites.

6.3.6 Magnetic Analysis

Room temperature M-H loop study was carried out to analyze the magnetic

behavior of CoGdxFe>-xO4 nanoferrites with applied magnetic field in the range of

+15000 Oe as shown in Figure 6.10. The magnetic behavior of S shaped M-H

hysteresis loops confirmed soft magnetic nature which can be associated to cubic

spinel nanoferrites [Peijiang Liua et.al., 2016].
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Figure 6.10 Hysteresis loop of CoGdxFez2-xO4 (X = 0.00 to 0.08) nanoferrites

The hysteresis curve exhibits ferromagnetic behavior. The cation distribution
in tetrahedral and octahedral nanocrystalline materials, chemical composition,
synthesis process, and crystallite size all influence the magnetic characteristics of the
material. [Dimri et.al., 2006, Lavanya Rathi et.al., 2021]. The magnetic parameters
such as Retentivity (M;), Coercivity (Hc), Magnetic saturation (Ms), Anisotropy
constant (K), squareness ratio and magnetic moment are evolved from the hysteresis
loop and the variation of each magnetic parameters were listed in Table 6.5. The
Magnetic saturation decreases from 26 to 13 (X = 0.00 to X = 0.08) with increment of
Gd** ions in the cobalt ferrites due to decrease of crystallite size. This concept was
explained from the theory of dead layer i.e core shell model [Peijiang Liu et.al.,

2018].
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In the core shell model, the magnetic particles are shielded inside the non-
magnetic layer. And also, it can be discussed based on the changes in A-B exchange
interaction between Octahedral (B) and tetrahedral (A) sub lattices. The cubic
structure of spinel nanoferrites has various crystallographic sublattices for magnetic
ions i.e Octahedral (B) and tetrahedral (A). Three types of magnetic interaction are
involved among the magnetic ions i.e AA interaction, BB interaction and AB
interaction. In spinel nanoferrites, magnetic order is strong because of super-
exchange interaction among the magnetic ions in the A and B sub lattices
intermediate by oxygen ions. The surface effect for oxide nano material leads to
decrease of magnetic saturation. The magnetic dead layer on the spin canting effect in
the whole volume of the crystallite could be the reason for decrease in magnetic

saturation [ Amiri et.al., 2013].

Coercivity of the nanoparticles depends on defects, porosity, strain, synthesis
process and magnetic crystalline anisotropy etc. The value of coercivity increased
with increase of Gd** ions as the crystallite size decreased. It can be clarified based on
the Stoner Wohlforth theory, the coercivity value is correlated to the anisotropy

constant (K) by the expression [Belavi et.al., 2012];

He = 0.98XK / Ms (6.8)

where K is the anisotropy constant, Hc is coercivity and Ms is magnetic
saturation. In Table 6.5, it is noticed that anisotropic constant decreases with decrease
of crystallite size from XRD, and it leads to an increase in coercivity. Based on this
relation, Hc and K are inversely proportional to Ms which is constant with the results.

The magnetic moment (pg) was estimated using relation [Kumari et.al., 2015].
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ns = MXMs / 5585 (6.9)

where M is the molecular weight of Gd** ions, X is the concentration. Because
Gd*" has a higher ionic radius than Fe**, the magnetic moment in cobalt nanoferrites
decreases as the amount of Gd** ion increases. This is due to less magnetic contact
between B and A sites. The presence of rare earth ions has been found to alter spin-
orbit coupling. As Gd*" is a rare earth cation, it causes collinear ferromagnetic
arrangements on B sites to change into non-collinear ferromagnetic orders of spins.
The majority of Co?"ions occupy B sites in CoFe»Os ferrites, with the remainder Co**
ions occupying A sites. As a result of the Gd*" ions occupying B-sites, the collinear
arrangements of spins are deformed, resulting in a drop-in saturation. The fact that the
squareness ratio was so low, suggested the presence of single domain particles in

these nanoferrites [Belavi et.al., 2012].

The addition of Gd*" ions in CoFe2O4, being as non-magnetic ion substitution
in the spinel lattice, which decreases the magnetic exchange interaction between A
and B site, leads to decrease in magnetic saturation. Smaller value of coercive field
was achieved due to these nanoferrites which are applicable for magnetic shielding

devices [Kadam et.al., 2013].

Table 6.5 Magnetic parameters of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Magnetization Remanent s Squarefness Anisotropy Bohr
o o . Coercivityity Ratio

Composition (My) magnetization (Hc) (Oe) (M,/M.) constant magneton
(emu/g) (M,) (emu/g) (Norunist) (K) (Oe) (ns) (uB)

X=0.00 26.0 69.3 394.5 0.33 106.3 0.33

X=0.02 19.5 62.4 520.5 0.32 85.3 0.24

X =0.04 16.0 48.1 564.5 0.30 84.3 0.20

X =0.06 13.9 45.2 600.5 0.26 80.0 0.17

X=0.08 13.0 28.7 609.5 0.22 79.8 0.16
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6.3.7 Impedance Analysis

Impedance spectroscopy is one of the most powerful tools for spectrum
analysis which gives more information regarding real and imaginary part of an
electrical component in nanoferrites and also effectively used for investigating
electrical behaviors like electric, conductivity and relaxation characteristic in terms of

the grain boundary and grain of the prepared nanoferrites.

6.3.7 (a) Real part of impedance Spectroscopy

The real part of impedance spectroscopy (Z’) as a function of frequency is
shown in Figure 6.11. From the figure, real part (Z’) decreases with increase of
frequency and then remains same at a higher frequency which implies increase in Ac
conductivity. The real part of impedance decreases with increase of Gd*" ions and
then tends to merge at high frequency. This is occurring because release of space

charge can lead to reduction in barrier properties for material [Kumari et.al., 2008].
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Figure 6.11 Real part of impedance spectra of CoGdxFe2-xO4
(X =10.00 to 0.08) nanoferrites
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6.3.7 (b) Imaginary part of impedance Spectroscopy

The imaginary part of the impedance spectroscopy also decreases with
increase of frequency and at last merges at higher frequency. The imaginary part of
the impedance decreases with increasing of Gd*" ions and then the curve tends to
merge at higher frequencies as shown in Figure 6.12. The observed peak in the Z”
parts are due to existence of the space charge relaxation, undertaken with the space
charge carriers infer from oxygen vacancies [Rahman et.al., 2014]. Space charge

polarization is found to be higher when the material is composed with grain and grain

boundaries.
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Figure 6.12 Imaginary part of impedance spectra of CoGdxFez-xO4

(X=0.00 to 0.08) nanoferrites

6.3.7 (c) Cole - Cole plot
Figure 6.13 shows the cole-cole plot for GdCoxFe2-xO4 with series of X = 0.00

to 0.08. The plot clearly shows semicircular arc, which denoted the electron interface
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grain boundary and grain contribution to the conductivity [Ajith Kumar et.al., 2020].
The material's grain conduction mechanism, which is produced by a parallel
combination of grain capacitance and grain resistance, is responsible for the
appearance of a semicircle in the high frequency region. The semicircle symbolizes
the low frequency area and is created by grain boundary conduction in materials,
which happens when the material's grain boundary capacitance and grain boundary

resistance are coupled in parallel [Kumar et.al., 2019].
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Figure 6.13 Nyquist plots of CoGdxFe2-xO4 (X=0.00 to 0.08) nanoferrites

The observed semicircle was successfully fitted by the equivalent circuit
model as shown in Figure 6.14 In the present study, the major role in the conduction
is observed to occur due to grain boundary contribution. Substitution of Gd** ions in
cobalt ferrites increases the grain boundary resistance, where Rg and Ry are the

resistance of the grain boundaries and grains. CPEy, and CPE, are constant phase
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element of grain boundaries and grains. This boundary is greater than that of the grain

contribution which is occurred due to the effect of smaller crystallite size.
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Figure 6.14 Equivalent circuit model of CoGdxFe2-xO4

(X'=0.00 to 0.08) nanoferrites

6.3.8 Dielectric Analysis
6.3.8 (a) Dielectric Constant (&)

Figure 6.15, shows the dielectric constant (¢') measured to the material at the
frequency range in 100 mHz to 10 MHz at room temperature. With the increase in
frequency, the dielectric constants decrease. The dielectric constant declines sharply
at low frequencies, but becomes frequency independent at high frequencies. The
Maxwell-Wagner model of interfacial polarization, which agrees with the Koop
model, is used to explain the fluctuation in dielectric constant. [Rahaman et.al., 2016].
The structure of spinel ferrites is assumed to have strongly conducted layers as grains
in an insulating matrix with poor conduction layers as grain borders, according to
Maxwell-Wagner. [Maxwell et.al., 1954 ]. At low frequencies, grain boundaries are
more active than grains; hence the dielectric constant is higher at low frequencies and

rapidly drops as frequency increases. [Kambale et.al., 2009]. As electrons are ready to
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reach the poor conducting phase grain boundaries under the influence of an applied

AC electric field. As a result, these electrons clump together, causing space charge

polarization.
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Figure 6.15 Dielectric constant of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites.

As a result, the dielectric constant is high at low frequencies and drops as
frequency increases. In spinel ferrites, the formation of Fe*" ions occur
due to the exchange of electrons between Co?* and Fe’* to join a pair of Co** and

Fe?" [Igbal et.al., 2012].

The electron transfer from Fe’" to Fe?* causes a local displacement of the
electron in the direction of the applied field, which explains ferrites' polarization. The
polarization diminishes with increasing frequency until it reaches a constant value. As
crystallite sizes shrink to the nanoscale, space polarization becomes increasingly

important in determining the material's dielectric constant [Vigneshwaran et.al.,
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2020]. The dielectric constant was evaluated using the below equation [Vigneshwaran
et.al., 2020];
g'=Cd/eA (6.10)

where C is the capacitance, d is thickness of the cylindrical pellet, A is area of
the circular pellet, gy is permittivity of free space. In Table 6.6, the value of dielectric
constant 949, 1799, 10223, 14588 and 32630 respectively increases with increase of
Gd*" ions. Furthermore, with increase of Gd** ions, the crystallite size decreases. Due
to this, surface effects are increased the grain boundaries become highly active at
lower frequency. The observed results showed increase in the value of dielectric

constant, for these samples.

6.3.8 (b) Dielectric Loss

The dielectric loss with respect to the frequency is shown in Figure 6.16. The
dielectric losses are low at lower frequency and gradually increase with increase of
frequency and also in the end, dielectric loss decreases at high frequency. This
abnormal behavior of dielectric loss is due to dielectric relaxation peaks which could
be described by Rezescu model [Rezlescu et.al., 1974]. In the view of Rezescu model,
the dielectric relaxation peaks produce a combined involvement of N type and P type
charge carriers. Beo et al. [Bao et.al., 2002] stated that the small polarons created in a
material also associate to the polarization in addition to the N type charge carriers
which exhibits to abnormal behavior of dielectric loss. Furthermore, the hopping
frequency of localized charge carriers being linearly equal to the externally applied
frequency and response occurring, resulting in the construction of the relaxation peak,
can be linked to the establishment of the relaxation peak. The complex dielectric
constant and dielectric loss are determined using the equations below [Vigneshwaran

et.al., 2020].
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Figure 6.16 Dielectric loss of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

The value of dielectric losses is 1.13, 0.56, 0.07, 0.06 and 0.03 respectively
decreases with increasing of Gd** ions. The electron exchanges between Fe** and Fe?*
need more energy and accordingly more energy loss occur due to high resistivity in
grain boundaries. Furthermore, the amount of energy recovered was used to transfer

the oscillating ions and these leads to dielectric loss.
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6.3.8 (¢) AC Conductivity

Figure 6.17, shows the variation of Ac conductivity of the Gd** doped
Cobalt nanoferrites at various frequency (100 mHz to 10 MHz). In spinel
nanoferrites the conduction mechanism can be explained by the Verwey mechanism

[Gabal et.al., 2015].

The conduction is due to electron hopping between ions of the same element
with various valence states at the octahedral (B) site, according to this mechanism.

The following equation can be used to describe electron migration [Aziz et.al., 2016];

Co?* +F e3t & Co3t + Fe?* (6.13)

04| =—=—Cnrell

—o— Ourlad 3T e ng 0y
—A— Lol g Fey oy
==Ly 5 Py g Ty
1 +{"'ﬁ‘|lt.|]dt”1_!42'”'i

.2

}.2 -

1 4

AL conductivity :nm'1}

Dn_ :”"“I.!I“!lllll!ll.l o |w|.||.| A

o™

Figure 6.17 AC Conductivity vs Frequency of CoGdxFe2-xO4
(X =0.00 to 0.08) nanoferrites.
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The migration of electron in between Fe*" and Fe?" present at the octahedral
site in spinel ferrites is under the impact of applies Ac field and it owes to the
electrical response of these ferrites. The electrical conductivity of nanoferrites is
increased slowly at lower frequency, and then increases sharply at a higher frequency.
Furthermore, in Table 6.6 an increase of conductivity in Fe** ions at the octahedral
sites with the doping of Gd** ion in the cobalt ferrites, play a major role in enhancing
the Ac conductivity of CoGdxFe>-xO4 nanoferrites (x = 0.00 to 0.08) [Murugesan
et.al., 2015]. The dielectric parameters such as dielectric constant, complex dielectric

constant, dielectric loss and AC conductivity were listed in Table 6.6.

Table 6.6 Dielectric parameters of CoGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites.

Composition ]él:lll‘;:;l;:: Dlelezzl‘lc (?iz;zlftl:ii" AC (g;n(c:umcji)vity
(") (tand) constant (g")

X=0.00 949 1.13 1070 0.30
X=0.02 1799 0.56 1002 0.32
X=0.04 10222 0.07 759 0.36
X=0.06 14588 0.06 817 0.39
X=0.08 32630 0.03 929 0.42

6.4 CONCLUSIONS

The prepared of Gd** doped cobalt nanoferrites of a spinel crystal CoGdxFe»-
x04 (X = 0.00 to 0.08) via the sol-gel method is described briefly in this paper. The
impact of Gd*" ion substitutions in cobalt nanoferrites on structural, functional,
optical, magnetic, and dielectric properties were examined. The cubic spinel structure

of these nanoferrites was confirmed by X-ray diffraction patterns. In cobalt
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nanoferrites, the average crystallite size falls as the number of Gd*" ions increase.
Because of the change in ionic radius, the lattice constant and unit cell dimension rise
as the number of Gd*" ions increase. The porosity reduces as the number of Gd*" ions
increase, which is related to an increase in bulk density, but the surface area increases
as the number of Gd*" ions fall, which is due to a reduction in crystallite size. The
particles are spherical shaped grains with agglomeration, according to surface

morphology.

The performance of grain and grain boundaries towards capacitance and
resistance was shown by the Cole-Cole plot using impedance spectroscopy, implying
that grain boundary contribution is higher than grain contribution. With increasing
frequency, the variation of the dielectric constant diminishes. It is thought that the
addition of Gd** had a substantial impact on the Maxwell-Wagner interfacial charge
polarization model, which agreed with the Koop model. The values of dielectric
constant are increased with increase of Gd*" ions. The value of dielectric losses
decreases with increase of Gd** ions. The result also reveals abnormal behavior of
dielectric loss and the same is due to relaxation peak. AC conductivity increases with
increase of frequency as a function of increase with Gd** ions concentration as the
spinels undergone Verwey mechanism. The very low dielectric loss and minimum
magnetic saturation of these prepared nanoferrites has potential application in
magnetic recording devices, magnetic shielding and microwave absorption devices.
Further, reported sol-gel technique provides cost effective and green synthesis
alternative for large scale production for industrial products and also for

environmental advantages.
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CHAPTER - VII

INFLUENCE OF GD* IONS ON STRUCTURAL,
OPTICAL, MAGNETIC AND DIELECTRIC PROPERTIES
OF MNGdxFez.x04(0.00 < X > 0.08) NANOFERRITES

7.1 INTRODUCTION

Ferrites are defined as materials that have both magnetic and electrical
properties. Ferrites contain metallic oxides (such as MnO, CeO, ZnO, NiO, and
others) and ferric oxides (such as Fe>Os3). Man has known about the benefits of
ferrites for millennia. The Chinese were well-versed in the use of inorganic
substances in navigational compasses to signify a heavy load. [Smit et.al., 1953]. In
recent years spinel ferrites are well known magnetic material having various
tremendous magnetic and electrical properties. These features enable a wide range of
applications in science and technology, including microwave devices, electronics
power transformers, spintronics, antenna rods, gas sensors, and medication delivery,
magnetic romance imaging (MRI) magnetic amplifier, electrical generator,
biomedicines, transformer cores, and electromagnetic interference (EMI)

[KarolyLazar et. al., 2002, Gadkari et.al., 2009, El-Sheikh et.al., 2013]

The rare earth elements belong to the lanthanide’s series, which act as good
electrically insulator substrates with high resistivity [Majid Niaz Akhtar et.al., 2017].
Comparing various spinel ferrite (MnFe2O4) is a particular type of soft ferrite material
that is achievable athigh frequencies, with low coercivity and low dielectric losses.
The substitution of smaller rare-earth of ion in ferrites nanoparticles affects its
physical property such as structure, morphological, electrical and dielectric properties

like loss and conductivity [Somnath et.al., 2017]. Rare-earth ions are well known for
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the strong spin-orbit coupling but for Gd** ions, due to half-filled 4f shell S(4f), the
total magnetic moment has occurred from the unpaired spin part [Coey et.al., 2009].
Doping of rare-earth ions hinders crystal growth, thereby reducing the nano ferrite

due to the significant size effect.

In general, ferrite nanomaterials have been synthesized from soft feasible
method such as sol-gel [Wang et.al., 2016], co-precipitation [Stergiou et.al., 2011],
solid-state reaction technique [Khan et.al., 2018], hydrothermal [Phumying et.al.,
2013] and sono chemical method [Jing et.al., 2007]. Above all, owing to the tiny
particle size, reducibility, high homogeneity, and increased purity of the produced
nanoparticles, the sol-gel approach produces superior results. The microstructure,
grain size, synthesis method, and cation distribution in the lattice sites all have a role

in ferrites' relevance and use [Biao Zhou et.al., 2004].

The effect of gadolinium ions on the structural, optical, magnetic, and
electrical properties of nanoferrites was investigated in this work. The crystal of the
work is to achieve whether the dielectric constant of the materials can be improved
compared to pure Mn ferrite while existing their insulating nature. There is limited
literature on the magnetic response of Gd**depending on Mn nano ferrites and their

dielectric behavior.

In current study, MnGdFe,xOsnano ferrites with different doping
concentrations (x = 0.00, 0.02, 0.04, 0.06, and 0.08) were synthesized by sol-gel
method. Modified structural, optical, magnetic and dielectric properties of prepared
nanoferrites due to the substitution of the small amount of Gd** ions have been

examined by using XRD, FESEM with EDAX, UV-DRS, vibrating sample
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magnetometer (VSM), Impedance spectroscopy and dielectric studies have been
analyzed. It may be suitable for electric application in the microwave frequency

region.

7.2 MATERIALS AND METHODS.

7.2.1 Materials

Gadolinium nitrate [Gd (NO3);.6H20)] (99.99%), Iron nitrate [Fe
(NO3)3.9H,0)], Manganese nitrate [Mn (NO3),.6H20)] (98%) and Citric acid
[CeHsO7] (99.5%) are used as raw materials. All materials are obtained from Sigma

Aldrich.

7.2.2 Synthesis procedure

The Stoichiometric ratios of nitrates were used for the synthesis of
MnGdxFe>xOs (with X= 0.00, 0.02, 0.04, 0.06 and 0.08). The estimated nitrate
precursors are combined in deionized water through continuous stirring until a
homogenous solution is formed.

A 1:1 molar ratio of citric acid to nitrate is dissolved in a deionized water
solution of citric acid. With the aid of the ammonia solution, the pH of the solution is
kept at 7. The temperature was raised to 80°C till the gel was formed. Then, the gel
was held in an oven at 100°C temperature for 24 hrs to obtain the material in dry
powder. And then, it was kept in a muffle furnace at 500 °C for 2hrs. Collected nano
powder was grinded for 15 minutes to obtain by-product free nanoparticles. And then
finally, the as he were calcined at1000 °C for 24hrs.The schematic diagram of

prepared nano ferrites is shown in Figure 7.1.
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Figure 7.1 Flow chart for the sample preparation of MnGdxFe2-xO4
Nanoferrites

7.2.3 Characterization Technique

The characterization techniques have been performed to evaluate the
properties of these Gd doped Mn ferrites MnGdxFe>.xOs (X=0.00, 0.02, 0.04, 0.06
and 0.08) samples. The XRD was been employed to find out the structural parameters
in terms of lattice parameters, d-spacing, crystallite size, unit cell volume, and other
parameters. The study was performed under SHIMADZU - XRD advance
diffractometer with CuKa Radiations of 1.5406 A wavelengths. FESEM determines
the microstructure and elemental composition of all samples with an EDAX

(JEOL JSM-6480 LV). The optical properties are employed using UV-DRS
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spectrophotometer, and the wavelength was noted from 200 to 800nm. The
spectroscopic vibrational studies of Gd doped Mn nanocrystalline ferrites have been
performed on FTIR (Perkin Elmer L1600) between the wavenumber range of 4000—
400 cm’!. Raman spectroscopy studies were made using an (ALU-PHI5000) AUG
spectrometer with monochromatic Al Ka and 26.00 eV radiation. Magnetic
characteristics of coercivity, saturation, and other parameters have been measured on
VSM (Lake Shore 7404). The Impedance spectroscopy with the frequency range of
100 mHz to 10 MHz at room Temperature Biologic SP-300) was used to determine

the electrical properties.

7.3. RESULTS and DISCUSSIONS

7.3.1. Structural analysis

The XRD pattern of MnGdxFe;.xO4 ferrite with various Gd** concentration
namely x= 1.00, 0.02, 0.04, 0.06, and 0.08 are shown in Figure 7.2. The XRD pattern
of prepared nano ferrites exposes that the presence of reflection planes having (hkl)
values as (220), (311), (400), (333), and (440) are confirmed by JCPDS card No 74-
2401[Mohd Mohsin Nizam Ansariet.al., 2020]. It is confirmed from JCPDS values
that corresponding peak angles of 29.04°, 35.18° 43.22°, 52.02°nd 62.18°. These
planes confirm the cubic structure of spinel ferrite without any additional, prominent

impurities.

The average crystallite size (D) was estimated using the Scherrer formula

[Kartharinal Punithavathy et.al., 2020].

K2
~ Bcoso

(7.1)
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where, and k are the full width at half maximum, angle of diffraction,
wavelength of the X-ray radiation and Scherrer constant (k=0.9). The average
crystallite size decreases from 26 to 13 with an increase of Gd** ions. The ionic radius
of Gd*" ions (0.94 A) is greater than that of Fe* ions (0.65 A). So, the replacement of
rare-earth ions shows limited solubility in spinel lattice and inhibits grain growth
[Penget.al., 2011].

The lattice constant for the prepared nano ferrites is calculated by using the

following equation.

a = dhkl th + k2 + lZ (72)

where a, d, hkl are the lattice constant, interatomic spacing and miller indices.
The lattice constant monotonously increased from 7.820 to 8.928 with an increase of
Gd** concentration, which is an attribute to the larger ionic radius of Gd** ions (0.94
A) than that of Fe*" ions (0.65 A) [Somnath et.al., 2017]. Thus, the Mn2*ions get
incorporated into the lattice of Mn?" ions and Gd*" ions as the Octahedral site in a
position of Fe** ions, causing some internal stress that tends to expand unit cell [Lenin
et.al., 2021]. Thus, incorporating Gd** ion into manganese nano ferrites without any
trace of secondary phase is further confirmed by the increase of the lattice constant.
Additionally, the X-ray (dx) of the prepared nanoferrites was calculated [Kartharinal

Punithavathy et.al., 2020];

d, = 22 (7.3)

Na3
where M, N and a’ are the molecular weight of the ferrite, N is Avogadro’s
number, and a* is the volume of the cubic unit cell. The noticeable X-ray density
decreases from 5.144to 4.862 with substitution Gd** ions can be leads due to increase

of lattice constant.
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The bulk density (dg) was estimated by using following relation [Kartharinal

Punithavathy et.al., 2020];

dg = — (7.4)

nrit

where t, r, m and dg are the thickness of the pellet, radius of the pellet, the
mass of the pellet ad bulk density. To infer that the bulk density increases from 2.470
to 2.971 with increased Gd** ion happens due to the atomic weight of the Fe*" ion
(55.84 g/mol) is smaller than that of the Gd ion (157.02 g/mol). The place of Gd**
ions activate the sintering condition, thus resulting from increasing bulk density
[Irshad Ali et.al.,, 2012]. Therefore, the X-ray density is more significant when

compared to the bulk density due to presence of pores in the prepared nano ferrites.

The porosity (P) was estimated by using following relation.

P=(1-%) (7.5)

X

where dx, dB and Pare X-ray density, bulk density and porosity. The porosity
percentage decreases from 0.585 to 0.280 % with the increase of Gd** ion, which is
attributed to an increase in bulk density. Hence the bulk density is inversely

proportional to the porosity of the prepared ferrites.
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Figure 7.2 X-ray diffraction pattern of MnGdxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites

Influence of GD** Ions on Structural, Optical, Magnetic and Dielectric Properties
of MnGdxFe;.x04(0.00 <x > 0.08) Nanoferrites

Page 204



Chapter - VII

Table 7.1 Structural parameters of MnGdxFe2-xO4 (X = 0.00 to 0.08)
nanoferrites.

. Lattice Volume X-ray Bulk | Surface
Crystallite | constant of unit densit densit area Porosit
Composition | size (nm) (a) N y y

cell (A) (pxrp) (dg) (Sxrp) (%)

@002 1 G0 Twy | gem) | @em) | ()

(G0) X=0.00 26 7.820 478.31 6.254 2.470 39.38 0.585
(G2) X=0.02 24 8.211 553.77 5.364 2.494 47.84 0.535
(G4) X=0.04 20 8.550 625.06 4.720 2.621 67.47 0.444
(G6) X=0.06 15 8.652 654.61 4.476 2.875 111.9 0.357
(G8) X=0.08 13 8.928 711.71 4.089 2.941 164.83 0.280

The surface area (S) was estimated by using the below expression [Kartharinal

Punithavathy et.al., 2020].

6
s= 2D (7.6)

where D, dx and S are the crystallite size, X-ray density and surface area. The
surface area increases from 39.38 to 164.83 with the substitution of Gd** ion, which is
due to a decrease in porosity and crystallite size. The results noticed from all the

structural parameters are listed in Table 7.1.

7.3.2 Optical Analysis

The prepared nano ferrites optical properties were carried out using UV-DRS
spectroscopy within the range of 200 — 800 nm at room temperature. It is used to
estimate the bandgap to verify the semiconducting nature of the material. The
absorbance usually depends on a few factors such as lattice parameter, bandgap, grain
size, surface roughness and impurity centers [Gupta et.al., 1996]. Figure 7.3 clearly

shows that the tremendous visible light region and the wavelength were decreased
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with the increase of Gd*" ion as 231.76 nm to 222.24 nm from X = 0.00 to 0.08,

which is due to the decrease of crystallite size.
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Figure 7.3 Absorbance spectra of MnGdxFe2-xO4 (x= 0.00 to 0.08) nanoferrites

The optical band gap value of the ferrites was used to evaluate the classical

Taue’s equation [Vigneshwaran et.al., 2018];

ahy = Alhy — Eg]" (7.7)

Eg, hy, a, n, A is the bandgap, energy of the photon, absorption coefficient
power index and probability transition constant, n depends on the nature of the
electronic transitions, which have n= (1/2) for direct and indirect bandgap energies.
From Figure 7.4 and 7.5, the direct and indirect bandgap values increase in the range
of 2.36 to 2.96 eV and 3.25 to 3.76 €V increase of doping concentration Gd** ions as
indexed in Table 7.2. The bandgap energy values obtained are consistent and function

in a semiconducting nature [ Almessiere et.al., 2019].
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Figure 7.4 Direct bandgap energy of MnGdxFe2-xO4 (X= 0.00 to 0.08)

nano ferrites.

It is also noted that the bandgap of Mn ferrites has diverse nature by the small
amount of Gd** ions due to smaller crystallite size, lower concentration of Gd** ions
and movement of ions from valance band to conduction band. The bandgap increase
is due to the

synthetic effect of gadolinium and decreased electron-hole

recombination, trends in a rise in bandgap [Li et.al., 2011].

The increase in direct bandgap with a rise in Gd*" ions can be explained by
Burstein — Moss (B-M) shift which infers that as the Gd*' ions increase, donor
electrons occupy the bottom states of the conduction band, effectively hindering the
lower state of the conduction band increasing in the direct optical bandgap [Rana
et.al.,, 2016]. It infers inverse variation of the bandgap with crystallite size obtained

because of an increase in lattice parameters [Kumar et.al., 2014].
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Figure 7.5 Indirect bandgap energy of MnGdxFe2-x04 (X= 0.00 to 0.08)
nano ferrites

Table 7.2 Optical parameters of MnGdxFe2-xO4 (X= 0.00 to 0.08)

nanoferrites
Composition Abs((;l rlll)lz)mce bancllz:;)rzztergy leeg;?:gﬂydgap

(eV) (eV)
X=0.00 231.76 3.25 2.36
X=0.02 225.75 3.35 2.46
X=0.04 223.80 3.55 2.62
X=0.06 223.52 3.63 2.72
X=0.08 222.24 3.76 2.96
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7.3.3 Functional Group Analysis

The FT-IR spectra were carried out in the range of 4000-400 cm™ at room
temperature to identify chemical bonds and ensure the ferrite phase's successive
formation. The vibrational frequency at 663 cm'corresponds to the stretching
vibration of Metal-Oxygen bond respectively [Gan et.al., 2020]. The observed peak
around 1595 cm™! is assigned to the aromatic and aliphatic C—H bond stretching. The
other observed peaks at around 2350 cm™' are attributed to the asymmetric and
symmetric stretching vibration of COz groups. As a result of the evaporation of CO»,
these bands begin to separate for higher sintering temperatures. [ Torkain et.al., 2016].
The stretching peak at 3781 ¢cm™! corresponds to the stretching vibration of O-H bonds

of water molecules [Gan et.al., 2020].
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Figure 7.6 FTIR spectra of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites.
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Table 7.3 Functional parameters of MnGdxFe2.x04 (X = 0.00 to 0.08)

nanoferrites
S Experimental absorption (cm™)
N;) Vibrational assignments X= X= X= X= X=
0.00 0.02 0.04 0.06 0.08
1 Metal - Oxygen stretching | 663.47 | 663.47 | 663.47 | 663.47 | 663.47
vibration
2 | C—H bond stretching 1595 1595 1595 1595 1595
3 Symmetric stretching 2350 2350 2350 2350 2350
vibration of CO»
4 | O - H stretching vibration | 3781.00 | 3781.00 | 3781.00 | 3781.00 | 3781.00

7.3.4 Surface Morphology with EDAX

The morphological studies of prepared nano ferrites are analyzed by using
FESEM. In Figure 7.7, the aggregation of high crystalline spherical shape
nanoparticles in a homogeneous distribution. Because of the high surface to volume
ratio in their structure, agglomeration occurred owing to magnetic interactions among

nanoparticles to reduce interfacial surface energy [Rahman et.al., 2005].

From XRD, the declination in crystallite size for X = 0.00 to X = 0.08 due to
the small Gadolinium ion, which rare earth metal. Thus, X concentration leads to
disorder in a lattice arrangement, and lattice stretches such restrains in crystallization
and curbing in crystallite growth tend to diminution grain size [Yousuf et.al., 2019,

Purnama et.al., 2019].
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Figure 7.7 FESEM images of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

EDAX analysis was used to estimate the compositions of fabricated nano
ferrites. In Figure 7.8, shows the confirmation of accrued elements such as Fe, O, Mn
and Gd. These spectra denote that the chemical reaction has been completed, closely
matched with the atomic ratio of all the elements. For example, in X = 0, there are no

Gd*" ions Which is the absence of impurity.
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%

Figure 7.8 EDAX images of MnGdxFe2-x04 (X = 0.00 to 0.08) nanoferrites.

7.3.5 Raman spectroscopy analysis

Raman spectroscopy is a great way to figure out a material's crystal structure
and vibrational bands. For example, thirty-nine vibration modes of spinel ferrite
structures are estimated based on group theory research [Pawar et.al., 2018, Silva
et.al., 2012].

Traman= A1g(R)+ Eg(R)+ T1gt3T2e(R)+2A20+2Eu+4T 1u(1R) +2T2u (7.8)

Five Raman active modes are observed, which are represented as
(A1gtEgt3T2g), and other modes are infrared operational modes. Here A, E, T denotes
the 1D, 2-D and 3-D, respectively. The Raman active modes seen in the spinel ferrite
structure are linked to the migration of O% ions and cations at tetrahedral (A-sites) and

octahedral (B-sites). Raman band observed around 650 cm™ and 704 cmare assigned
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to Aig (2) and Aig (1) modes vibration of the atom along Fe-O tetrahedral sub-lattice
is the notice from Figure 7.9. E; is due to symmetric bending of O? concerning Fe,
and peaks located around 340cm! to 343cm'[Yadav et.al., 2017]; The Raman mode
T2 (2) is an antisymmetric stretching of Fe and O, between 460 cm™! to 473 cm™!; Tag
(1) is the translational motion of FeO, between 530 to 538 cm™! [Mohit et.al., 2014].
However, the Raman active bands for different doping Gd3" ions concentrations in the

spinel structure appear to be slightly shifted, as listed in Table 7.4.

The doping of Gd** ions is expected to occupy the Octahedral site by
exchanging Mn?* from octahedral to tetrahedral sites. And the vibrational frequency
of Raman modes is moved to the lower frequency region due to crystallite size and

cation re-distribution of MnGdxFe><O4 (X=0.00 to 0.08) nano ferrites.
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Figure 7.9 Raman spectra of MnGdxFe2-x04 (X = 0.00 to 0.08) nanoferrites
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Table 7.4 Raman studies of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Composition Aig (1) Ai1g (2) T2 (1) T2 (2) E¢(1) T2 (3)

MnFe;04 700.01 634.42 536.10 462.14 343.68 171.71

MnGdo.02Fe19s04 | 703.84 634.42 538.91 473.02 339.45 168.71

MnGdo.osFe1.9604 | 699.44 651.86 537.51 469.49 341.39 167.30

MnGdo.osFe1.9404 | 698.03 648.87 531.69 463.85 342.27 169.60

MnGdo.osFe1.9204 | 696.62 646.57 530.99 460.86 340.86 170.30

7.3.6 Magnetic Analysis

Figure 7.10 demonstrates the room temperature magnetic field versus
magnetic field loops (M-H) of Gd doped Mn nano ferrites using VSM with £ 15 Koe
magnetic field. The obtained hysteresis loops are narrow in shape, indicating a soft
ferromagnetic nature related to cubic spinel nano ferrites. The magnetic properties of
ferrites are based on different factors, like cation distribution in the lattice structure,
crystallite size, composition and production of defects in the lattice structure [Goodarz

Naseri et.al., 2012].
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Figure 7.10 Hysteresis loop of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

The magnetic saturation and retentivity decrease from 30.10 to 11.41 and 9.07
to 0.43 (X = 0.00 to 0.08) with an increase of Gd** ions due to a drop of crystallite
size. The maximum value of Ms was attained for MnGdxFe>.xO4 at X = 0.00. This
exchange of Mn?" and Gd** ions weakened the interaction of sublattice and decreased

the magnetic moment of the unit cells, which in turn caused deduce in Mg values.

Three everyday super exchange interactions were attained in the AB204
system between ions of the A and B sites. i.e., A-B, A-A and B-B interactions were
involved. A-B interaction is strong because of super exchange interaction among the

magnetic in the A and B sublattices intermediate by oxygen ions.

From Figure 7.10, it is clear that the value of coercivity increases with the

increase of Gd*' ions. In general, Grain size, magneto-crystallinity anisotropy,
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porosity, and strain are all factors that influence coercivity [Tholkappiyan et.al.,
2015]. It can be explained based on the Stoner Wolfforth theory, the
value of coercivity related to anisotropy constant (K) by the following expression

[Lenin et.al., 2018];

098K
Mg

He

(7.9)

where M, K, and H. are magnetic saturation, anisotropy constant and
coercivity. Table 7.5 infers that the anisotropic constant decreases with the decrease
of crystallite size, increasing coercivity. Based on the equation Hc and K are inversely
proportional to M, which agrees with the results. Neel's two sublattice model can also
be used to describe the magnetic characteristics of spinel ferrites [Srinivas et.al.,
2003]. The magnetic moment (up) was calculated by using following relation

[Lenin et.al., 2018].

_ MX Ms
HB= ~Sogs

(7.10)

where M, X, M are magnetic saturation, X is concentration, and M is the
molecular weight of rare-earth ions. The magnetic moment decreases with the
increase of Gd** ion, which is an attribute to weaker magnetic interaction between B
and A sites because Gd*" has a more significant magnetic moment (7.9-8.0 pg) ionic

radius (0.94 A) as compared to Fe** ions.

Also, it was observed that spin-orbit coupling is affected by the substitution of
rare-earth ions. In Gd*' ions, the transformation of collinear ferromagnetic
arrangement into non-collinear ferromagnetic order of spin on B sites. And also, Mn?*

ions occupy B sites and the remaining Mn?" ion located on A sites distributed the
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collinear arrangement of spin leads to the decrease of squareness ratio and anisotropy
constant. The minimal value of the squareness ratio appreciates the existence of
multidomain particles in nano ferrites [Belavi et.al., 2012]. The low weight of the
coercive field was attained due to these nano ferrites and so are applicable for robust
magnetic shielding devices [Kadam et.al., 2013]. The magnetic parameters are listed

in Table 7.5.

Table 7.5 Magnetic parameters of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

Magnetization Rema.nen_t .. Squart.aness Anisotropy Bohr
o magnetization | Coercivity ratio
Composition (Ms) constant magneton
(emu/g) Mo = (WO 1 OV k)00 | () (u
(emu/g) (No unit)

X=0.00 30.10 9.07 215.83 0.301 66.29 0.036
X=0.02 18.09 4.61 245.30 0.254 62.00 0.022
X=0.04 15.95 2.20 380.99 0.142 58.21 0.019
X=0.06 13.75 1.96 385.47 0.137 54.08 0.017
X=0.08 11.41 0.43 500.00 0.037 45.28 0.014

7.3.7 Impedance Analysis

Impedance analysis is a widely used technique for determining a material's
conduction mechanism at the grain and grain boundary levels [Ahmad et.al., 2018]. It
gives an idea about ferrites' resistive and reactive parts the resistive component acct as

an imaginary part.

7.3.7 (a)The Real part of impedance spectroscopy
Figure 7.11 shows the room temperature variation of real part (Z’) impedance
with applied frequency. At lower frequency, Z’ has higher values and gradually

decreases and remains constant at a higher frequency. The decrease in Z' with
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increasing frequency indicates an increase in AC conductivity and supports space
change, which leads to a drop in material behavior parameters [Zidi et.al., 2014]. And
also, a real part of impedance decrement with an increment of Gd*" ion and then

inclined to merge at high frequency.
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Figure 7.11Real part of impedance spectra of MnGdxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites.
7.3.7 (b) The Imaginary part of the impedance spectroscopy

Impedance spectroscopy's reactive component (Z") decreases as the amount of
Gd*" ion increases. Also, as the imaginary component (Z") of impedance drops
monotonously with increasing frequency, a relaxation peak appears, and the broad
peak emerges at higher frequencies. Due to the emergence of space charge
polarization, this relaxation characteristic is accomplished [Rezlescu et.al.,, 1974,

Ahmad et.al., 2015].
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Figure 7.12Imaginary part of impedance spectra of MnGdxFe2-xO4 (X = 0.00 to
0.08) nanoferrites.

7.3.8 (c¢) Cole-Cole plot

The cole-cole plot of nano ferrites clearly shows the semicircular arc, which
attributes the electron interface grain boundary and grain contribution to the
conductivity [Ajith Kumar et.al., 2020]. The poor conducting grain boundaries are
more active at low frequency, and the hopping of Fe?" and Fe*" ions are ineffective.
The semicircle arc found in the high-frequency range is attributed to the grain
conduction mechanism of the material, which leads to the parallel combination of
grain resistance and grain capacitance of the material. Because of the uneven
arrangement and shortage of Fe atoms, the tiny grain size predicts a high density of
grain borders. Only one semicircle arc is obtained in the Figure, and the conduction

process is achieved to the grain boundaries [Pandit et.al., 2014]. Jump relaxation
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activation energies, which are linked to the hopping process, can explain the observed

spectra [Ortega et.al.,2008].
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Figure 7.13 Nyquist plots of MnGdxFe2-xO4 (X= 0.00 to 0.08) nanoferrites.

7.3.8 Dielectric Properties

The dielectric properties are fundamental in the microwave frequency region.
These properties are helpful to examine the suitability of dielectric materials for
application in microwave devices. In microwave devices, frequency stability is an
important parameter, which needs a high dielectric constant with less dielectric loss.
Dielectric characteristics in ferrites are determined by several parameters, including
chemical composition, applied field, temperature, crystallite size, cation distribution,
and production technique. The polarization-based Maxwell- Wagner model studied

dielectric dispersion in ferrites [Han et.al., 2012, Khan et.al., 2014]. Dielectric
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materials are those that, while being electrical insulators, exhibit polarization when

exposed to an electric field.

7.3.8 (a)Dielectric constant (€°)

Figure 14, show the variation of € with frequency in the range of 100 mHz to
10 MHz at room temperature. The dielectric constant of the prepared nano ferrites
decreases slowly at a lower frequency and remain constant at a higher frequency
[George et.al., 2007]. The continuous dielectric variation is explained by the Maxwell

Wagner model and Koop’s theory [Lakshmi et.al., 2016].

According to this concept, the dielectric constant of a spinel ferrites material is
a mixture of two layers. The first of these two layers consist of grain boundaries,
which are weak conductors (high resistance). Because of the high resistance, electrons
pile up at grain boundaries, resulting in polarization. At high frequencies, this hopping
frequency is unable to follow the fluctuation of the applied field. So that the dielectric

constant at high frequency remains constant.

At high frequency where w<1/t (7 is relaxation time), dipoles cannot follow
the applied field and lag behind the field, which informs a decrease in dielectric
constant. In the case of low frequency where w < 1/7, dipoles follow the applied field.
The dielectric constant is generally influenced by four polarization factors: dipolar,
ionic, space charge, and interfacial polarization. The dipolar polarization interfacial
polarization is dominant at lower frequencies, while electric and ionic polarization

plays an essential role at high frequencies [Phor et.al., 2019, Pradhan et.al., 2017].

The space charge polarization effects caused by charge carriers hopping

between ions of the same element occurring in the minimum of two valence states can

Influence of GD** Ions on Structural, Optical, Magnetic and Dielectric Properties
of MnGdxFe;.x04(0.00 <x > 0.08) Nanoferrites Page 221



Chapter - VII

be attributed to the high dielectric constant value at low frequency [Rezlescu et.al.,
1974]. When the field is applied, electron hopping between Fe?" and Fe*" ions result
in electron piling up at grain boundaries, resulting in space charge polarization.
Moreover, when used frequency increases, the electron exchange between Fe** and
Fe?* ions cannot follow the various changing fields [Thorat et.al., 2018]. The

dielectric constant was calculated using the following equation [Rajeshwari et.al.,

2020];
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Figure 7.14 Dielectric constant of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

where, A, €p, d, Cand A is an area of the pellet€yis the permittivity of free
space, d is the thickness of pellet, and C is capacitance. The dielectric constant value

60407.81, 154938.47, 198583.31,773908.62 and 1574426.14 are increases with
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increases of Gd>" ions. Because of the structural difference of Fe’™ at A-B sites,
adding Gd*" ions increase the dielectric constant significantly. The ferrites have
dipolar properties due to the presence of Fe** and Fe?* ions. The rotation of the Fe’*
and Fe?" dipoles cause orientation polarization, as seen by the exchange of electrons
between these ions, allowing for less polarization resistance and thus raising the

dielectric constant [Panday et.al., 2016].

7.3.8 (b) Dielectric loss

In Figure 7.15, the dielectric loss peak is observed due to having maximum

electron jump between Mn?* and Fe** ion at the octahedral site in the following steps,
Fe3* + Mn?" < Fe?" + Mn?* (7.12)

It reflects minimal dielectric loss at low frequencies but the substantial
dielectric loss at higher frequencies. High resistive grain boundary effects play a
critical role in the low-frequency domain helps explain this dielectric loss pattern. As
a result, exchanging electrons between Fe** and Fe** requires more energy, resulting
in a loss.In the high-frequency zone, on the other hand, low resistive grains become
more efficient in the conduction process, requiring less energy to exchange electrons
between Fe ions, resulting in the low dielectric loss. The dielectric loss and complex

dielectric constant are estimated by the following equation [Panday et.al., 2016];

1
tand e (7.13)
€" =€ 'tand (7.14)
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The value of the dielectric loss 1s 2.0214, 1.9945, 1.9524, 1.9125 and 1.8542,

respectively. The dielectric loss decreases within the increase of Gd** ion of the nano

ferrites.
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Figure 7.16 Dielectric loss of MnGdxFe2-xO4 (X = 0.00 to 0.08) nanoferrites

7.3.8(c) A.C Conductivity

Variation of AC conductivity of Gd doped manganese nano ferrites at room
temperature was shown in Figure 7.17. AC conductivity is calculated using the

following relation [Vigneshwaran et.al., 2020];
Oqc=21f €€y tand (7.15)

where € is the permittivity of free space and frequency in H, ac conductivity

constant at low frequency and then sharply increases at high frequency. In the context
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of the Maxwell-Wagner model, this behavior makes sense. This is because the
conduction process in the low-frequency area is solely due to inadequate conducting
grain boundaries; however, conducting grain plays a substantial role at high

frequencies.
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Figure 7.17 AC Conductivity vs Frequency of MnGdxFe2-xO4 (X = 0.00 to 0.08)

nanoferrites

As a result, low conductivity values at low frequencies are attributed to highly
resistive grain boundaries, which have a poor electron exchange rate. Conducting
granules, on the other hand, enhance electron hopping at high frequencies [Kumari
et.al., 2014]. Furthermore, an increase in AC conductivity is linked to an increase in
charge carrier exchange rate. Because electrons follow the applied field, charge

carrier exchanges rise as the frequency of the applied field increases [Chavan et.al.,
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2017]. This implies a sharply increases in AC conductivity with applied frequency. In
addition, the value of AC conductivity increases with the increase of Gd** ions. The
dielectric parameters such as dielectric constant, loss and AC conductivity are listed

in the Table 7.6.

Table 7.6 Dielectric parameters of MnGdxFez-xO4 (X = 0.00 to 0.08) nanoferrites

Dielectric . . AC Conductivity
. Dielectric Loss
Composition Constant (tano) (ac)

(") (Qcm™)
X=0.00 60407.81 2.0214 0.00381
X=0.02 154938.47 1.9945 0.00412
X=0.04 198583.31 1.9524 0.00437
X=0.06 773908.62 1.9125 0.00464
X=0.08 1574426.14 1.9125 0.00563

7.4 CONCLUSION

In summary, we have successfully synthesized MnGdxFe2«O4 (X = 0.00 to
0.08) nano ferrites using sol-gel technique. XRD pattern shows cubic spinel structure
without any impurity peak. The crystallite size decreases from 26 to 13 with increases
of Gd*" ions. The Lattice constant increases with Gd*" ions due to ionic radius
FESEM shows spherical shape with agglomeration. The purity of the composition
was confirmed from EDAX. The formation of spinel ferrites was confirmed from the
absorption peak found from the FTIR spectra. The optical bandgap was inversely
proportional to the absorbance of wavelength which in the range of semiconductor
materials. Magnetic studies confirm S-shaped soft ferromagnetic material. The

magnetic saturation decreases with the increase of Gd*'ions due to a decrease in
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crystallite size. The coercivity increases with Gd** ions, depending on grain size,
magneto- crystallinity anisotropy constant, porosity and strain. And also, it can be
explained based on Stoner Wohlforth theory. Raman spectroscopy attains five active
modes [2A1g + 3Tzs + E,]. The Cole-Cole plot from impedance spectroscopy infers
grain and grain boundaries towards capacitance and resistance, which denotes grain
boundary greater than the grain contributions. The dielectric constant decreases with
the frequency increase, which is explained based on the Maxwell-Wagner and Koop
model. The value of the constant dielectric increases with the increase of Gd** ion.
The highest value of dielectric constant attains at X =0.08. The value of dielectric loss
decreases with increases of Gd*" ions. The results also express abnormal behavior
dielectric loss. The low value of dielectric loss attains 0.08. AC conductivity linearly
increases with the increase of frequency as well as increase with Gd*" ions. The
investigation of Gd doped manganese nano ferrites (X= 0.00 to 0.08) reveals that the
very low dielectric loss, saturation and minimum coercivity has finds potential
application in storage devices, microwave absorption devices and also it can be used

for various electronic applications.
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CHAPTER -VIlII
SUMMARY AND CONCLUSION

In recent years, nanosized ferrites have immense applications in various fields
with fast development of microwave technology such as high frequency devices and
their components, telecommunications devices, memory core devices, microwave
absorption micro-oven, radar, antenna, sensor, magneto-resistive random-access
memory (MRAM) devices, targeted magnetic tunnel junction and spintronics devices
and also drug delivery. In electronic society, the usage of telecommunication and
electronic equipment has increased due to the problem raised in electromagnetic
interference [EMI] as it generates false image, reduces the life time and efficiency of
the instruments and also destroy the safety operation of many electronic devices.

To overcome these problems, all electronic equipment’s must be protected
from electromagnetic damage. Now a days research has been done for the
improvement of latest microwave shielding materials which include high efficiency,
light weight, lifetime and high durability. Electromagnetic radiation [EMR] solves
such problems and also satisfies the above-mentioned parameters. Therefore,
electromagnetic absorbers are highly needed and broad ranges of application have
been taken out. Some rare-earth element doping has been reported to play vital roles
to amplify the magnetic, structural and electrical properties. These properties can be
change through the cation distribution, size, shape, concentration and lattice sites.
Spinel ferrites are one of the most absorbing materials in different forms such as
paints, powder, ceramic filter and sheets, etc. The electrical and magnetic properties

are superior when dopant of rare earth ions included.
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In this work, rare earth doped nanoferrites synthesized by sol-gel method. The
synthesized nanoferrites have been characterized through, X-ray diffraction (XRD)
Field Emission Scanning Electron Microscopy (FESEM), Fourier Transform Infrared
Spectroscopy (FT-IR), optical (UV-DRS and Raman spectroscopy), Magnetic studies
(VSM) and Dielectric studies were analyzed. The major attention has been given to
the investigation of magnetic and Dielectric properties of rare-earth doped
nanoferrites in order to improve the performance of the same towards Electro

Magnetic Radiation (EMR) applications.

This chapter describes the summary and conclusion of the findings in the
present investigation and the promising future of the research work is also highlighted

at the end of the chapter.

SUMMARY

This present investigation is aimed to synthesize and characterize the
Lanthanides doped nanoferrites. In order to scrutinize the feasibility of microwave
absorption, magnetic and electrical properties of the prepared nanoferrites were
analysed. CoLaxFe2.x0Os, MnLaxFez-x0s, CoGdxFez-x o4 and MnGdxFe2.x04(X=0.00,
0.02, 0.04, 0.06 and 0.08) nanoferrites were prepared using the sol-gel method. The
prepared nanoferrites were investigated to examine their structural, optical, magnetic
and electrical properties using X-ray diffraction (XRD), Field Emission Scanning
Electron Microscopy (FESEM) coupled with energy-dispersive X-ray (EDAX)
analysis , Fourier Transform Infrared Spectroscopy (FTIR), Ultra Violet-Diffuse

Reflectance Spectroscopy (UV-DRS), Raman spectroscopy, X-ray Photoelectron
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Spectroscopy (XPS), Vibrating Sample Magnetometer (VSM), electrochemical
impedance spectroscopy and inductance capacitance and resistance (LCR) Hitester.

The following are the summary of the present investigation:

Impact of Lanthanum ions on Magnetic and Dielectric properties of Cobalt
Nanoferrites

% Lanthanum doped cobalt ColLaxFe:xOs4 nanaoferrites with various
composition for X = 0.00, 0.02, 0.04, 0.06, 0.08 were synthesized using
simple and most effective sol-gel method.

s XRD results revealed cubic spinel structure with an average crystallite size
of 31 nm. FTIR analyses confirmed the presence of metal at 583 cm™
corresponding to stretching M-O bond respectively.

% The lattice constant and volume of unit cell were increases with increase of
La®** ions, whereas X-ray density and bulk density became inversely
proportional to lattice constant.

s UV-diffuse reflectance spectra showed that the absorbance spectra of the
ColLaxFe2xO4 nanoferrites were varied from 226 to 222 nm. The value of
indirect and direct energy bandgap varied from 1.73 to 2.06 eV and 1.45 to
1.56 eV. The obtained bandgap energy increased with increase of La®*
concentrations.

s The obtained prepared nanaoferrites were identified with spherical
morphology.

+«» XPS confirmed the presence of Co 2p, Fe 2p, La 3d and O 1s at octahedral
[B] and tetrahedral [A] sites in CoLaxFe2xOs nanoferrites.

%+ The obtained VSM result showed that the prepared Lanthanum doped cobalt
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nanoferrites has got a soft ferromagnetic nature. The saturation
magnetization from 97.35 to 75.84 emu/g decreases with increase of La®*
concentration.

¢+ The higher coercivity (1128 Oe) with dielectric constant of the Lanthanum
doped cobalt spinel nanoferrites is favorable for the applications in magneto
recording devices.

+« Impedance spectroscopy is used to identify grain contributions and grain
boundary contributions to conductivity and utilized to estimate electrical
response of Lanthanum doped cobalt nanoferrites.

% The frequency dependant dielectric constant, complex dielectric constant
and dielectric loss decreases with increase of La®* ion. Behavior of dielectric
constant and AC conductivity of pure and Lanthanum doped cobalt
nanoferrites was found to follow Maxwell-Wagner's model.

% Hence the combination of structural, magnetic, electrical and optical
activities makes CoLaxFe>xO4 (X = 0.00 to 0.08) nanoferrites highly useful
for reducing false signals in the electronic devices and its highly suitable for
Microwave frequency applications.

Dependance of Lanthanum ionson Structural, Magnetic and Electrical of
Manganese based Spinel Nanoferrites

¢+ Lanthanum doped Manganese nanoferrites were successfully synthesized by
sol-gel method. These nanoferrites have cubic spinel structure with
crystallite size from 26 to 12nm.

% The lattice constant and bulk density increased with increase of La®* ions,
whereas X-ray density is inversely proportional to lattice constant and bulk

density. The value of porosity decreases with increase of La®" ions.
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% The absorption bands are noticed in the FTIR spectrum near 562 cm™,
which confirms tetrahedral and octahedral stretching of Metal-Oxygen bond.

s The bandgap values of the prepared Lanthanum doped manganese
nanoferrites are 1.89 - 2.35 eV, which improve with respect to the band gap
1.25 - 1.38 eV values of Mn nanoferrites due to impact of La®* ions.

% FESEM with EDAX reveals that the prepare nanoferrites have spherical
morphology with few agglomerations and present elemental peaks attained
consistently in all the composition.

%+ The value of magnetic saturation is decreased from 81.5 to 51.3 emu/g and
the value of coercivity increased from 105 to 517.32emu/g with increase of
La®* ions whereas it showed magnetic saturation inversely proportional to
coercivity. VSM revealed that prepared nanoferrites are soft and
ferromagnetic in nature.

% The dielectric constant and dielectric loss are decreased with increase of
frequency and also dielectric constant and complex dielectric constant
increased with increase of La®* ions.

« Impedance spectra reveal that the impedance response is over ruled by grain
boundary behavior. The AC conductivity increases with increase of La%*
ions.

¢ Hence, Lanthanum doped manganese nanoferrites are favorable for

electromagnetic applications.
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Effect of Gd®* ions on Structural, Optical, Magnetic and Dielectric properties of

CoGdxFe2-x0O4 (0.00 < X > 0.08) Nanoferrites

%

%

The production of Gd** doped cobalt nanoferrites of a spinel crystal
CoGdxFe2-xO4 (X = 0.00 to 0.08) via the sol-gel method.

The impact of Gd** ion substitutions in cobalt nanoferrites on structural,
functional, optical, magnetic, and dielectric properties were  examined.
The cubic spinel structure of these nanoferrites was confirmed by X-ray
diffraction patterns.

In cobalt nanoferrites, the average crystallite size falls as the number of
Gd*" ions increase. Because of the change in ionic radius, the lattice
constant and unit cell dimension rise as the number of Gd®* ions increase.
The porosity reduces as the number of Gd** ions increase, which is related
to an increase in bulk density, but the surface area increases as the number
of Gd** ions fall, which is due to a reduction in crystallite size.

The particles are spherical shaped grains with agglomeration, according to
surface morphology.

The performance of grain and grain boundaries towards capacitance and
resistance  was shown by the Cole-Cole plot using impedance
spectroscopy, implying that grain boundary contribution is higher than
grain contribution. With increasing frequency, the variation of the
dielectric constant diminishes.

It is thought that the addition of Gd had a substantial impact on the
Maxwel-Wagner interfacial charge polarization model, which agreed with

the Koop model.
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The values of dielectric constant are increased with increase of Gd®* ions.
The value of dielectric losses decreases with increase of Gd** ions. The
results also reveals abnormal behavior of dielectric loss and the same is
due to relaxation peak.

AC conductivity increases with increase of frequency as a function of
increase with Gd** ions concentration as the spinals undergone Verwey
mechanism.

The very low dielectric loss and minimum magnetic saturation of these
prepared nanoferrites has potential application in magnetic recording
devices, magnetic shielding and microwave absorption devices.

Further, reported sol-gel technique provides cost effective and green
synthesis alternative for large scale production for industrial products and

also for environmental advantages.

Influence of Gd®* ions on Structural, Optical, Magnetic and Dielectric properties

of MnGdxFe2-x04(0.00 < x > 0.08) Nanoferrites

X/
o

In summary, we have successfully synthesized MnGdxFe2.xOs (X = 0.00 to

0.08) nano ferrites using sol-gel technique.
XRD pattern shows cubic spinel structure without any impurity peak. The

crystallite size decreases from 26 to 13 with increases of Gd*" ions. The

Lattice constant increases with Gd®* ions due to ionic radius.

The optical bandgap was inversely proportional to the absorbance of

wavelength which in the range of semiconductor materials.

FESEM shows spherical shape with agglomeration. The purity of the

composition was confirmed from EDAX.
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% The formation of spinel ferrites was confirmed from the peak found from the
FTIR spectra.

+ Raman spectroscopy attains five active modes [2A1g + 3T2g + Eg].

% Magnetic studies confirm S-shaped soft ferromagnetic material. The magnetic
saturation decreases with the increase of Gd*" ions due to a decrease in
crystallite size. The coercivity increases with Gd®** ions, depending on grain
size, magneto- crystallinity anisotropy constant, porosity and strain. And also,

it can be explained based on stoner Wohl forth theory.

%

% The Cole-Cole plot from impedance spectroscopy infers grain and grain
boundaries towards capacitance and resistance, which denotes grain boundary

greater than the grain contributions.

%

% The dielectric constant decreases with the frequency increase, which is
explained based on the Maxwell-Wagner and Koop model. The value of the
constant dielectric increases with the increase of Gd®* ion. The highest value
of dielectric constant attains at X =0.08. The value of dielectric loss decreases
with increases of Gd®* ions.

% The results also express abnormal behavior dielectric loss. The low value of
dielectric loss attains 0.08.

% AC conductivity linearly increases with the increase of frequency as well as
increase with Gd®* ions.

% The investigation of Gd doped manganese nano ferrites (X= 0.00 to 0.08)

reveals that the very low dielectric loss, saturation and minimum coercivity

has finds potential application in storage devices, microwave absorption

devices and also it can be used for various electronic applications.
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OVER ALL CONCLUSION
This is the conclusion and the achievements during in the due course of the
investigation.
% The standard sol-gel method was used to prepare ColLaxFe>.xOs and
MnLaxFez-xO4nanoferrites and CoGdxFez-xOs and MnGdxFe2xO4 was

prepared.

X/
°

The complete characterization techniques such as XRD, UV-DRS/Raman

Spectroscopy, FTIR, FESEM — EDAX, XPS, LCR meter, Impedance

Spectroscopy and VSM were carried out to explore the structural, optical,

dielectric and magnetic properties of the prepared nanoferrites.

% A decrease in crystalline size [26 (X=0.00) to 13 (X=0.08) nm] and an
increase in the Lattice constant [7.820 (X=0.00) to 8.928 (X=0.08) A] were
observed for MnGdxFe2-xO4 nanoferrites.

% The energy bandgap increased with an increased in the concentration of
Lanthanides (MnGdxFe2-xOa4).

% A spherical-like morphology of the prepared nanoferrites was identified from
FESEM and it was found that the particle size decreased with an increase in
the concentration of Lanthanides (MnGdxFe2-xOa).

% The saturation magnetization of the prepared nanoferrites was decreased with
doping of Lanthanides (MnGdxFe2.xOa4).

% The reduction in saturation magnetization of Gadolinium doped Manganese

nanoferrites may be attributed to the presence of a nonmagnetic polymer,

which reduces particle—particle interactions and decreases the exchange

coupling energy, which in turn reduces saturation magnetization.
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% The VSM measurements indicated the S shaped soft ferromagnetic nature of
the prepared nanoferrites was obtained.

% An increase in € (from 60407.81 (X=0.00) to 1574426.14 (X=0.08)) and
decrease in tand (from 2.02 (X=0.00) to 1.91 (X=0.08)) were obtained for
MnGdxFe2-xO4 nanoferrites.

% The dielectric constant of the prepared nanoferrites was increased with
decrease of dielectric loss for MnGdxFe2-xOa.

Finally concluded that the Gadolinium doped Manganese nanoferrites exhibits
better structural, magnetic and dielectric properties. Over all, it is suggested to
improve the EMI shielding, and also, to reduce the interference of electromagnetic

radiation from the telephone towers, ships and aircraft, etc.,

FUTURE SCOPE OF THE WORK
The following are the future scope of the present work:
% From the structural, optical, magnetic and dielectric properties of the

Lanthanides doped nanoferrites, the EMI shielding ability can be evolved.

% The technology to reduce the interference of electromagnetic radiation from

L)

the telephone towers, ships and aircraft, etc., will be developed from the
outcome of the present investigation.

% The obtained optical bandgap, impedance, dielectric constant, dielectric loss

L)

and AC conductivity of the nanoferrites will be suggested to design the

Electromagnetic devices.
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Abstract

- A. Rajeshwari' - S. Johnson Jeyakumar’ - N. Lenin? - B. Vigneshwaran® - M. Jothibas' -

Lanthanum-doped cobalt nanoferrites CoLayFe,_yO, (X=0.00 to 0.08) were synthesized by using sol-gel method. A cubic
spinel structure was confirmed by using X-ray diffraction pattern. A band obtained at 583 cm™! recorded by Fourier trans-
form infrared spectrum confirmed the presence of metal oxide spinel nanoferrites. The bandgap energy has increased with
addition of La®* ions by using ultraviolet diffuse reflectance spectrum. The grain boundary contribution is greater than that
of grain contribution due to small crystal size, which was confirmed by an impedance analysis. The dielectric constant and
dielectric losses decreased with increasing frequencies. The binding energy of La, Co, Fe and O were determined by X-ray
photoelectron spectroscopy. The magnetic studies were analyzed through vibrating sample magnetometer. The hysteresis

loop revealed the soft ferromagnetic nature.

1 Introduction

Recently, spinel nanoferrites have been used in numerous
technological and scientific applications [1], i.e., low loss
magnetic core materials, hyperthermia, memory devices,
drug delivery, antenna rods, gas sensors, microwave-absorb-
ing materials, super capacitors, solar cell, and high-fre-
quency devices [2—4]. Basic formula of spinel nanoferrites
is AB,O,, where A and B represent a divalent and triva-
lent metal cations [5]. The spinel ferrites are classified into
three types such as normal spinel structure, inverse spinel
structure, and intermediate spinel structure. In normal spinel
ferrites, divalent ions are at tetrahedral A-site and trivalent
ions are in octahedral B-site; in inverse spinel structure, half
of the trivalent ions are at B-site and half at A-site and the
remaining ions are distributed in octahedral B-site, whereas
intermediate spinel structure possesses the intermediate
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stage between the normal and inverse spinel ferrites [6].
From the different spinel ferrite materials, CoFe,O, is the
best challenging ferromagnetic material due to its better
properties, such as high Curie temperature, high coerciv-
ity, reasonable saturation magnetization, high mechanical
and chemical stability [7, 8]. Recent years, rare earth ele-
ments substituted spinel nanoferrites have special attention
in developing their physical properties such as grain size and
cation distribution at tetrahedral and octahedral sites [9, 10].
The spinel nanoferrites are the best advisable materials used
for absorption of electromagnetic radiation (EMR) in dif-
ferent ways such as ceramic tiles, sheets, and powders [11].
Electromagnetic interference (EMI) has got most promis-
ing applications in communication systems such as radar
systems, computers, and mobile phones [12, 13]. The EMI
affects electronically controlled systems and also damages
human health. It causes device interrupt, generate distorted
images, increase clutter on radar due to system to system
interruption during EMI [14]. To circumvent these EMI
troubles, EMR is preferred, which has the ability of absorb-
ing unwanted electromagnetic signals. Rare earth-doped
nanoferrites have unique and important applications in
electronic devices, transformer cores, magnetic recordings,
radar signals, high-frequency circuits, and telecommunica-
tion. The doping of lanthanum (La**) ions which are having
unpaired electrons in the 4f orbital tends normally to non-
magnetic state. However, replacing smaller ionic radii Fe**
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jons into La’>* ions at the octahedral site (B) to the ferrites
leads to enhance the magnetic and electrical properties of the
spinel nanoferrites used for microwave frequency applica-
tions [15—-17]. The magnetic saturation (m,) decreases with
an increase in the concentration of rare earth content in Li,
Co, and Ni spinel nanoferrites [18]. Azadmanjiri et al. [12]
describes, that the stability for transformer core where EMI
is gently reduced and can avoid predicting false image in
telecommunication system. Lanthanum-doped cobalt ferrites
are synthesized by various techniques such as the sonica-
tion technique [17], mechanical milling technique [8], co-
precipitate method [21], sonochemical method [1], hydro-
thermal method [19], and sol—gel technique [20]. The spinel
nanoferrites were synthesized by sol—gel technique which
overcomes the difficulties in co-precipitate technique [21].

In this study, lanthanum-doped cobalt nanoferrites
CoLayFe,_yO, (X=0.00 to 0.08) were prepared by using
sol—gel method. The obtained lanthanum-doped cobalt nano-
ferrites were characterized by X-ray diffraction (XRD) for
phase and structural identification, ultraviolet diffuse reflec-
tance spectroscopy (UV-DRS) to identify the optical prop-
erties, and Fourier transform infrared spectroscopy (FTIR)
for checking the metal oxides presence. The field emission
scanning electron microscopy (FESEM) and energy-dis-
persive X-ray analysis (EDX) were used to understand the
surface morphology and elemental analysis. Magnetic and
electrical properties were evolved using vibrating sample
magnetometer (VSM) and Impedance spectroscopy. The
obtained results were analyzed and utilized for the applica-
tion of electronic devices in microwave frequency.

2 Materials and experimental procedure

2.1 Materials

High pure grade Merck precursors such as cobalt nitrate
(Co(NO3),"6H,0), lanthanum nitrate (La(NO;);-6H,0), fer-
ric nitrate (Fe(NO;);-9H,0), ammonia (NH,OH), citric acid
(C¢HgO,-H,0), and deionized water were used.

2.2 Experimental procedure

The CoLayFe,_yO, (X=0.00, 0.02, 0.04, 0.06, 0.08) nano-
ferrites were prepared by sol—gel technique in the following
approach. The measured precursors were dissolved with
100 ml of deionized water to obtain a uniform mixture of
the precursor materials. The final mixture was continuously
stirred at a temperature of 80 °C for 1 h. Further, ammo-
nia was added drop wise to the ferrite solution to attain
the pH value of 7. Finally the dark solution was obtained
and dried in hot air oven at fixed temperature of 60 °C for
24 h. The dried nanoparticles were collected and sintered
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in muffle furnace at 500 °C for 2 h. At next, sintered nano-
powders were grinded for 15 min to obtain byproduct-free
nanoparticles. Thus, obtained nanopowders were calcined at
1000 °C for 24 h. The schematic diagram for preparation of
CoLayFe,_yO, nanoferrites is shown in Fig. 1.

2.3 Characterization of the CoLa,Fe,_,0,
nanoferrites

The crystallite size and structural properties of the prepared
CoLayFe,_,O, (X=0.00 to 0.08) nanoferrites were made by
XRD (SHIMADZU-XRD 6000) technique with CuKa radia-
tion source, at the 20 range from 20° to 80°, operated at 40 kV
and 30 mA. The chemical interaction and functional groups
obtained in the prepared CoLayFe,_yO, nanoferrites were
determined by FTIR spectra (SHIMADZU-UV 18,000) rang-
ing from 4000 to 400 cm~! at RT (room temperature). The
surface morphology and elemental composition were analyzed
using FESEM with an EDAX (Quanta FEG 250). The optical
properties of the synthesized samples were analyzed using an
UV- DRS spectrum and the absorption wavelength was noted
from 200 to 400 nm. The electrical property of the synthe-
sized CoLayFe,_yO, nanoferrites was revealed using Imped-
ance spectroscopy with the frequency range of Hz to 7 MHz
at room temperature (30 °C) (Biologic SP-300), Silver coating
was applied to the pellet for good Ohmic contact. X-ray pho-
toelectron spectroscopic (XPS) studies were made using an

Cola,Fe, ,O,4

Citric acid

Cobalt Nitrate

Fig.1 Schematic diagram for preparation of CoLayFe, yO, nanofer-
rites
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(ALU-PHI5000) AUG spectrometer with monochromatic Al
Ka (26.00 eV) radiation. Magnetic studies were assessed using
VSM (Lakeshore VSM 7140) at room temperature (RT) with
an applied magnetic field of —15 to + 15 KOe.

3 Results and discussion
3.1 Structural analysis

XRD patterns of CoLayFe,_yO, for all the samples with series
of X=0.00 to 0.08, calcined at 1000 °C are shown in Fig. 2.
The obtained peaks are related to cubic spinel ferrites crys-
tal structure and are matched with the standard JCPDS file
no 22-1086. The peaks at 30.08°, 35.43°, 43.05°, 53.44°, and
56.97° correspond to the crystal planes (220), (311), (400),
(422), and (511), respectively [22, 23]. The average crystal size
of the synthesized nanoferrites was estimated using Debye’s
Scherrer equation [24].

ok
= BCos0 1)

where k is a Scherrer constant (0.9), 4 is the wavelength of
X-ray beam, S is the full width half maximum (FWHM),

(311)
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Fig.2 X-ray diffraction pattern of prepared CoLayFe, O, (X=0.00
to 0.08) nanoferrites calcined at 1000 °C

and 0 is the Braggs diffraction angle. The crystallite size
of the ferrites decreases from 42 to 18 nm with increasing
dopants concentration from X =0.00 to 0.08. The La** ion
having ionic radius of 1.06 A has larger ionic radii compared
with Fe** ionic radius 0.67 A. Therefore, it is difficult to
displace Fe** ion in CoFe,0, spinel cubic nanoferrites. So,
few La>* ions could present at grain boundaries. This larger
ionic radius of La** ions form pressure on the grains and
therefore crystal size deceases with increasing La content
[25]. The emergence of small amount of orthoferrite phase
LaFeO, also appears with La®>* content of (X=0.02, 0.04,
0.08). The ionic radius of La** ion is 1.06 10\, which is higher
than that of the Fe3* ion 0.67 A), and hence, the amount of
Fe* ions replaced by La** ions is limited and hence there
is a solubility limit for the replacement of Fe** ions by La>*
ions. Thus, it is expected that an excess substitution of La3*
ions tends to aggregate around the grain boundaries in the
form of LaFeO;.

The lattice constant for the prepared nanoferrites is cal-
culated using Nelson-relay function [26]:

a=dhk| \/h2+k2+12 (2)

where d is inter planar distance, a is the lattice constant, and
hkl are Miller indices. The value of lattice constant is 8.37 A
which is in agreement with the reported value [27]. Lattice
constant increases monotonically with increasing La*>* ions
which is due to the substitution of both Co®* ions with ionic
radius of 0.78 A and Fe** ions with ionic radius of 0.64 A by
the larger La** ions with ionic radius of 1.06 A in Co-Fe-La
spinel lattice [28]. The volume of unit cell increases from
587.3 to 600.9 A with the increase in La>* concentration
which occurs due to a increase in the lattice constant. X-ray
density of the CoFe,0O, nanoparticles was calculated using
the following equation [28]:

_

d
Nd®

x 3)
where N, is Avogadro’s number, m is the molecular weight
of the sample, & is the volume of the unit cell, and Z is the
basic unit cell for the cubic spinel structure which contains
8 ions. X-ray density decreases from 5.685 to 5.403 g/cm®
with an increase in La*" ion concentration in cobalt ferrite
nanoparticles, which may possibly due to the increase in
unit cell volume. The volume of the unit cell is inversely
propositional to the X-ray density. The bulk density (dg) was
calculated using the mentioned equation [26]:

m

In= “)

where r is the radius of the pellet, m is the mass of the pellet,
and ¢ is the thickness of the pellet. The bulk density of lan-
thanum-doped cobalt nanoferrites was noticed to decrease
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from 2.6085 to 2.0173 g/cm?® with the increase of lanthanum
ions. As compared to X-ray density, bulk density was less
due to the presence of pores which mainly depend on cal-
cined conditions [29]. The surface area (S) was estimated
using the following expression [30]:

§ = 6/dyD 5)

where dy is the X-ray density and D is the crystallite size of
the nanoparticles. The surface areas (S) are increased with
an increase in La®* ions which attribute to a decrease in
crystal size. The porosity (P) was calculated using the fol-
lowing relation [30]:

P=(1-dg/dy) % (6)

The percentage of porosity increases from 5.0 to 6.4%
which may be due to a decrease in bulk density with an
increase in La** concentrations. Structural parameters such
as X-ray density, crystal size, dislocation density, micro-
strain, lattice constant, volume of unit cell, surface area,
bulk density, and porosity were determined and are listed
in Tablel.

3.2 Optical properties

The influence of lanthanum on cobalt nanoferrites was stud-
ied by using UV-DRS spectra is shown in Fig. 3. The UV-
DRS spectrum has overcome UV-visible absorption spec-
troscopy in its capability to evaluate the optical properties of
powdered nanoparticles. UV-visible absorption has larger
scattering effect when compared to UV-DRS spectra [17].
The absorbance values are 226.6, 224.7, 223.3, 222.5, and
222.0 nm as shown in Fig. 3. The E, of the prepared nanofer-
rites was obtained energy-dependant relation as follows [17]:

hc
E =" ™)

where c is the velocity of light, 4 is the Planck’s constant,
and A is the wavelength of the absorption.

The indirect and direct bandgap energy values of lan-
thanum-doped cobalt nanoferrites were calculated using the
following relation [17]:

hya = (h}/ - Egap)n (®)

where y is the frequency, 4 is the plank’s constant, a is the
absorbance coefficient, and # is the different types of elec-
tronic transition (n=1/2 and 2) for bandgap (indirect and
direct) transition, respectively.

In Fig. 3a, direct bandgap energy demonstrates the Taue
plot between (aEphmon)z vs E and the E values were 1.45,
1.50, 1.53, 1.55, and 1.56 eV. In Fig. 3b, indirect bandgap
energy demonstrates the Taue plot between (a)'/? vs Ehor
and the bandgap energy values of prepared nanoferrites were
1.73, 1.86, 1.93, 1.97, and 2.06 eV, respectively.

The absorbance and bandgap energy values of the lan-
thanum-doped cobalt nanoferrites are listed in Table 2. The
bandgap energy shifts from red region to blue region for
doped La®* ions. These shifts are attributed to 3d-4s spin
interchange between Fe ions and La ions. However, the
lanthanum-doped cobalt nanoferrite bandgap energies vary

based on the Brus equation [31].
3.3 Functional group analysis

The FTIR spectra of prepared nanoferrites are depicted in
Fig. 4. The transmittance spectra were obtained from the
vibrational peaks appropriate to citric acid used in sol-gel
technique which was acquired by stretching vibrations
appropriate are to metal- oxygen band of around 583 cm™!
to form spinel structure (Table 3).

The broad and strong stretching peak obtained which
indicates the O—H stretching due to the available water
vapor in the prepared sample at 3437 cm™! [32]. The bend-
ing vibration of CH, carbon chain was observed with peak
2921 cm™!. The peaks are at 1745 cm™" corresponding to the
C-H bending absorption of carboxyl group. Then 1149 cm™!
is the C=0 stretching vibration due to nitrogen group [33].
In these cubic structure ferrites Fe** ions placed tetrahedral
A-sites as well as octahedral B-sites.

Table 1 Structural parameters of prepared CoLayFe,_yO, (X=0.00 to 0.08) nanoferrites optimized calcination temperature at 1000 °C

Composition Crystal Dislocation Micro Lattice Volume of  X-ray density ~ Surface Bulk density Porosity (%)
size (D) density (6) I/ strain (&) constant unit cell (pxrp) (&/ area (Sxgp)  (dp) (g/cm®)
(nm) m*E+15 X103 (@) A @ A cm®) (m%g)

X=0.00 42 0.55 0.849 8.37 587.30 5.68 25.12 2.68 5.0

X=0.02 37 0.72 0.977 8.37 587.30 5.64 28.72 2.61 52

X=0.04 34 0.85 1.058 8.40 593.95 5.54 31.83 2.57 53

X=0.06 25 1.56 1.429 8.42 596.96 5.47 43.81 2.45 5.6

X=0.08 18 2.85 1.933 8.43 600.99 5.40 61.68 2.01 6.4
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Fig.3 Absorbance spectra of prepared nanoferrites CoLayFe,_yO,
(X=0.00 to 0.08) from UV-DRS spectra. a Indirect bandgap energy
of prepared nanoferrites CoLayFe, O, (X=0.00 to 0.08) from
UV-DRS spectra. b Direct bandgap energy of prepared nanoferrites
CoLayFe,_yO, (X=0.00 to 0.08) from UV-DRS spectra

Table 2 Optical parameters of prepared CoLayFe, yO, (X=0.00 to
0.08) nanoferrites

Composition  Absorbance (nm) Indirect band-  Direct band-
gap energy (eV) gap energy
(eV)
X=0.00 226.6 1.73 1.45
X=0.02 224.7 1.86 1.50
X=0.04 223.3 1.93 1.53
X=0.06 222.5 1.97 1.55
X=0.08 222.0 2.06 1.56
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Fig.4 FTIR spectra of prepared CoLayFe, yO, (X=0.00 to 0.08)
nanoferrites

3.4 Surface morphology with EDAX

The FESEM images of lanthanum-doped cobalt nanofer-
rites were used to study surface morphology. Figure 5
denotes that the prepared nanoferrites were spherical in
shape with some agglomeration. This agglomeration of
grain structure was mainly due to small crystallite size,
calcinating process and magnetic nature of all the crys-
tallites form together and promotes cluster and also gets
agglomerated [34, 35]. Magnetic force or weak Vander
Waals bonds plays a major role in holding these agglomer-
ations in contact [36]. In the obtained result, grain size was
decreased with an increase in La** ions. EDAX spectra
of lanthanum-doped cobalt nanoferrites correspond to the
elements Fe, O, Co, and La, which is presented in Fig. 5
(X=0.02 to 0.08) where absent of La peaks is observed
for (X=0.00).
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Table 3 Functional parameters
of prepared CoLayFe, O,
(X=0.00 to 0.08) nanoferrites

S.no  Vibrational assignments

Experimental absorption (cm™)

X=0.00 X=0.02 X=0.04 X=006 X=0.08

1 Metal-oxygen stretching vibration 583 583 583 583 583
2 C=O0 stretching vibration 1149 1149 1149 1149 1149
3 C-H bending vibration of carboxyl group 1745 1745 1745 1745 1745
4 CH, bending vibration of carbon chain 2921 2921 2921 2921 2921
5

O-H stretching vibration

3437 3437 3437 3437 3437

- W e -
- S R Shpm L T (e

ol Sea 16455 cos Curser 0.000

ol Seaie 13530 e Cursar: 0000

Fig.5 FESEM with EDAX images of the prepared CoLayFe,_,O, (X=0.00 to 0.08) nanoferrites

3.5 XPS studies

The X-ray photoelectron spectroscopy (XPS) analysis was
used to investigate oxidation state and elemental composi-
tion of prepared nanoferrites. Figure 6 brings a wide scan
spectrum of pure and lanthanum-doped cobalt nanoferrites
in the range of 0-980 eV. In the long-range spectrum as in
Fig. 6e, it can be clearly shown that the elemental and oxida-
tion states of Co 2p, Fe 2p, La 3d, o 1s, and ¢ 1s are present.

@ Springer

No other elements were found, which proves the purity of
prepared nanoferrites. The narrow scan spectrum of O 1s
shown in Fig. 6a clearly indicates a peak at 529.06, 535.76,
and 535.96 eV for pure and lanthanum-doped cobalt nano-
ferrites. These obtained peaks were due to the presence of
O in the nanoferrites [37, 38]. The narrow scan spectrum
of O 1s shown in Fig. 6b, clearly indicate a peak at 529.06,
535.76 and 535.96 eV for pure and lanthanum doped cobalt
nanoferrites. These obtained peaks were due to the presence
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Fig.6 XPS spectra of the prepared CoLayFe,_yO, (X=0.00 to 0.08) nanoferrites

of 0%~ in the nanoferrites [38, 39]. The narrow scan spec-
trum of Co 2p as noticed from Fig. 6¢, and corresponding
two peaks at 778.93 and 786 + 0.4 eV. Similarly 785.11 eV
and 790 + 15 were present for Co 2p>? and Co 2p'’%, which
confirms the oxidation state of Co>*. The narrow range spec-
trum of Fe 2p in nanoferrites revealed Fe 2p*? and Fe 2p'/?
binding energy peaks at 709.75 and 718 + 0.8eV for Fe
2p*?2,723.54 and 725 + 14eV for Fe 2p'? Fig. 6a, respec-
tively. The peak at 718 +0.8 eV is attained due to the Fe**
cation located at the octahedral site in the spinal ferrites, and
the peak at 725+ 14 eV is attained due to the Fe?* cation
located at the tetrahedral site in the spinal ferrites [39, 40].
From Fig. 6d, the narrow scan spectrum was obtained for
La** with binding energies of 833.18 +0.69 eV for 3d*?

and 837.20+0.12 eV for 3d¥2. The obtained peaks were
explained to the electron transfer of oxygen to the 4 f sub-
shell of La** ions due to photo-ionization process [38]. From
XRD and XPS results, it was clearly noticed that the La3*
ions were assimilated into Fe ions in cobalt nanoferrites.
The observed binding energy of oxygen, cobalt, iron, and
lanthanum is listed in Table 4.

3.6 Magnetic properties

The M-H loop for prepared CoLayFe,_yO, nanoferrites have
been plotted with magnetic field maximum of 15,000 Oe at
room temperature by VSM. From Fig. 7, S shaped hyster-
esis loops shows the soft magnetic nature of the prepared

Table 4 Binding energy of

Composition O 1s (eV) Co 2p (eV) Fe 2p (eV) La3d (eV)
prepared CoLayFe, O,
(X=0.00 to 0.08) nanoferrites 2p 32 2p 12 2p 32 2p 12 3d 32 3d ¥?
X=0.00 529.06 778.93 785.11 709.75 723.58 - -
X=0.02 535.76 786.98 790.28 718.49 725.16 833.18 837.20
X=0.08 535.96 787.12 790.43 718.57 725.30 833.87 837.32
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Fig.7 Hysteresis loop of the prepared CoLayFe, O, (X=0.00 to
0.08) nanoferrites

nanoferrites. The variation in magnetic parameters such as
coercivity (H), magnetic saturation (M), retentivity (M,),
and magnetic moment (7p) for prepared nanoferrites have
been revealed to be dependent of number of factors such as
grain growth, anisotropy, density, A-B exchange interac-
tion, surface spin effect, synthesis techniques, and chemical
composition [41].

From magnetic hysteresis loops, it is understood that the
inclusion of La**ions promotes ferromagnetic nature. From
Table 35, it is noticed the values of saturation magnetiza-
tion decreases with an increase in La** ions in CoFe,0,
nanoparticles which could be explained by Neel’s sublattice
model [42]. From the Neel’s sub lattice model, the mag-
netic moment of ions on the A-site and B-site sublattices
was aligned antiparallel to each other and their spins have
a collinear structure. The magnetic moment was calculated
by using the following equation:

Mg = Mg — M, )

where M, and My are [A] and [B] sublattices [43]. In gen-
eral, magnetic super exchange interaction is based on the
cation distribution between A-site and B-sites. This could

be attained due to their larger ionic radii. Therefore, sug-
gesting that the nonmagnetic La** could be replacing Fe**
ions from octahedral site (B) to tetrahedral site (A) [44].
Moreover, three types of exchange interaction would have
happened between the magnetic ion at octahedral (B) and
tetrahedral (A) sites in spinel structure such as AA interac-
tion, BB interaction, AB interaction.

Out of three mentioned interactions, AB interaction pre-
dominates over rest of other two interactions [41]. Further,
the increase in La*" ions in CoLayFe,_,O, nanoparticles
decreases the value of M, from 97.35 to 75.84 emu/g with
a decrease in crystal size from 42 to 18 nm, which results
in the increase in the surface effect [43, 44]. Decreasing
crystallite size due to the substitution of La** trends to the
increase in disordered spins which implies in the decrease
in magnetic saturation. The value of coercivity increases
from 736.33 to 1128.35 Oe with an increase in La*" ions
depending on crystal size, magnetic crystallite, cation dis-
tribution, strain, porosity, and anisotropy [45]. According
to Brown’s relation, the coercivity is inversely proportional
to the magnetic saturation. It was agreed for the prepared
nanoferrites, where the coercivity increased with decreasing
magnetic saturation for addition of La®* concentration. The
anisotropy constant and squareness ratio were estimated by
using the following equation [46, 47]:

Ml'

1‘75 (10
HM

K=—-2 (11)

0.98

where M, is the remanent magnetization or retentivity, K is
the anisotropy constant. Further, Bohr magnetizations (77y)
in magnetic moments (ug) were estimated from the follow-
ing equation [47]:

MXM, "
5585 12)

Mg =

where X is the concentration and M is the molecular weight
of La’* ion content. The magnetic parameters such as
magnetic saturation (M,), coercivity (H,), retentivity (M,),

Table 5 Magnetic parameters of prepared CoLayFe, 3O, (X=0.00 to 0.08) nanoferrites

Composition Magnetization Remanent magnetiza-  Coercivity (H,, (Oe) Squareness ratio Anisotropy con-  Bohr magne-
(M) (emu/g) tion (M,) (emu/g) (M /M) (No unit) stant (K) (Oe) ton (n7g) (ug)
X=0.00 97.35 27.45 736.33 0.2819 73.14 0.4381
X=0.02 95.62 26.75 958.91 0.2797 93.56 0.4273
X=0.04 95.59 25.64 993.84 0.2683 96.90 0.4241
X=0.06 94.66 25.04 1010.45 0.2645 63.60 0.3731
X=0.08 75.84 19.45 1128.23 0.2564 34.94 0.3188
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squareness ratio, anisotropic constant (k) and Bohr mag-
netron (np) were noticed from M-H and measurements are
listed in Table 5. This suggests that CoLayFe,_,O, nanofer-
rites have spin arrangements which are better on the B-site,
leading to decrease in (A—B interaction) [48, 49]. It was
observed that the addition of La** ions in cobalt matrix
improved to get soft ferrite behavior with good saturation
magnetization and it has good suitability for electromagnetic
application [50]

3.7 Impedance analysis

Impedance spectroscopy is a well-known technique for
complete understanding of electrical properties of spinel
type ferrites, whose properties depend on their ceramic
texture, impedance of electrodes, distribution of dopants
and grain and grain boundary contributions [51]. And it
also provides information regarding imaginary and real
components of the impedance property of a material.
The Nyquist plot shows a complete contribution of grain
and grain boundary resistance. Figure 8c shows that the
applied frequency dependent imaginary (Z") and real (Z")
part of impedance decreased with an increase in frequency.
It denotes an increase in a.c conductivity. The real part
(Z') of the spectra values for all the prepared nanoparticles
leads to lower values at higher frequency which implies
release of space charges as a result of reduction in barrier
properties of material [51]. In Fig. 8a, impedance vs fre-
quency plot gives an indication of a increase in conduction
with frequency, which infers that the ferrites behave like a
semiconductor material [52].

Figure 8b, the imaginary part (Z") of the La**-doped
cobalt nanoferrites decreases with an increase in applied
frequency and then remains low at high frequency. The
imaginary part (Z") of the impedance spectra brings out
relaxation peaks due to existence of space charge relaxa-
tion, associated with charge carries resulting from energy
vacancies [53]. The Z" also decreases with increasing fre-
quency due to the decreasing loss in the imaginary part of
the nanoferrites.

Nyquist plot of impedance spectra as function of fre-
quency for CoLayFe,_,O, nanoferrites is shown in Fig. 8c.
Clear semicircle arcs were formed in high frequency for all
the prepared nanoferrites with series of (X=0.00 to 0.08)
because of the grain and grain boundary contributions to the
conductivity. This also indicates that because of small crys-
tal size, the grain boundary contribution is higher than that
of the grain contribution [54]. Furthermore, it is observed
that the value of Z' and Z" in the impedance spectra for
cobalt decreases with increasing La>* concentration and it
depicts that the overall resistance of the La**-doped cobalt
ferrite nanoparticles decreases, accordingly.
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Fig.8 a Real part of impedance spectra of prepared CoLayFe,_yO,
(X=0.00 to 0.08) nanoferrites. b Imaginary part of impedance spec-
tra of prepared CoLayFe,_yO, (X=0.00 to 0.08) nanoferrites. ¢
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3.8 Dielectric properties
3.8.1 Dielectric constant

The variation of dielectric constant (&) measured at the
frequency in microhertz at RT for the prepared nanoferri-
tes as shown in Fig. 9a. The dielectric constant decreases
with an increase in lanthanum content as a mechanism for
the electrical conduction, which is same that of dielectric
polarization. The dielectric constant was calculated using
the following equation [44]:

e
£ =— (13)

£0A
where ¢’ is the dielectric constant, C is the capacitance of
the pellet, g, is the permittivity of free space, A is the area of
the CoLayFe,_,O, pellet, and d is the thickness of the pellet.
The values of dielectric constant both &' and " are higher
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Fig.9 a Dielectric constant of the prepared CoLayFe,_ O, (X=0.00
to 0.08) nanoferrites, b Dielectric loss of the prepared CoLayFe,_ yO,
(X=0.00 to 0.08) nanoferrites
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at lower frequency and then decreases with an increase in
frequency for all the compositions (X=0.00 to 0.08).

The obtained dielectric constant and complex dielec-
tric constant values are 321, 585, 659, 852, and 1100 and
1150, 1921, 1874, 2190, and 2344 for all the compositions
of X=0.00, 0.02, 0.04, 0.06, and 0.08, respectively. The
dielectric constants at lower frequency are based on some
polarizations such as ionic, space charges, and interface [55,
56]. This type of behavior can be described based on Max-
well-Wagner interfacial polarization which is in agreement
with Koop’s theory [57]. According to the Maxwell-Wagner
model, the dielectric constant was due to high conductivity
grains and poor conductivity grain boundaries.

In CoLayFe, O, spinal ferrites, the formation of Fe**
ions are due to interchange of electrons between Co>* and
Fe®* to generate a pair of Co>* and Fe?* ions [58]. The
electron hopping between Fe?* <> Fe>* and hole hopping
between Co’* <> Co?* ions and hence an applied electric
field, the electrons pile up there, due to high resistance ulti-
mately produces polarization. However, at high frequency
the electron cannot move with fast changes due to the
applied electric field because charge carries need sufficient
time to transfer their orientation in react to the applied elec-
tric field. In general, the dielectric constant of any surface
material depends on bulk polarization factor such dipolar,
interfacial, ionic, and electronic polarizations. In certain
polarizations, dipolar and interfacial polarizations are real
for the noticed behavior in dielectric constant at lower fre-
quency, while electronic polarization is held responsible in
the high-frequency region [59]. The decrease in both " and
&' with frequency is due to the fact that any spices contrib-
uting to polarization is bound to slow the logging behind
the applied field at high frequency [60, 61]. Interestingly
dielectric constant values decreased by more than 50% from
1100 (X=0.08) to 321 (X=0.00) when the La** increased
less than 0.1% in CoLayFe,_4O,. The substitution of La®*
ions in CoLayFe,_yO, nanoferrites tends to have significant
variation in &’ which improves the suitability of the nanofer-
rites for microwave frequency applications.

3.8.2 Dielectric loss

The variation of dielectric loss or loss tangent with variation
of frequency is shown in Fig. 9b. It is evidently noticed that
the loss tangent decreases with an increase in La®* concen-
tration. This can be mainly due to the increase in resistivity
which results loss in tand. From the results, it is observed
that the dielectric loss decreases with an increase in fre-
quency at low frequency which decreased slowly in high-
frequency region before it become almost independence of
the frequency in the higher-frequency region.

The dielectric loss is formulated with high resistivity at
low frequency which is playing major role. The dielectric
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Table 6 Dielectric parameters of prepared CoLayFe, yO, (X=0.00 to
0.08) nanoferrites

Composition Dielectric Dielectric loss Complex dielec-
constant (&") (tand) tric constant (&'")
X=0.00 321 3.583 1150.14
X=0.02 585 3.284 1921.44
X=0.04 659 2.844 1874.19
X=0.06 852 2.571 2190.49
X=0.08 1100 2.131 2344.10

loss and complex dielectric constant of nanoferrites were
calculated using following equations [62]:

1

tand = ———
2xfeye’

(14)

"
& =

£ tané (15)

The dielectric losses of the nanoferrites are 3.583, 3.284,
2.844,2.571, and 2.131, respectively. The electron inter-
change between Fe?™ and Fe* required more energy and
accordingly more energy ions due to high resistivity of grain
boundaries [63]. Further, the electron interchange between
Fe?* and Fe** required loss of energy at high frequency of
applied AC electric field which is equal to the hopping fre-
quency of the charge carrier. The large amount of energy was
thus recovered to transfer the oscillating ions and those by
appearance of dielectric loss. The prepared material shows
low dielectric loss is favorable for application in micro fre-
quency devices. The electrical parameters such as dielectric
constant, dielectric loss, and complex dielectrics are listed
in Table 6.

4 Conclusion

Lanthanum-doped cobalt CoLayFe,_yO, nanoferrites with
various composition for X=0.00, 0.02, 0.04, 0.06, 0.08 were
synthesized using simple and most effective sol-gel tech-
nique. XRD revealed cubic spinel structure with an average
crystal size of 31 nm. FTIR analyses confirmed the presence
of metal at 583 cm™! corresponding to stretching M—O bond,
respectively. The lattice constant and volume of unit cell
were increased with an increase in La>* ions, whereas X-ray
density and bulk density became inversely proportional to
lattice constant. UV diffuse reflectance spectra showed that
the absorbance spectra of the CoLayFe, yO, nanoferrite
were varied from 226 to 222 nm. The value of indirect and
direct energy bandgap varied from 1.73 to 2.06 eV and 1.45
to 1.56 eV. The obtained bandgap energy increased with
an increase in La** concentrations. The obtained prepared

nanoferrites were identified with spherical morphology. XPS
confirmed the presence of Co 2p, Fe 2p, La 3d, and O 1s at
octahedral [B] and tetrahedral [A] sites in CoLayFe,_yO,
nanoferrites. The obtained VSM result showed that the
prepared lanthanum-doped cobalt nanoferrites has got a
soft ferromagnetic nature. The saturation magnetization
from 97.35 to 75.84 emu/g decreases with an increase in
La** concentration. The higher coercivity (1128 Oe) with
dielectric constant of the lanthanum-doped cobalt spinel
nanoferrites is favorable for the applications in magneto
recording devices. Impedance spectroscopy is used to iden-
tify grain contributions and grain boundary contributions
to conductivity and utilized to estimate electrical response
of lanthanum-doped cobalt nanoferrites. The frequency-
dependant dielectric constant, complex dielectric constant,
and dielectric loss decreases with an increase in La®* ion.
Behavior of dielectric constant and AC conductivity of pure
and lanthanum-doped cobalt nanoferrites was found to fol-
low Maxwell-Wagner’s model. Hence the combination of
structural, magnetic, electrical, and optical activities makes
CoLayFe,_yO, (X=0.00 to 0.08) nanoferrites highly useful
for reducing false signals in the electronic devices and its
highly suitable for microwave frequency applications.
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ARTICLE INFO ABSTRACT

Lanthanum doped manganese spinel nanoferrites (MnLaxFe, xO4) with X = 0.00, 0.02, 0.04, 0.06 and 0.08 were
fabricated by sol-gel method. The cubic phase was confirmed by using X-ray diffraction technique. FESEM re-
vealed that the prepared samples attain highly stable spherical morphology. Energy dispersive X-ray spectra
confirm the presence of Manganese (Mn), Lanthanum (La), Iron oxide (Fe) and oxygen (O) element in desired
proportion. Ultra-violent diffuse reflectance spectroscopy shows that absorbance spectra were inversely pro-
portional to band gap energy. Room temperature magnetic hysteresis curves expose the ferromagnetic behavior
with decreases of saturation (M) and increases of coercivity (Oe). The origin of ferromagnetism in La®>* doped
manganese nanoferrites were elaborated with reverence to the allocation of Mn>* and Fe** ion within the spinel
lattice. An impedance spectroscopy of the samples were analyzed in the frequency ranges from 0 to 7 MHz at
room temperature reveals the resistance of the grains and grain boundary were found to increase with La®>* ion.
The dielectric constant and loss tangent decreases with increases of frequency. The obtained results confirm that

Keywords:

Spinel ferrites
Dielectric properties
Grain boundaries
Magnetization
Optical properties

the prepared samples were useful for better radiation-absorption properties.

1. Introduction

Nanomaterials have been showing excellent chemical and physical
properties due to their smaller crystal size, high surface area, quantum
confinement effect and high calcined ability. Recently, ferrite nano-
particles are used in many applications such as technological and fun-
damental reason [1]. So that, these materials are of most challenging as
magnetic memories, high density storage media, transformer cores,
analogue devices, electron transport devices, electron magnetic inter-
change devices, choke coil and even in high - frequency device are
derived [2-4]. The properties attained by these ferrites are based on
their cation distribution and chemical composition and in Octahedral B-
sites and tetrahedral A-Site [5]. Mn nanoferrites are one of the most
important soft magnetic materials due to its high coercivity and low
core losses [6]. The rare earth iron plays vital role to change its mag-
netic properties involves large magneto crystalline anisotropy; a high
magnetostriction and magnetic moment on adding of La®>* ions have
high ionic radii at very low temperature because of its localized nature
of 4f electrons [7]. La®* ions replace Fe®* ions at low concentration as
they like to enter the octahedral site (B-site) [8,9]. Micro strains are

* Corresponding author.
E-mail address: profpunithaphysics@gmail.com (I. Kartharinal Punithavthy).

https://doi.org/10.1016/j.ceramint.2019.11.180

developed due to variation in the ionic radii between La®** and Fe®*
ions which may effect spinel structure that in turn influence the motion
of domain wall. Lanthanum doped manganese nanoferrites are very
helpful in preventing and extinguishing electromagnetic interference to
electronic controlled system [10].

In recent years, the sol-gel method is used to prepare various mixed
oxide, nanoporous oxides, nanoscale architectures, nanomaterials, in-
organic and organic hybrids [11]. The sol-gel method has most ad-
miring advantages such as small crystalline size and better homogeneity
in the final product [12]. Samolia.et al. have reported magnetic and
structural properties of Gd-doped Ni-Mn-Cr ferrites synthesized by sol-
gel method and noticed that magnetization and coercivity decrease
with the increase of Gd®* ions [13]. The rare earth element of Nd®*
doped manganese zinc ferrite synthesized by using combustion method
influence on the magnetic and structural properties and it is increase in
saturation magnetization with increase of Nd3* ions [14]. Lanthanum
doped manganese ferrites are prepared by enormous synthesize
methods such as micro-emulsion auto-combustion, co-precipitation
technique, wet chemical and sonication method [15-17]. Systematic
studies on structural, electrical, optical and magnetic properties of La®*
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ion doped Manganese nanoferrites prepared by sol-gel method could
not be found yet. The present study, dependence of La®>* ions sub-
stitution on the structural, optical, magnetic and electrical properties of
manganese nanoferrites with particular series (X = 0.00 to 0.08) was
noticed.

In present study, Lanthanum doped manganese nanoferrites
MnLayFe, xO4 (X = 0.00 to 0.08) were prepared by sol-gel method. The
obtained Lanthanum doped cobalt nanoferrites are characterized by X-
ray diffraction (XRD) for phase and structural identification, Fourier
transform infrared spectroscopy (FTIR) for to identify organic and also
some inorganic materials, field emission scanning electron microscopy
(FESEM) coupled with energy dispersive X-ray analysis (EDX) for sur-
face morphology and elemental analysis, ultra violet (UV) diffuse re-
flectance spectroscopy (DRS) for optical properties and vibrating
sample magnetometer (VSM) for magnetic measurements. The results
are analyzed and the obtained results are identified towards utilized for
the possible electronic devices in electromagnetic radiation applica-
tions.

2. Experimental procedure

MnLaxFe, xO4 (X = 0.00, 0.02, 0.04, 0.06 and 0.08) nanoferrites
were synthesized by sol-gel method. The precursors such as Lanthanum
nitrate (La(NOs3)36H50), ferric nitrate (Fe(NO3)39H,0), manganese
nitrate (Mn(NO3),6H,0), ammonia (NH4OH), citric acid (C¢HgO,-H,0)
and deionized water were used to prepare Lanthanum doped manga-
nese nanoferrites. The measured precursors were dissolved with 100 ml
of deionized water to attain homogeneous mixture of the precursor. The
mixed solution was continuously stirred at 80 °C for 1 h. Further am-
monia was added drop by drop to the ferrite solution to attain the pH
value of 7. Finally dark solution was collected and dried in a hot air
oven at fixed temperature at 60 °C for 24 h. The amorphous powders
were collected and sintered in muffle furnace at 500 °C for 2 h. Then the
sintered nanopowders were grinded for 15 min to reach a fine powder.
Thus obtained nanopowders were again well calcined at 1000 °C for
24 h. Finally, obtained nanoferrite powders were grinded well. The
Flow chart for sample preparation of MnLaxFe, xO4 nanoferrites was
shown in Fig. 1.

2.1. Characterization of MnLaxFe, xO4 nanoferrites

The structural analysis of the prepared MnLaxFe, xO4 (X = 0.00 to
0.08) nanoferrites were analyzed by XRD (SHIMADZU-XRD 6000)
technique with CuKa radiation source is used to discover the prepared
nanoferrites at the 20 range from 20° to 80°, operated at 40 kV and
30 mA. The functional groups and chemical interaction obtained in the
prepared CoLaxFe, xO, nanoferrites were examined by FTIR spectra
(SHIMADZU-UV 18,000) in the wave number ranges from 4000 to
400 cm ™! at RT. The surface morphology and elemental composition
were carried out using FESEM with an energy dispersive spectrum
(Quanta FEG 250). The optical properties of the prepared samples were
analyzed using the UV- DRS with absorption wavelength in the range of
200-400 nm. Impedance spectroscopy is used to examine the con-
ductivity of the prepared CoLaxFe, xO4 nanoferrites (Biologic SP-300).
Magnetic studies were assessed using VSM (Lakeshore VSM 7140) at RT
with a magnetic field of —15 to +15 KOe.

3. Result and discussion
3.1. Structural studies

Fig. 2 shows the structural XRD analysis of the Lanthanum doped
manganese nanoferrites (MnLaxFe, xO4) with series X = 0.00 to 0.08
calcined at 1000 °C. The peak positions appeared at 30.67°, 35.33°,
43.47°, 53.52° and 56.6° corresponds to (220), (311), (400), (422) and
(333) planes respectively. All the obtained peaks are in good agreement
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with JCPDS card no (74-24023) and it is also revealed that the syn-
thesized nanoferrites are in cubic structure [18]. No other peaks related
to either Lanthanum or other byproducts are observed. It confirms that
the Lanthanum is doped in to the host Mn lattice. The average crystal
sizes of the prepared nanoferrites are calculated using the well known
Scherrer formula [19];

K
B Cosb

@

where K is a Scherrer constant (0.89), A, B, 6 are the wavelength of x-
ray used, Full Width at Half Maximum (FWHM) and Bragg's angle re-
spectively. The crystallite size is calculated for the prepared nano-
ferrites which decreasing from 26 to 12 nm with increase of La®™"
concentration from X = 0.00 to 0.08. The decreasing crystal sizes are
mainly due to the difference in ionic radii of La®* ions and Fe** ions
[22]. Therefore, it is difficult to replace La®* ion (1.06 10\) which has
larger ionic radii as compared with Fe* ions (0.67 A) on the lattice
strain. At the same time of substitution La®* ions to Fe>* ions on the
lattice strain, few of the La®>* ions may be settled on the grain
boundaries and created pressure on the grain boundaries have arisen in
smaller crystal size of La®" doped Mn ferrites in comparison with Gd,
La doped Mn-Zn ferrites [20,21]. The lattice constant for the prepared
nanoferrites is estimated through Nelson-relay function [22];

a = dp~ W+ k? + I? 2

where d is inter planer distance, hkl are Miller indices and ‘a' is the
lattice constant. The lattice constant increases linearly with increase of
La®* ions for prepared nanoferrties. This may be due to La®* ions
posses a significant affinity to replenish the octahedral site due to their
larger ionic radii (1.06 A) than the metal ion at the octahedral site
Mn2* (0.83 ;\) and consequently it occupies the octahedral sites [23].
The X-ray density was calculated by using the following equation [24];

_Zm

4= N

3)
where m is the molecular weight of the sample N is Avogadro's number
(6.022 x 10%®) (particles/mole) a® is the volume of the unit cell, Z is
the cubic unit cell which contains 8 atoms. X-ray density was decreases
from 5.144 to 4.862 g/cm® with increase of La®>* ions. This may be due
to change in volume of unit cell and also X-ray density is inversely
proportional to the volume of the unit cell. The strains in the unit cell of
the crystal increased with substitution of La®* ions due to the induced
crystalline anisotrophy [25]. The bulk density (dp) is evaluated using
the mentioned equation [24];

m

it

" “@
where r is the radius of the pellet, m is the mass of the pellet and t is
thickness of the pellet. The smaller value of bulk density than the X-ray
density may be attained due to the existence of pores in the prepared
ferrites [26]. The doping of La ions activate the process in ferrites and
leads to increase in density [27]. The increase in bulk density is due to
difference in atomic weight of Lanthanum (138.90 amu) and manga-
nese (54.93 amu). The surface area of the prepared nanoferrites is
calculated using the following expression [24];

S = 6/dxD 5)

where dis the X-ray density and D is the diameter of the particles. The
surface area (S) increases from (44.85-102.16) which may be due to
decrease in crystal size. The porosity (p) is calculated using following
relation [28];

P = (1'dB/dX) 0/0 (6)

The porosity decreases from 6.737 to 4.431% which attributed to
the increase in bulk density with adding La®>* ions. Hence Dg and d, are
the bulk and X-ray densities for the prepared sample. Structural
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Fig. 1. Flow chart for the sample preparation of MnLaxFe, xO, nanoferrites.
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Fig. 2. X-ray diffraction pattern of prepared MnLay Fe, xO4 (X = 0.00 to 0.08)
nanoferrites calcined at 1000 °C.

parameters such as crystal size, dislocation density, micro strain, lattice
constant volume of unit cells, surface area, bulk density, X-ray density
and porosity are listed in Table 1.

3.2. Functional group analysis

Fig. 3 shows the FTIR spectra of Lanthanum doped manganese

6862

nanoferrites with different composition (X = 0.00 to 0.08) recorded by
vibrational appropriate in the region 4000-400 cm™ ' (shown in
Table 2). FTIR spectra are performed to give information corresponding
to the phase formation of spinel ferrites and other structural changes
[29]. It proves that there are changes in secondary phase formations
such as substitution of rare-earth ions in the spinel structure [30,31].
The band exists in the range of 583 cm ™! may be due to the stretching
vibration of metal oxygen in tetrahedral and octahedral sites. The band
at 1366 cm ™! represents for C-H bending bond due to carboxylic acid
(Citric Acid). The wave number near at 2368 cm ™ ! band is related C=
N bond [32]. The broad and strong band of oxygen hydrogen stretching
vibration of remaining water appeared at wave number 3187 cm™!
[331].

3.3. UV-DRS

The optical properties of prepared nanoferrties MnLaxFe, xO4 with
different composition X = 0.00 to 0.08 were investigated using UV-
diffuse reflectance measurement. The UV-DRS spectra recorded in the
ranges from 200 to 400 nm can examine the band gap and electronic
structure features. The optical absorbance is estimated using band gap
energy (Eg) of the prepared Lanthanum doped manganese nanoferrties.
The absorbance values are 228.12, 227.40, 226.10, 225.60 and
224.9 nm respectively with corresponding X = 0.00 to 0.08 composi-
tions. The direct and indirect band gap energy values of prepared na-
noferrites are calculated using relation between the absorption coeffi-
cient and the band [34].

I’L}/Ot =A (h}’ - Egap)n ®

where a is the absorption coefficient, h is Planck's constant, y is the
frequency of light, A is a proportional constant, and E, is the band gap
and exponent n is the different type electronic transition n = 1/2 and
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Table 1

Structural parameters of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.
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Composition  Crystal size (D) Lattice constant (a)

Volume of unit cell (a®) X-ray density (pXRD) (g/

Surface area (Sxgrp) Bulk density (dg) (g/ Porosity (%)

(nm) A A cm®) (m*/g) em®)
X=000 26 8.7117 661.16 5.1448 1.6786 44.85 6.737
X =002 22 8.7515 670.26 5.0390 1.7888 54.12 6.450
X =004 18 8.7613 672.52 4.9869 1.8768 66.84 6.236
X =006 14 8.7777 676.30 4.9245 25383 87.03 4.845
X =008 12 8.7945 680.19 4.8662 27078 102.16 4.431
MnFe504 0.85
MnLag goFeq 9504
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Fig. 3. FTIR spectra of prepared MnLayFe, xO4 (X = 0.00 to 0.08) nanoferrites.

n = 2 for direct and indirect band gap energy. In Fig. 4a associates the
Tauc plot between (a E phomn)2 V E photon and the energy band gap
values are 1.25, 1.26, 1.30, 1.34 and 1.38 eV respectively. The band gap
value of prepared Lanthanum doped manganese nanoferrites increases
with increase La®™ ions concentration (X = 0.00 to 0.08). Fig. 4b de-
monstrates that the Tauc plot between (? vs E phot and the indirect
energy band gap values of prepared nanoferrites are 1.89,1.98,
2.13,2.27 and 2.35 eV respectively. The value of absorbance and
bandgaps are listed in Table 3. The overview of result demonstrates that
the improvement of energy levels or interface defects may be attributed
to synergistic effect of Lanthanum with nanoferrites, and then re-
combination of decreased electron hole, which resulted in an increased
band gap [35].

3.4. FESEM with EDAX

The morphology of prepared samples is obtained by FESEM which is
shown in Fig. 5. It reveals that spherical shape with uniform grain. This
happened due to the diffusion of La®* ions mainly closer to the grain
boundary, which exhibits ion and oxygen vacancies [37]. There is some
agglomeration occurred is obtained due to typical magnetic attraction
of the spinel ferrites [38]. Fig. 5. Depict EDAX spectra for a prepared

Table 2

Functional parameters of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.

Fig. 4. Absorbance spectra of prepared MnLayFe, xO4 (x = 0.00 to 0.08) na-
noferrites from UV-DRS spectra.
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Fig. 4a. Direct bandgap energy of prepared MnLaxFe, xO4 (X = 0.00 to 0.08)

nanoferrites from UV-DRS spectra.

SNO Vibrational assignments Experimental absorption (cm ™)
X = 0.00 X = 0.02 X = 0.04 X = 0.06 X = 0.08
1 Metal - oxygen stretching vibration 562 562 562 562 562
2 CH bending of carboxylic acid 1366 1366 1366 1366 1366
3 Stretching vibration of C=N 2368 2368 2368 2368 2368
4 O-H stretching vibration 3187 3187 3187 3187 3187
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Fig. 4b. Indirect bandgap energy of MnLaxFe,xO, nanoferrites with series
X = 0.00 to 0.08 from UV-DRS spectra.

Table 3
Optical parameters of prepared MnLaxFe, xO4 (x = 0.00 to 0.08) nanoferrites.

Composition  Absorbance (nm)  Indirect bandgap Direct bandgap
energy (eV) energy (eV)

X = 0.00 228.12 1.89 1.25

X = 0.02 227.40 1.98 1.26

X = 0.04 226.10 2.13 1.30

X = 0.06 225.60 2.27 1.34

X = 0.08 224.90 2.35 1.38

Ceramics International 46 (2020) 6860-6870

sample confirms the presence of Mn, La, Fe and O with few impurities.

3.5. Vibrating sample magnetometer

The M — H loop for the prepared Lanthanum doped manganese
nanoferrites MnLaxFe, xO, with series X = 0.00 to 0.08 are plotted
using vibrating sample magnetometer (VSM). All the hysteresis loops
are scanned up to 15,000 (Oe), recorded at room temperature. The
shape and width of loops are based on few factors such as calcinating
temperature, chemical composition, porosity, cation distribution and
grain size etc. Fig. 6, S shaped hysteresis loops promote soft and fer-
romagnetic natures for prepared ferrites. The magnetic saturation (Ms)
in manganese ferrites decreases with decrease of crystallite size due to
increase of surface effect [39]. The values of saturation also decreases
from 81.57 to 51.31 with increase in La®* ions which is attributed to
smaller magnetic moment of La (0 IB) than Fe (5 IB). In general mag-
netic moment of rare earth ions corresponds to 4f-electrons [40].

The structure at the surface is distressed and strain on the surface
atom to promote various inter atomic distance, vacancies and low co-
ordination numbers which implies splinter the bond exchange of the
surface atoms promoted to spin disorder [41,42]. Magnetic saturation
for spinel nanoferrites are adopted by the super exchange interaction
between tetrahedral (A site) and Octahedral (B site) cations. Here three
types of exchange interaction are placed between the magnetic ions at
tetrahedral (A) and Octahedral (B) site in spinal structure such as A-A
interaction, B-B interaction and A-B interactions. Among these A-B
Interactions predominate the intra sub lattice than A-A and B-B inter-
actions. The obtained A-B interaction is due to non-magnetic nature for
La®" ions, which implies that exchange of ion interaction does not
occur with closest neighbouring ions [43]. The values of coercivity
105 Qe to 517.37 Oe increases with increase of La®* ions for prepared
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Fig. 5. FESEM with EDAX images of prepared MnLayFe, xO4 (X = 0.00 to 0.08) nanoferrites.
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Fig. 6. Hysteresis loop of prepared MnLaxFe,; xO4 (X = 0.00 to 0.08) nanoferrites.

nanoferrites. This effect on coercivity based some factors like aniso-
trophy, magneto crystallinity, magnetic particle and domain size of the
material etc [44]. The changes of coercivity with crystal size are due to
the change in multi domain to single domain nature [44]. The magnetic
saturation and coercivity is inversely proportional to each other
through Brown's relation [45]. The present work agrees this relation of
decreasing magnetic saturation to Lanthanum concentrations. Earlier
reports have explained that the larger ionic radii of rare earth sub-
stitution in spinel ferrites have increased the coercivity [46]. The
squareness ratio and anisotrophy constant of MnLa,Fe, ,04 (X = 0.00,
0.02, 0.04, 0.06 and 0.08) nanoferrites are evaluated through below
mentioned equations [32].

.M
Squareness ratio = —
M;

(10)

He M
0.98

1)

where M, is the remanent magnetization (or) retentivity, K is the ani-
sotrophy constant and H, is coercivity. The values of squareness ratio
are less than 0.5 for all the prepared samples, which denotes uniaxial
anisotropy contribution in the obtained nanoferrites [47]. Uniaxial
anisotropy is a precondition for a hysteresis loop in ferromagnetic fer-
rites. Furthermore, Bohr Magnetization () in magnetic moment (pp) is
calculated using following equation [32].

MXM,
5585

s = (12)

where x is the concentration and M is the molecular weight of La** ion

Table 4

Magnetic parameters of prepared MnLaxFe; xO4 (X = 0.00 to 0.08) nanoferrites.

substitution. The magnetic parameters such as magnetic saturation
(My), retentivity (M,), coercivity (H.), squareness ratio (M,/M;), ani-
sotrophy constant (K) and Bohr magnetron (1) are observed from
M — H measurements as listed in Table 4. In the present study, the
value of coercivity are few hundred Oersteds (Oe) of prepared Lan-
thanum doped manganese nanoferrites and with such a low values of
coercivity nanoferrites materials are favorable for electromagnetic ra-
diation materials [48].

3.6. Impedance spectroscopy

Impedance spectroscopy is a useful technique which is widely used
to separate real and imaginary part of the electrical parameter to pro-
pose the material's electrical properties. The impedance spectra values
of prepared nanoferrites have capacitance and resistive components,
Fig. 7c clearly shows that successive semicircle's represent electrical
phenomena attributed to grain, grain boundaries and interfacial etc. In
general, low frequency regions are effective in grain boundaries while
the grains are effective in high frequency region. Thus appearing of
semi circle in low frequency region enables the grain boundary con-
tribution while grains are enabling to high frequency contribution. The
real part (Z’) of the spectra values for prepared nanoferrites are corre-
sponds low frequency to high frequency in the range of 0-7 MHz at
room temperature.

Fig. 7a implies to impedance in frequency graph is decreases with
increase in applied frequency and then remain same at higher fre-
quency. The constant Z’ value at high frequency are promotes the
dominant contribution from grain boundary. The low value at high

Composition Magnetization (M) (emu/ Remanent magnetization (M,) Coercivity (Hc) Squareness ratio (M,/M;) Anisotropy constant (K) Bohr magneton (1B)
g) (emu/g) (Oe) (No unit) (Oe) (ug)

x = 0.00 81.57 33.08 105.00 0.4055 87.39 0.3739

x = 0.02 59.56 26.03 392.55 0.4370 23.85 0.2711

x = 0.04 58.73 25.86 429.59 0.4403 25.74 0.2654

x = 0.06 52.00 21.15 516.93 0.4067 27.42 0.2334

x = 0.08 51.31 09.33 517.32 0.1818 27.08 0.2287
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Fig. 7a. Real part of impedance spectra of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.

frequency implies that release of space charges and an improvement of
the mobility of charge carrier [49]. The imaginary part (Z”) of the
Lanthanum doped manganese nanoferrites represented in Fig. 7b. It
decreases with increases of applied frequency and then merges at high
frequency. The decrease in increasing frequency is due to the reduction
loss in the resistive part of the prepared nanoferrites. The noticed peaks
in the imaginary part (Z”) are one due to existence of the space charge
relaxation attributed with the charge carriers concluding from Oxygen
vacancies [50].

The Nyquist plot of impedance spectra for prepared Lanthanum
doped manganese nanoferrites with series (X = 0.00 to 0.08) are shown
in Fig. 7c. The plot consists of clear semicircle arc which consists the
grain and grain boundaries have contribution to the conductivity. These
semicircles contain two types of relaxations with increase in La % ion

concentrations. The lower frequency side relaxation is attributed to
grain boundary contribution and higher frequency grain contribution is
mainly due to the effect of small crystal size from XRD. Furthermore, it
is observed that the value of Nyquist plot decreases with increase of
Lanthanum concentrations which implies that impedance is inversely
proportional to the conductivity, as the conductivity increases with
increase of La®* ion. Hence this is well corroborated from conductivity
values [51].

3.7. Dielectric properties

The dielectric behavior of iron (Fe) oxide is attributed to the electric
dipole created due to the charge ion exchange interaction between the
divalent and trivalent metal cations with in the spinel structure,
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Fig. 7b. Imaginary part of impedance spectra of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.
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Fig. 7c. Nyquist plots of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.

calcination temperature and time, method of preparation, chemical
composition and occupancy of site in metal cation among the tetra-
hedral and octahedral sites on dielectric properties of ferrites [52,53].
The dielectric behavior of ferrites as a function of frequency gives im-
portant information of the behavior of the localized charge carriers and
understanding the mechanism of dielectric polarization in ferrites [54].

3.7.1. Compositional effect on dielectric constant (¢’) and complex
dielectric constant (")

The variation of dielectric constant (¢’) and complex dielectric
constant (¢") is measured at the frequency in range 0 -7 MHz for

1400 4
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1000 4

/

800 <

Dielectric constant (&)

600 4

T T T
0.04 0.06 0.08

La - content (X)

T
0.00 0.02

Lanthanum doped manganese nanoferrites MnLaxFe, xO, with series
X = 0.00 to 0.08 at room temperature are depicted in Fig. 8a and 8b
respectively. From the figure it can be noticed that both dielectric
constant (¢”) and complex dielectric constant (¢") increase with increase
of La®* ions concentration. The obtained results from electron inter-
change between Fe?>*<sFe®** in local displacement produce polariza-
tion of charges in these ferrites. Thus, it reveals number of ferrous ion
on octahedral sites play a predominant in the process of conduction and
dielectric polarization [55]. The hindrance of electron transfer between
Fe?* and Fe>* ions are leading to decreases the polarization. The La®™*
ion occupy octahedral sites owing to their larger ionic radius (1.06 A).
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Fig. 8. (a,b). Dielectric constant and Complex dielectric constant of the prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.
c. Dielectric constant of the prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.

d. Dielectric loss of prepared MnLayFe, xO4 (X = 0.00 to 0.08) nanoferrites.

e. AC Conductivity vs Frequency of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.
f. AC Conductivity vs La-content of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nanoferrites.
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3.7.2. Dielectric constant (&’)

Fig. 8c. Shows the variation in the dielectric constant as a function
of frequency for MnLaxFe, xO4 nanoferrites with series X = 0.00 to
0.8 at room temperature. The value of dielectric constant for high fre-
quency region depend in the low frequency region while high frequency
region it is frequency independents. The dielectric constants increase
with increase of La®* ions for prepared Lanthanum doped manganese
nanoferrties which is evaluated using the following relation [32];

«d
€A

’

13

where C is the capacitance of the pellet, ¢y is the permittivity of free
space, A is the area of the pellet and d is the thickness of the pellet. The
values of dielectric constant and complex dielectric constant are high at
lower frequency and then decrease with increase in frequency for in-
creasing La®" ions. The calculated dielectric constant values are 486,
692, 928, 1076 and 1333 with series X = 0.00, 0.02, 0.04, 0.06 and 0.8
respectively. The dielectric constant values decrease with increase of
frequencies. This dispersion behavior in the ferrites can be explained
with Maxwell Wagner type interfacial polarization in compliance with
Koop's phenomenological theory [56,57]. According to Maxwell -
Wagner type, dielectric is constant of two layer non-uniform medium,
where first layer denotes high conducting grains at higher frequency,
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while second layer denotes poor conducting grain boundaries at low
frequency [56]. The polarization can be occurred due to interchange of
electrons between Fe?" and Fe®* on applying field in ferrites, which
follows the behavior of conducting mechanism [58]. The decreasing
polarization with increasing frequency leads to decrease in dielectric
constant may be accumulated to decrease of electron exchange between
Fe®>* and Fe** with applied field [58]. In spinel nanoferrites presence
of La®" ions wish to occupy octahedral sites. Hopping between La®*
and Fe®" increases at octahedral site with increase of La®* ion. Hop-
ping of ion exchange between dissimilar metal is more effective in
compared to similar metal ion [59]. This mechanism gets activated to
intensify the conduction while there is an increase of La** ions. Thus,
the dielectric constant increases with La content.

3.7.3. Dielectric loss

Variation of dielectric loss (or) tangent loss with frequency is de-
picted in Fig. 8d. From this it is clearly noticed that dielectric loss de-
creases with increase in frequency.

This indicates a strong association in dielectric process and con-
duction process [59]. The obtained dielectric loss decreases with in-
crease of higher frequency. This dielectric loss may depend on certain
factors such as composition, synthesis method and Fe>* content [56].
The dielectric loss and complex dielectric constant of prepared nano-
ferrites were estimated using the below mentioned relation [32].

1

tand = ———
27tfege’

14

"

€ = ¢'tand (15)

The obtained dielectric loss values of the prepared nanoferrites are
3.28, 2.95, 2.50, 2.21 and 1.80 respectively. The tangent loss decreases
with increase of La®* ions implies a decrease in total number of hop-
ping mechanism, as tangent loss is directly proportional to number of
dipole available for relaxation [60]. This is agreed with impedance
analysis; where the increase of La®* improves the resistive properties of
materials thereby squash the Mn?* <> Mn®* and Fe?* < Fe®* linkages
[61]. Even at higher frequencies, tangent loss are small which promote
the application of these prepared ferrites is suitable to electromagnetic

devices.

3.7.4. A.C conductivity

Fig. 8e. Shows a. ¢ conductivity of prepared nanoferrites is shows
increasing trend at low frequency region whereas the mentioned be-
havior is exhibit at high frequency range. Here, both Maxwell-Wagner
model and Koop's phenomenological theories are confirms that ferrite
material consists of conducting grains dispersive by resistive layer of
grain boundary. This conduction process is related to the dielectric
polarization [62]. So that, all the prepared nanoferrites are affected by
grain boundaries with high resistance at low frequency region. How-
ever at high frequency region effect due to grain and increasing trend of
hopping of charge carriers Fe>"- Fe*>* at adjacent octahedral sites in-
fluence increasing conductivity [63].

Fig. 8f shows that the increase in a. ¢ conductivity with increase of
La®" ions. It reveals that the magnitude of electronic transfer is based
on the concentration of Fe*/Fe?* ion pairs located at B-sites [64].
From the graph, it is noticed that the a. ¢ conductivity increases with
increase of La®" ions monotonously. The value of a. ¢ conductivity
increases from 0.014 to 0.134 (Qcm™!) with increase of La™ ions
(x = 0.00 to 0.08). The increase in a. c conductivity is due to decrease
in porosity confirms from XRD. It is noticed that at low frequency a. ¢
conductivity implies grain boundary contribution whereas high fre-
quency can be attributed to the effect of grains [65,66]. The electrical
parameters such as dielectric constant, dielectric Loss, complex di-
electric constant and ac conductivity are listed in Table 5.
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bulk density increased with increase of La®* ions, whereas X-ray den-
0:447 sity is inversely proportional to lattice constant and bulk density. The
value of porosity decreases with increase of La®>* ions. The absorption
0.12 bands are noticed in the FTIR spectrum near 562 cm ~ !, which confirms
tetrahedral and octahedral stretching of Metal-Oxygen bond. The band
> 0.0 gap values of the prepared Lanthanum doped manganese nanoferrites
E / are 1.89-2.35 eV, which improve with respect to the band gap
§ 0.08 / 1.25-1.38 eV values of Mn nanoferrites due to impact of La** ions.
T FESEM with EDAX reveals that the prepare nanoferrites have spherical
8 006 morphology with few agglomeration and present elemental peaks at-
o tained consistently in all the composition. The value of magnetic sa-
< ) turation are decreased from 81.5 to 51.3 emu/g and the value of
0.04 4 coercivity increased from 105 to 517.32emu/g with increase of La®*
ions whereas it showed magnetic saturation inversely proportional to
0.02 - coercivity. VSM revealed that prepared nanoferrites are soft and fer-
. . . . . . . . romagnetic in nature. The dielectric constant and dielectric loss are
0.00 0.02 0.04 0.06 0.08 decreased with increase of frequency and also dielectric constant and
La content (X) complex dielectric constant increased with increase of La®* ions.
Impedance spectra reveal that the impedance response is over ruled by
Fig. 8. (continued) grain boundary behavior. The a. ¢ conductivity increases with increase
of La®" ions. Hence, Lanthanum doped manganese nanoferrites are
Table 5 favorable for electromagnetic applications.
Electrical parameters of prepared MnLaxFe, xO4 (X = 0.00 to 0.08) nano-
ferrites. Declaration of competing interest
Composition  Dielectric Dielectric Complex AC Conductivity
Constant (¢)  Loss (tand) D dielectric (ac) (Qem-1) The authors declare that they have no known competing financial
constant (e") interests or personal relationships that could have appeared to influ-
X =000  486.08 3.2839 1595.97 0.0134 ence the work reported in this paper.
X = 0.02 692.37 2.9581 2048.09 0.0672
X = 0.04 928.15 2.5017 2321.95 0.0882 Appendix A. Supplementary data
X = 0.06 1079.69 2.2128 2389.13 0.0989
X = 0.08 1333.49 1.8039 2405.48 0.1347

4. Conclusion

Lanthanum doped Manganese nanoferrites were successfully syn-
thesized by sol-gel method. These nanoferrites have cubic spinel
structure with crystallite size from 26 to 12 nm.The lattice constant and
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ceramint.2019.11.180.
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ABSTRACT

Nanoferrites possessing very low dielectric loss and minimum magnetic satu-
ration value finds its potential application in magnetic recording devices,
magnetic shielding and microwave absorption devices, etc., Gadolinium (Gd>*)-
doped cobalt nanoferrites (CoGdxFe,_xO,4, where X = 0.00, 0.02, 0.04, 0.06 and
0.08 mol%) were synthesized by effective sol-gel method. The structural effects
of Gd doping in the nanoferrites were analyzed by X-ray diffraction (XRD),
Raman and FT-IR spectroscopic techniques. With increasing doping (Gd*")
concentration, the magnetic hysteresis curves revealed soft ferromagnetic nature
with increases in coercivity (O.) and decreases in saturation (M,). The very low
dielectric loss and minimum magnetic saturation have been obtained for syn-
thesized nanoferrites about 13.03 emu/g and 0.028, respectively. The prepared
sample shows prominent dielectric constant 32,630 and lowest electrical resis-

tivity ranging from 0.29 to 0.42 Q cm™".
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magnetic tunnel junction and spintronics devices and
drug delivery [1-4]. In electronic society, the usage of

1 Introduction

In recent years, nanosized ferrites have immense
applications in various fields with fast development
microwave technology such as high frequency devi-
ces and their component, telecommunications devi-
ces, memory core devices, microwave absorption
micro-oven, radar, antenna, sensor, magneto-resistive
random access memory (MRAM) devices, targeted

telecommunication and electronic equipment’s has
increased due to the problem raised in electromag-
netic interference [5] as it generates false image,
reduces the life time and efficiency of the instruments
and also destroy the safety operation of many elec-
tronic devices. To overcome these problems, all
electronic  equipment’s must be aware of
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electromagnetic damage [5, 6]. Nowaday’s research
has been done for the improvement of latest micro-
wave shielding materials which includes high effi-
ciency, light weight, lifetime and high durability.
Electromagnetic absorber solves such problems and
also satisfies the above-mentioned parameters. There-
fore, electromagnetic absorbers are highly needed and
broad ranges of application have been taken out [7, 8].
Some rare-earth element doping has been reported to
play vital roles to amplify the magnetic, structural and
electrical properties. These properties can change
based on the cation distribution, size, shape, concen-
tration and lattice sites [9]. Spinel ferrites are one of the
most absorbing materials in different forms such as
paints, powder, ceramic filter and sheets. [10]. The
electrical and magnetic properties are superior when
dopant are rare-earth ions [11]. Various efforts have
been taken to develop techniques for the synthesis of
nanoferrites such as co-precipitation [12], sonochemi-
cal method [13], micro-emulsion technique [14],
hydrothermal [15] and solvo thermal [16]. Among
these, sol-gel method has emerged as a useful strategy
for the preparation of nanoferrites. Sol-gel method
allows to control both size through structural proper-
ties and also homogeneity of particles. However,
doping of rare-earth along with large amount of Fe
and some metal may result in unique properties [16].
To our knowledge, a few researchers discussed the
study of Gd in Co ferrites. Moreover, an elaborated
study of magnetic and dielectric properties for spinel
nanoferrites has been reported very rarely.

In the current study, CoGdxFe;_xO4-doped cobalt
nanoferrites with various doping concentrations
(X =0.00, 0.02, 0.04, 0.06 and 0.08 mol %) were syn-
thesized by sol-gel method. The impact of Gd
incorporation on interconnected features such as
structural, morphological, optical, and magnetic
properties were investigated. The primary goal of the
produced Gd-doped cobalt nanoferrites (GNF) with
varied doping concentrations is to improve electro-
magnetic microwave absorption.

2 Materials and experimental procedure
2.1 Materials

A high-pure nitrate precursors of the Cobalt, Iron,
Gadolinium and salts such as Gadolinium nitrate (Gd
(NO3);:6H,0), and the commercial reagents

@ Springer
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Ammonia (NH4OH) and Citric acid (CsHgO,-H,O)
were purchased from Merck.

2.2 Experimental procedure

The CoGdxFe,_xO4 nanoferrites were synthesized by
the well-known sol-gel technique. The stoichiometric
amount of nitrate was weighed and dissolved in
100 ml of de-ionized water until a mixture of the
precursors. Then the mixture was constantly stirred
at 80 °C for 1 h. The ammonium hydroxide solution
was further added into the precursor solution drop
by drop until the pH value of 7. A dark sol suspen-
sion was obtained and the content was dried in oven
at 60 °C for 24 h. The dried powder was kept for
calcination in a muffle furnace at 500 °C for 2 h to
obtain the by-products-free nanoparticles. The as-
prepared nanopowders were calcined at 1000 °C for
24 h. The schematic diagrams of preparation of
CoGdxFe;_xO4 nanoferrites are shown in Fig. 1.

2.3 Characterization of the CoGdxFe,_xO,
nanoferrites

The structural properties of the prepared CoLaxFe,.
xO4 (X = 0.00-0.08) nanoferrites were characterized by
XRD (SHIMADZU-XRD 6000) with CuKoa radiation
source operated at 40 kV and 30 mA. The functional
groups in the CoLaxFe, xO4 nanoferrites were deter-
mined by FTIR spectra (SHIMADZU-UV 18,000)
ranging from 4000 to 400 cm™'. The morphology and
elemental investigation of the prepared material were
analyzed using FESEM with an EDAX (Quanta FEG
250). The optical properties were analyzed using an
UV- DRS for the prepared material. Raman spec-
troscopy studies were made using an (ALU-PHI5000)
AUG spectrometer with monochromatic Al Ka and
26.00 eV radiation. Magnetic properties were analyzed
using VSM (Lakeshore VSM 7140) with an applied
magnetic field of — 15,000 to + 15,000 Oe at room
temperature. The Impedance spectroscopy with the
frequency range of 100 mHz-10 MHz at room tem-
perature (30 °C) (Biologic SP-300) was used to deter-
mine the electrical properties. The bulk powders were
mixed with 5% polyvinyl alcohol (PVA) as binder in a
mortar and pestle. The powders were pelletized by
applying uniaxial force using hydraulic press to obtain
pellets with dimension of 10 mm diameter, and
1.5 mm thickness. The green bodies were sintered
under air atmosphere at 1573 K for 6 h. The well-



] Mater Sci: Mater Electron

[Cobdtﬂitrate ] [ Gadolilillnllih"ate][ Ferric Nitrate ][ Citricacid ]

]

Stoichiometric
Solution

Adding
ammonia
drop wise

e ]

v

I

(=)
[

Nanoferrites |

Fig. 1 Flow chart for the sample preparation of CoGdyxFe, xO,4 nanoferrites

sintered pellets were polished using SiC abrasive
sheets (1000 and 1500 grads) sheets in running water
and ultrasonically cleaned in ethanol for 15 m. Density
p = Mass/Volume g/cm? Relative sintered density
Rp (%) was measured by the ratio of green (before
sintering) densities and sintered densities. The relative
density Rp of the samples were calculated to be ~
85%. The density of the sintered pellets has been
measured by weight change method. The dried pellets
further coated with silver paste on both sides and
again dried ~ 80 °C in hot air oven to make good
electrical contact for impedance measurements.

3 Results and discussion
3.1 Structural analysis

XRD spectra of CoGdxFe,;_xO, (X = 0.00-0.08) are
shown in Fig. 2. The observed reflections are (220),
(311), (400), (422), and (511) of spinel ferrites which
are matched to JCPDS card no 22-1056 [17]. The
diffraction pattern confirms the formation of pure

cubic structure of the spinel ferrites, without any
secondary impurities. The method used for prepara-
tion ensures the substitution of Gd>" ions into the
spinel structure. The crystallite size was estimated
from the basic Scherrer equation [18];

KA
- pcos 0 (m)

where D is the average crystallite size, | is the X-ray
wavelength, b is the width of the X-ray peak on the 2g
axis, normally measured as full width at half maxi-
mum (FWHM) after the error due to instrumental
broadening has been properly corrected (subtraction
of variances), q is the Bragg angle, and K is the so-
called Scherrer constant. K depends on the crystallite
shape and the size distribution, indices of the
diffraction line, and the actual definition used for b
whether FWHM or integral breadth [19]. K can have
values anywhere from 0.62 and 2.08. In this paper,
K = X.X was used. Further, microstrain in the crys-
tallite or nanocrystal also affects the width b, which
needs to be considered in an accurate analysis. Spa-
tial fluctuations in the alloy composition can also

@ Springer



(T()G(lo.oslfcl .92()4

(440)
(511)

(311)

(220)

( “("i{U)(»E“'i.‘>-~1()4‘

P

‘ ., A Mot W
vy )qé\)’\ji%ﬁ_ \ N’gm;‘/z;;:w[ !.g%jm@rr%”%\rﬁ sﬁlbﬁuj\l"bj Wiy W

CoGdg g4Feq 9604

OO R e

CoGd g2Feq 9504

MWM

COF6204

Intensity (a.u.)

— 71 r T - 1 T 1 T 1 T T T T T 1
30 35 40 45 50 55 60 65

20 Degree

Fig. 2 X-ray diffraction pattern of prepared CoGdyxFe, xO4
(X = 0.00-0.08) nanoferrites calcined at 1000 °C

affect the width. In this work, the calculated values of
D represent estimates [20]. The average crystallite
size of the nanoferrites decreases from 29 to 13 nm
with increase of doping Gd>*. The obtained results
reveal that the average crystallite size of the prepared
ferrites is highly influenced by the concentration of
Gd concentration. This implies that the substitution
of Fe ions with Gd ions hinders the grain growth. It
can also be explained based on the difference
between the ionic radii of Gd*>* and Fe’* ions. The
ionic radius of Fe** ions (0.67 A) is smaller than that
of Gd>* ions (0.938 Ao;) and, the substitution of rare-
earth ions shows limited solubility in spinel lattice
and higher grain growth [21]. The lattice constant of
the prepared nanoferrites is calculated using below
equation [22]:

a = dpay/ (h? + K + 1) (2)

where d is inter atomic spacing, a is the lattice
constant and (hkl) are miller indices. The lattice
constant was in the range of 8.50 (% 0.002)-8.59
(£ 0.002) A (Table 1). It reveals that lattice constant
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increases with Gd** substitution and when there is a
replacement of rare-earth ion in spinel ferrites, the
lattice constant neither increases nor decreases [23].
The decreases of lattice constant are mainly due to
incorrect occupancy of rare-earth ions in the lattices
[24]. In another way, the increase of lattice constant is
due to replacement of ions in greater size of rare-
earth into transition element ions [21]. In the current
situation, the value of the lattice constant increases as
the number of Gd>* ions increase, which is owing to
the fact that Gd*>" ions have a greater ionic radius
(0.94) than Fe®' ions in Octahedral locations, which
causes the unit cell to expand, resulting in a larger
lattice constant.[26].

Thus, incorporation of Gd>* into cobalt nanoferrites
was observed without any traces of secondary phase.
X-ray density of Gd®>* doped CoFe,O; nanoferrites
were estimated by the following equation [22]:

d = Zm/Na® 3)

where Z is basic unit cell of cubic structure contains
eight ions, m is molecular weight of the ferrites, N is
Avogadro’s number and a® is volume of the unit cell.
The observed X-ray density increases from 5.0 to
5.4 g/cm’ with addition of Gd>* ion and it can be
ascribed to the fact that the atomic weight of Gd*" is
larger than that of Fe (55.84 g/mol). When the X-ray
density increases the particles tend to acquire nano-
size and tightly packed. The bulk density (dB) was
calculated using specified equation [22]:

dg = m/nr’t 4)

where f is thickness, r is radius and m denote pellet’s
mass. The result revealed that the bulk density
increases from 1.7 to 2.7 g/cm?® possibly as a result of
pores in the prepared nanoferrites. The place of Gd**
ions activate the calcinating condition thus trends to
increase in densities [25]. The porosity (P) was esti-
mated using following equation [22]:

P = (1 - dg/dx)% 5)

where d, and dg are X-ray density and bulk density
of the ferrites. Tablel, the porosity percentage
decreased from 6.9 to 4.7 with increase of Gd>* ions
which is due to increase in bulk density and also
porosity behaves inversely proportional to each
other. The surface area (S) of the sample was calcu-
lated using subsequent expression [22]:

S =6/dxD (6)
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Table 1 Structural parameters of prepared CoGdxFe,_x0O, (X = 0.00-0.08) nanoferrites

Composition  Crystallite size (nm) Lattice constant (a) Volume of unit cell X-ray density Bulk density Surface area Porosity

(£ 0.03) A (@) (pxrD) (dg) (Sxrp) (%)

(&£ 0.002) A (g/em?) (g/em®) (m?*/g)

(G0) X =0.00 29 8.50 615.5 5.0 1.7 38 6.9
(G2) X=0.02 22 8.52 620.6 52 1.8 51 6.6
(G4 X=0.04 19 8.56 626.3 52 1.9 60 6.2
(G6) X =0.06 15 8.57 630.7 53 2.5 77 5.1
(G8) X =0.08 13 8.60 650.0 5.4 2.7 90 4.7

where D is crystal size and dx is the X-ray density of
the ferrites. The surface area increases from 38 to
90 m*/g with addition of Gd>' ions are due to
decrease in crystallite size. The results observed from
all the structural parameters are listed in Table 1.

3.2 FESEM with EDAX

The morphology studies can be determined using
FESEM as in Fig. 3, which revealed that these nano-
ferrites have spherical in shape with few agglomer-
ations which is due to the magnetic interactions
between the particles increase in substitution of Gd>*
ions [26]. It was noticed that the substitution of Gd**
ion had insignificant effect on the material morphol-
ogy, but largely impact the average size of the fer-
rites, which implies that the average crystallite
decreases with increase of dopant concentration [21].

EDAX analysis of CoGdxFe, xO, ferrites are
shown in Fig. 4. It is clearly seen that there is no
formation of secondary impurity elements in the
composition. The spectra also indicate that the
incorporation of Gd*" was well incorporated in the
ferrites as the Gd>" peaks appear as the intensities
increase with increase of Gd>* ions. It's worth men-
tioning that the atomic weight percentages are closely
matched with the theoretical stoichiometry which
corresponds to the expected ratio of the
concentrations.

3.3 FT-IR analysis

Infrared Radiation (IR) transmittance spectra of these
nanoferrites series are shown in Fig. 5. The absorp-
tion of IR in molecular vibrations also confirms the
formation of ferrites phase. The vibrational frequency
at 585 cm ™! represents stretching vibration of metal-
oxygen bond. The broad and strong stretching peak

at 3390 cm ™' is due to stretching vibration of O-H
bonds of water molecules coordinates to the ferrite
structure [27].

The peak around at 1495 cm™ " is due to stretching
vibration of nitrate (NO>7) which indicates that
nitrate ions are present in the starting precursors of
all the samples [28]. The peak appears around
2344 cm ™' is due to stretching vibration C = H bond
of CHj functional group [29]. The peak at 2935 cm ™"
was ascribed to symmetric and antisymmetric
stretching modes of CH,, respectively [30]. All the
repoted vibrational assignments was provided in the
Table 2.

1

3.4 Optical properties

The impact of Gd>* doping on the optical properties
of CoGdxFe, xO4 was carried out through diffuse
reflectance (DR) UV spectrometer in the wavelength
range of 200-400 nm as shown in Fig. 6.

It can be clearly noticed that CoGdxFe, xO,
nanoferrites exhibited absorption in the visible
region. The absorption values of cobalt ferrites show
visible light cut-off wavelength at 234 nm. As the
Gd>" ions increasing, the absorptions were observed
as 233, 232, 231 and 230 nm, respectively. When
compared to Gd>" doped ferrites, pure cobalt nano-
ferrites show better visible light absorption.

The optical bandgap energy was calculated fol-
lowing expression [31];

hyo = (hy — Egap)n (7)

where the absorption coefficient is o, the frequency of
light is denoted by 7, the planks constant is /1, and the
band gap is E;. For indirect and direct band gap
energies, the exponents are 2 and .

Figure 7 shows that the direct band gap energy
values are found as 3.14, 3.27, 3.39, 3.46 and 3.61 eV,
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Fig. 3 FESEM images of prepared CoGdxFe,_ xO,4 (X = 0.00-0.08) nanoferrites

Table 2 Functional

parameters of prepared S.NO Vibrational assignments

COdeFez_XO4

Experimental absorption (cm ™)

X=0.00 X=002 X=0.04 X=006 X=0.08
(X = 0.00-0.08) nanoferrites
1 Metal-oxygen stretching vibration 585 585 585 585 585
2 Stretching vibration of Noj 1495 1495 1495 1495 1495
3 Stretching vibration of C = N 2344 2344 2344 2344 2344
4 C = H bending of carboxylic acid 2935 2935 2935 2935 2935
5 O-H stretching vibration 3390 3390 330 3390 3390

which are relatively high with previous reports [32].
Figure 8 shows that the indirect band gap values are
2.62, 2.73, 2.84, 2.96 and 3.09 eV respectively, which
are also considerably higher values with previous
reports [33].

The bandgap energy increased as the concentration
of Gd>" grew (X =0.00-0.08). This indicates an
increase in energy level, which may be attributed to

@ Springer

the synergistic impact of the Gd*" ion, which reduces
electron hole recombination and so increases the
bandgap [34]. Table.3 shows that the bandgap value
has increased which exhibits an inverse relationship
between bandgap and crystallite size as the lattice
parameter is increased. [35].
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Fig. 4 EDAX images of prepared CoGdyxFe,_xO,4 (X = 0.00-0.08) nanoferrites
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Fig. 5 FTIR spectra of prepared CoGdxFe, xOs (X =
0.00-0.08) nanoferrites

3.5 Raman spectroscopy analysis

Raman spectroscopy analysis has been widely used
to understand the key structural properties of the

Co FegOy
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Fig. 6 Absorbance spectra of prepared CoGdxFe, xO, (X =
0.00-0.08) nanoferrites from UV-DRS spectra

nanoparticles such as phase transition, structure and
lattice distribution, spin-lattice, charge-lattice, cou-
plings and magnetic ordering in nanoferrites [36].
Based on the group theory analysis of the lattice
vibration, the cubic 3a spinel structure cobalt ferrite
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Fig. 8 Indirect bandgap energy of CoGdyxFe, xO, nanoferrites
(X = 0.00-0.08) from UV-DRS spectra

has vibrational Raman active modes of vibrations
(A1g + Eg + 3Tyg) [36, 37]. These modes are noticed
due to the motion of anion and cation at A and B
sites. The Raman spectra taken at room temperature
in the Wavelength range of 200800 cm ™" at CoGdx-
Fe;_xO4 (X = 0.00-0.08) are shown in Fig. 9. The Ay

] Mater Sci: Mater Electron

mode is organized to symmetric stretching of the
oxygen atom, the T, mode is associated to asym-
metric stretching of oxygen atom with both octahe-
dral and tetrahedral cation and E; mode is organized
to symmetric bending of oxygen atom [37]. The
highest intensity of A, active mode split up into two
modes (Ajg) and (Ayg) due to cation inversion [38].
The Raman modes at T, and Eg in the Gd-doped
cobalt nanoferrites are at lower frequency region
described the stability of the spinel structure. Table4
indicates the strong Raman mode above 600 cm ™'
represents to Aj; mode and it can be associated to the
symmetric stretching of oxygen atoms along with
metal oxygen (M-O) and Fe-O bonds at tetrahedral
sites. The Raman mode T,; (3) about 540 cm ! cor-
responds to 2 g asymmetric bending of oxygen atom,
T, (2) mode around 465 cm™' corresponds to
asymmetric stretching of M-O and Fe-O at Octahe-
dral site and Tz (1) Raman mode around 220 cm s
assigned to translation motion of tetrahedral. The
Raman active mode of E, (1) are located at 310 cm ™
is linked with symmetric bending of oxygen with
metal ion [39].

In this study, the vibration modes above 600 cm™
are associated with A;; symmetry of metal-oxygen
bond at tetrahedral sites. The doping of Gd*>" ions are
expected to occupy at the octahedral sites [35] by
exchange of Co”" from octahedral to tetrahedral sites.
And the vibrational frequency of Raman modes is
moved to lower frequency region due to the crystal-
lite size and cation redistribution of CoGdxFe,_xOy4
(X = 0.00-0.08) nanoferrites.

1

3.6 Magnetic properties

Room temperature M-H loop study was carried out
to analyze the magnetic behavior of CoGdxFe,_xO4
nanoferrites with applied magnetic field in the range
of + 15,000 Oe as shown in Fig. 10. The magnetic
behavior of S-shaped M-H hysteresis loops confirmed

Table 3 Optical parameters of

prepared CoGdyFe,_ xO, Composition Absorbance Indirect band gap energy Direct band gap energy
(X = 0.00-0.08) nanoferrites (nm) (eV) (eV)

X =10.00 234 3.14 2.62

X=10.02 233 3.27 2.73

X=10.04 232 3.39 2.84

X =0.06 231 3.46 2.96

X =0.08 230 3.61 3.09
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Fig. 9 Raman studies of prepared CoGdxFe,_xO, (X =
0.00—0.08) nanoferrites

soft magnetic nature which can be associated to cubic
spinel nanoferrites [40].

The hysteresis curve exhibits ferromagnetic
behavior. The cation distribution in tetrahedral and
octahedral nanocrystalline materials, chemical com-
position, synthesis process, and crystallite size all
influence the magnetic characteristics of the material
[41, 42]. The magnetic parameters such as Retentivity
(M;), Coercivity (Hc), magnetic saturation (My),
Anisotropy constant (K), squareness ratio and mag-
netic moment are evolved from the hysteresis loop
and the variation of each magnetic parameters are
listed in Table 5. The magnetic saturation decreases
from 26 to 13 (X = 0.00-0.08) with increment of Gd>*
ions in the cobalt ferrites due to decrease of crystallite
size. This could be readily due to the presence of
magnetically inactive layers at particle surfaces,
which can get more promoted as crystallite size
decreases. This concept was explained from the the-
ory of dead layer, i.e. core shell model [43].

In the core shell model, the magnetic particles are
shielded inside the non-magnetic layer. And also, it
can be discussed based on the changes in A-B

Table 4 Raman studies of
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Fig. 10 Hysteresis loop of prepared CoGdxFe, xO, (X =
0.00—0.08) nanoferrites

exchange interaction between Octahedral (B) and
tetrahedral (A) sub lattices. The cubic structure of
spinel nanoferrites has various crystallographic sub-
lattices for magnetic ions, i.e. Octahedral (B) and
tetrahedral (A). Three types of magnetic interaction
are involved among the magnetic ions, ie. AA
interaction, BB interaction and AB interaction. In
spinel nanoferrites, magnetic order is strong because
of super-exchange interaction among the magnetic
ions in the A and B sub lattices intermediate by
oxygen ions. The surface effect for oxide nano mate-
rial leads to decrease of magnetic saturation. The
magnetic dead layer on the spin canting effect in the
whole volume of the crystallite could be the reason
for decrease in magnetic saturation [44].

Coercivity of the nanoparticles depends on defects,
porosity, strain, synthesis process and magnetic
crystalline anisotropy etc. The value of coercivity
increased with increase of Gd>" ions as the crystallite
size decreased. It can be clarified based on the Stoner
Wohlforth theory, the coercivity value is correlated to
the anisotropy constant (K) by the expression [46];

prepared CoGdyFe,_xO, Composition A (1) A (1) T, (1) To () E, (1) Toe (3)

(X = 0.00-0.08) nanoferrites CoFe,0, 199 305 462 517 614 683
CoGdg goFe; 0504 222 284 450 520 604 666
CoGdo osFe; 0604 197 285 459 519 608 679
CoGdo osFe; 0404 207 291 455 524 601 668
CoGdy osFe; 0204 195 308 462 532 599 679
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Table 5 Magnetic parameters of prepared CoGdyxFe,_xO,4 (X = 0.00-0.08) nanoferrites

Composition Magnetization Remanent Coercivityity Squareness ratio (M,/ Anisotropy Bohr
(My) magnetization (Hc) (Oe) M) constant magneton
(emu/g) (M,) (emu/g) (No unit) (K) (Oe) (M) (uB)

X =0.00 26.0 69.3 394.5 0.33 106.3 0.33

X =0.02 19.5 62.4 520.5 0.32 85.3 0.24

X =0.04 16.0 48.1 564.5 0.30 84.3 0.20

X =0.06 13.9 452 600.5 0.26 80.0 0.17

X =0.08 13.0 28.7 609.5 0.22 79.8 0.16

H. = 0.98 x K/Mg (8) drop-in saturation. The fact that the squareness ratio

where K is the anisotropy constant, H. is coercivity
and M; is magnetic saturation. In Table6, it is noticed
that anisotropic constant increases with decrease of
crystallite size from XRD, and it leads to an increase
in coercivity. Based on this relation, Hc and K are
inversely proportional to Mg which is constant with
the results. The magnetic moment (pp) was estimated
using relation [45]:

N =M x Mg /5585 (9)

where M is the molecular weight of Gd3* ions, X is
the concentration. Because Gd>* has a higher ionic
radius than Fe’", the magnetic moment in cobalt
nanoferrites decreases as the amount of Gd>* ion
increases. This is due to less magnetic contact
between B and A sites. The presence of rare-earth
ions has been found to alter spin-orbit coupling. As
Gd>* is a rare-earth cation, it causes collinear ferro-
magnetic arrangements on B sites to change into non-
collinear ferromagnetic orders of spins. The majority
of Co”" ions occupy B sites in CoFe,O, ferrites, with
the remainder Co”" ions occupying A sites. As a
result of the Gd>" ions occupying B sites, the collinear
arrangements of spins are deformed, resulting in a

was so low, suggested the presence of multidomain
particles in these nanoferrites [46].

The addition of Gd*" ions in CoFe,O, being as
non-magnetic ion substitution in the spinel lattice,
which decreases the magnetic exchange interaction
between A and B site, leads to decrease in magnetic
saturation. Smaller value of coercive field was
achieved due to these nanoferrites which are appli-
cable for magnetic shielding devices [47].

3.7 Impedance spectroscopy

Impedance spectroscopy is one of the most powerful
tools for spectrum analysis which gives more infor-
mation regarding real and imaginary part of an
electrical component in nanoferrites and also effec-
tively used for investigating electrical behaviors like
electric, conductivity and relaxation characteristic in
terms of the grain boundary and grain of the pre-
pared nanoferrites.

3.8 (a) Real part of impedance spectroscopy

The real part of impedance spectroscopy (z') as a
function of frequency is shown in Fig. 11. From the

Table 6 Dielectric parameters of prepared CoGdxFe,_xO4 (X = 0.00-0.08) nanoferrites

Composition Dielectric constant Dielectric loss Complex dielectric constant (¢”) AC conductivity (Q) (cm™")
&) (tand)

X =10.00 949 1.13 1070 0.30

X =0.02 1799 0.56 1002 0.32

X =0.04 10,222 0.07 759 0.36

X =0.06 14,588 0.06 817 0.39

X =0.08 32,630 0.03 929 0.42
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figure, real part (z') decreases with increase of fre-
quency and then remains same at a higher frequency
which implies increase in AC conductivity. The real
part of impedance decreases with increase of Gd>*
ions and then tends to merge at high frequency. This
is occurring because release of space charge can lead
to reduction in barrier properties for material [48].

3.9 (b) Imaginary part of impedance
spectroscopy

The imaginary part of the impedance spectroscopy
also decreases with increase of frequency and at last
merges at higher frequency. The imaginary part of
the impedance decreases with increasing of Gd>*
ions and then the curve tends to merge at higher
frequencies as shown in Fig. 12. The observed peak in
the z” parts are due to existence of the space charge
relaxation, undertaken with the space charge carriers
infer from oxygen vacancies [49]. Space charge
polarization is found to be higher when the material
is composed with grain and grain boundaries.

3.10 (c) Cole—cole plot

Figure 13 shows the cole—cole plot for GdCoxFe; xO4
with series of X = 0.00-0.08. The plot clearly shows
semicircular arc, which denoted the electron interface
grain boundary and grain contribution to the con-
ductivity [50]. The material’'s grain conduction
mechanism, which is produced by a parallel combi-
nation of grain capacitance and grain resistance, is
responsible for the appearance of a semicircle in the
high frequency region. The semicircle symbolizes the
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Fig. 11 Real part of impedance spectra of prepared

CoGdxFe;_x04 (X = 0.00-0.08) nanoferrites
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Fig. 12 Imaginary part of impedance spectra of prepared
CoGdxFe,_x04 (X = 0.00-0.08) nanoferrites

low frequency area and is created by grain boundary
conduction in materials, which happens when the
material’s grain boundary capacitance and grain
boundary resistance are coupled in parallel [51].
The observed semicircle was successfully fitted by
the equivalent circuit model as shown in Fig. 14. In
the present study, the major role in the conduction is
observed to occur due to grain boundary contribu-
tion. Substitution of Gd>' ions in cobalt ferrites
increases the grain boundary resistance, where Rgy,
and R, are the resistance of the grain boundaries and
grains. CPEg, and CPE, are constant phase element
of grain boundaries and grains. This boundary is
greater than that of the grain contribution which is
occurred due to the effect of smaller crystallite size.
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Fig. 13 Nyquist plots of prepared CoGdxFe,_xO, (X =
0.00—0.08) nanoferrites
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4 Dielectric studies
4.1 (a) Dielectric constant (g")

Figure 15 shows the dielectric constant (¢’) measured
to the material at the frequency range in 100 mHz-
10 MHz at room temperature. With the increase in
frequency, the dielectric constants decrease. The
dielectric constant declines sharply at low frequen-
cies, but becomes frequency independent at high
frequencies. The Maxwell-Wagner model of interfa-
cial polarization, which agrees with the Koop model,
is used to explain the fluctuation in dielectric con-
stant [52]. The structure of spinel ferrites is assumed
to have strongly conducted layers as grains in an
insulating matrix with poor conduction layers as
grain borders, according to Maxwell-Wagner [53]. At
low frequencies, grain boundaries are more active
than grains; hence the dielectric constant is higher at
low frequencies and rapidly drops as frequency
increases [54]. As electrons are ready to reach the
poor conducting phase grain boundaries under the
influence of an applied AC electric field. As a result,
these electrons clump together, causing space charge
polarization.

As a result, the dielectric constant is high at low
frequencies and drops as frequency increases. In
spinel ferrites, the formation of Fe®* ions occur due to
the exchange of electrons between Co”" and Fe’* to
join a pair of Co>" and Fe** [55].

The electron transfer from Fe’* to Fe** causes a
local displacement of the electron in the direction of
the applied field, which explains ferrites’ polariza-
tion. The polarization diminishes with increasing
frequency until it reaches a constant value. As crys-
tallite sizes shrink to the nanoscale, space polariza-
tion becomes increasingly important in determining
the material’s dielectric constant [56]. The dielectric

constant was evaluated using the below equation
[49, 56]:

¢ = Cd/eA (10)

Re Reb

cpe,—' L — cpE,,—

Fig. 14 Equivalent circuit model of prepared CoGdyxFe, xO4
(X = 0.00-0.08) nanoferrites
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Fig. 15 a Dielectric constant of prepared CoGdxFe, xOg4
(X =0.00-0.08) nanoferrites. b Dielectric loss of prepared
CoGdxFe, xO, (X = 0.00-0.08)
Conductivity vs Frequency of prepared CoGdxFe, xO4
(X = 0.00-0.08) nanoferrites
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where C is the capacitance, d is thickness of the
cylindrical pellet, A is area of the circular pellet, ¢ is
permittivity of free space. In Table 6, the value of
dielectric constant 949, 1799, 10,223, 14,588 and 32,630
respectively increases with increase of Gd*' ions.
Furthermore, with increase of Gd>" ions, the crys-
tallite size decreases. Due to this, surface effects are
increased the grain boundaries become highly active
at lower frequency. The observed results showed
increase in the value of dielectric constant for these
samples.

4.2 (b) Dielectric loss

The dielectric loss with respect to the frequency is
shown in Fig. 15a. The dielectric losses are low at
lower frequency and gradually increase with increase
of frequency and also in the end, dielectric loss
decreases at high frequency. This abnormal behavior
of dielectric loss is due to dielectric relaxation peaks
which could be described by Rezescu model [57]. In
the view of Rezescu model, the dielectric relaxation
peaks produce a combined involvement of N-type
and P-type charge carriers. Beo et al. [58] stated that
the small polarons created in a material also associate
to the polarization in addition to the N-type charge
carriers which exhibits to abnormal behavior of
dielectric loss. Furthermore, the hopping frequency
of localized charge carriers being linearly equal to the
externally applied frequency and response occurring,
resulting in the construction of the relaxation peak,
can be linked to the establishment of the relaxation
peak. The complex dielectric constant and dielectric
loss are determined using the equations below [56]:

tan & = 1/2nfepe’ (11)
¢ =¢tand (12)

The value of dielectric losses are 1.13, 0.56, 0.07,
0.06 and 0.03 which respectively decreases with
increasing of Gd*" ions. The electron exchanges
between Fe’* and Fe’' need more energy and
accordingly more energy loss occur due to high
resistivity in grain boundaries. Furthermore, the
amount of energy recovered was used to transfer the
oscillating ions and these leads to dielectric loss. The
irregular phenomenon is in the impedance and loss
tangent may raise due to the electrical relaxation
process of charge carriers in the nanoferrites, which
might have not influenced\controlled by certain Gd

doping levels. Because the relaxation has occurred
due to the electrons/defects generated by incorpo-
ration of Gd>" ions (aliovalent substitutions Gd>*
« Fe’"). As the impedance plots shown single
semicircle, the time constant (t = R x C), the distri-
bution of relaxation time could be possible only if the
movement of the ions over an extensive distance
from the low frequency points. Therefore, the lower
Gd concentration (0-0.06) might have struggled to
maintain the relaxation as it doesn’t have such defect
environment in the crystal system.

4.3 (c) AC conductivity

Figure 15b shows the variation of Ac conductivity of
the Gd>*-doped cobalt nanoferrites at various fre-
quencies (100 mHz-10 MHz). In spinel nanoferrites,
the conduction mechanism can be explained by the
Verwey mechanism [59].

The conduction is due to electron hopping between
ions of the same element with various valence states
at the octahedral (B) site, according to this mecha-
nism. The following equation can be used to describe
electron migration [60]:

Co*" 4+ Fe** « Co®" + Fe?* (13)

The migration of electron in between Fe®" and Fe**
present at the octahedral site in spinel ferrites is
under the impact of applies Ac field and it owes to
the electrical response of these ferrites. The electrical
conductivity of nanoferrites is increased slowly at
lower frequency, and then increases sharply at a
higher frequency. Furthermore, in Table 6, an
increase of conductivity in Fe’* ions at the octahedral
sites with the doping of Gd>* ion in the cobalt ferrites
play a major role in enhancing the Ac conductivity of
CoGdxFe,_xO4 nanoferrites (X = 0.00-0.08) [61-64].
The dielectric parameters such as dielectric constant,
complex dielectric constant, dielectric loss and ac
conductivity are listed in Table 6.

5 Conclusions

The production of Gd*>*-doped cobalt nanoferrites of
a spinel crystal CoGdxFe;_xO4 (X = 0.00-0.08) via
the sol-gel method is described briefly in this paper.
The impact of Gd®>" ion substitutions in cobalt
nanoferrites on structural, functional, optical, mag-
netic, and dielectric properties were examined. The
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cubic spinel structure of these nanoferrites was con-
firmed by X-ray diffraction patterns. In cobalt nano-
ferrites, the average crystallite size falls as the
number of Gd>* ions increase. Because of the change
in ionic radius, the lattice constant and unit cell
dimension rise as the number of Gd*" ions increase.
The porosity reduces as the number of Gd>" ions
increase, which is related to an increase in bulk
density, but the surface area increases as the number
of Gd** ions fall, which is due to a reduction in
crystallite size. The particles are spherical-shaped
grains with agglomeration, according to surface
morphology.

The performance of grain and grain boundaries
towards capacitance and resistance was shown by the
Cole—Cole plot using impedance spectroscopy, imply-
ing that grain boundary contribution is higher than
grain contribution. With increasing frequency, the
variation of the dielectric constant diminishes. It is
thought that the addition of Gd*" had a substantial
impact on the Maxwell-Wagner interfacial charge
polarization model, which agreed with the Koop
model. The values of dielectric constant are increased
with increase of Gd>* ions. The value of dielectric los-
ses decreases with increase of Gd>" ions. The result also
reveals abnormal behavior of dielectric loss and the
same is due to relaxation peak. AC conductivity
increases with increase of frequency as a function of
increase with Gd>" ions concentration as the spinels
undergone Verwey mechanism. The very low dielectric
loss and minimum magnetic saturation of these pre-
pared nanoferrites has potential application in mag-
netic recording devices, magnetic shielding and
microwave absorption devices. Further, reported sol-
gel technique provides cost-effective and green syn-
thesis alternative for large scale production for indus-
trial products and also for environmental advantages.
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