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Abstract

The influence of V205 addition on the microstructural, electrical and magnetic properties
of Li-Zn ferrites having the compositions Lio25Zno.s0Fe22504+ xV20s (where x = 0.0, 0.4,
0.8 and 1.2 wt %) are reported in this study, where the samples are sintered at 1050 °C.
The X-ray diffraction patterns confirmed that the crystal structures of all the prepared
samples were the cubic spinel phase. Microstructural studies showed that the average
grain sizes were increased from 5.3 (for x = 0.0 wt%) to 7.7um (for x = 0.8 wt% V20s),
which could be attributed to the role of V205 as sintering aid to enhance the densification
of the samples. The magnetic hysteresis analysis demonstrated that the saturation
magnetizations were increased from 44.0 (for x = 0.0 wt%) to 50.3 emu/g (for x = 0.8
wt% V20s). However, the saturation magnetization was found to decrease for x = 1.2
wt% V20s, which may be related to weaken of exchange interaction due to the
introduction of excess non-magnetic V20s. The complex initial magnetic permeability
has been studied, and it shows that the enhancement of the permeability is clearly
evidenced on V05 addition. The complex impedance spectroscopy through Cole-Cole
plot has demonstrated a partial semicircular arc, which indicates that the conduction

mechanism takes place predominantly through the grain property.
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CHAPTER 1
INTRODUCTION

1.1 Spinel Ferrites

Spinel ferrites are magnetic oxide materials which have been commercially used in
electronic and telecommunication industries due to their noteworthy properties such as
mechanical hardness, chemical stability, large magnetic induction, moderate saturation
magnetization, high electrical resistivity and low dielectric loss etc. [1-5]. Ferrites are
ferrimagnetic materials which consist of double oxides of iron and another metal oxide.
The general chemical formula of the ferrite is MFe2O4, where M is denoted a divalent
metal ion such as Fe?*, Co?’, Mn?", Ni*", Cu**, Zn**, Mg?" or Cd**. There are different
types of spinel ferrites such as normal, inverse and mixed spinel ferrites. The
arrangement of the form (MxFeix)a[MixFei+x]sOs is often referred as mixed spinel,
where the first term within the first bracket indicates the tetrahedral sites and the second
term within the square bracket indicates the octahedral sites [6]. (i) When x = 1, it is
called normal spinel. In this type of ferrites, the divalent metal ions occupy in A-sites
and the trivalent ions occupy in B-sites. ZnFe;O4 and CdFe;O4 are the examples of
normal spinel ferrites. (i1) When x= 0, it is called inverse spinel type and LiosFe2504,
CoFe>04, CuFe;0y4 are the inverse spinel ferrites. In this ferrite, one trivalent Fe3" is at
the tetrahedral or A sites, while the remaining trivalent Fe*" and the divalent metallic

ions M?*" are at the B sites.
1.2 Motivation

Soft spinel ferrites are one of the important ferrimagnetic materials due to their
extensive applications with electronic industries [7-9]. Lithium ferrite (Lio.sFe2504)
emerges as a good microwave material owing to its high Neel (7v) temperature, low
magnetic losses, superior temperature stability of saturation magnetization, and low
eddy current losses, etc. [10-14]. Moreover, polycrystalline lithium-zinc (Li-Zn) ferrites
are promising materials which have been widely used in electronic industries as well as
telecommunication technology owing to their significant properties such as high
magnetic permeability, high dielectric constant, wider band absorption frequency
region, high electrical resistivity, high mechanical strength, and low dielectric loss [15-
20]. The electrical and magnetic properties of ferrites are dependent on various

parameters such as the preparation techniques, cation distribution, sintering



temperatures, types and amount of elemental substitution or addition [21-23]. An
additive may play a significant role to improve the mass transport mechanism due to the
presence of the liquid phase at the sintering process. Previously, various types of
additive oxides such as V20s, SiO2, MnO2, MoOs3, Nb2Os and BixO3; were used as an
additive to influence the microstructure and magnetic properties of the spinel ferrites.
Xu et al. [24] studied the investigation of grain growth and magnetic properties of Li-
Zn-Ti ferrites. They observed that the compactness of Li-Zn-Ti ferrites strongly
depended on V05 addition. Liu ef al. [25] observed the effect of sintering temperature
on microstructure and magnetic properties of Li-Zn ferrites with BioO3 addition. They
found that the densification and grain growth rate were notably improved by the amount
of Bi»O3 additive. Lebourgeois et al. [26] investigated the effect of V2Os addition on the
magnetic properties and morphological behaviors of Ni-Cu-Zn ferrites. They found that
the densification and microstructure of Ni-Cu-Zn ferrites are strongly depended on the
amount of V,0s. Mahmoudi et al. [27] studied temperature and frequency dependence
of electromagnetic properties of Li-Zn ferrites with nano-SiO additive. It revealed that
the nano-SiO; played a significant role for the modification of electrical and magnetic
properties. Wang et al. [28] studied the V20Os-doped Ni-Cu-Zn ferrites and they found
uniform grains at low-sintering temperature which modify the magnetic properties. The
results exhibited that the introduction of V,0s promoted grain growth, reduction of
porosity and obtained a denser microstructure of Ni-Cu-Zn ferrites. Mirzaee ef al. [29]
observed the influence of V,0s as an effective dopant on the development of
microstructure and magnetic properties of Ni-Zn ferrites. They found that the
permeability and relative density were increased with the amount of V20s up to 1.6
wt%. Janghorban ef al. [30] studied the influence of V>0s addition on the grain growth
and magnetic properties of Mn-Zn high permeability ferrites. They observed that the
permeability of Mn-Zn ferrites were increased due to a small amount of additive V20s

content, but it decreases for the higher amount of V,0Os additive.

Usually, spinel ferrites are required high sintering temperature in order to obtain
homogeneous and densification of the materials. However, abnormal grain growth or
discontinuous grain growth appears at the high sintering temperature, which can
deteriorate the electromagnetic properties of the spinel ferrites [31, 32]. In order to
obtain pore free with homogeneous grain and faster densification of Li-Zn ferrites, V205

can play a role as the sintering aid that promotes to grain growth of the ferrites due to



the liquid phase (melting temperature ~ 690 °C) in the sintering process [33-35]. On the
other hand, several methods such as hydrothermal process, co-precipitation method,
electro-spinning method, sol-gel self-ignition technology and conventional solid state
reaction method are often used to synthesize spinel ferrites. Among them, solid state
reaction technique is easier and convenient than other methods due to the availability of
raw materials, easier synthesized route and ability to improve the homogeneity of the
samples [36, 37]. The high magnetic permeability also plays a crucial role in magnetic
softening of the spinel ferrites from the application of point views. In this regard, it is
expected that V2Os can play a significant role as the sintering aids in order to improve
the mass transport mechanism and densification of the Li-Zn ferrites samples. V2Os
additive can also reduce the sintering temperature of the ferrites sample due to increase
in grain growth in the samples. Gao et al. [10] studied the electromagnetic and
microwave absorption properties of Ti-doped Li-Zn ferrites having the compositions
Lio2s+x2Zno s0Fe225.xTi2x304. They have shown that the initial permeability increases
with the increase of Li and Ti contents which could be attributed to the decline in
anisotropy constant of the samples. On the other hand, the saturation magnetization of
Lio.25Zno.50Fe22504 was found to larger in compared to other samples. In this regard, the
sample with Lio25Zno.s0Fe2.2504 composition has been chosen based on the magnetic
properties. Therefore, it is expected that the addition of V,0s would tailor the
microstructural and the electromagnetic properties of Li-Zn ferrites. So far, there is
inadequate data available on the structural, electrical, magnetic and microstructural
properties of Li-Zn ferrites with the addition of V20s. In the present study, a detailed
study has been carried out to examine the effect of V>Os addition on structural and
electromagnetic properties of Lio.25ZnosoFe22504 using the conventional solid state

reaction technique.



1.3 Objectives of the Present Study

The objectives of this research study are

(@)

(ii)

(iii)

(iv)

™)

(vi)

(vii)

Preparation of Lio25Zno.soFe22504 + xV205 (where x = 0.0, 0.4, 0.8, and 1.2
wt%) compositions using standard solid state reaction method.

Observation of the crystal structure of the prepared samples using an X-ray
diffraction technique.

Investigation of the surface morphology and compositional analyses using
Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray,
respectively.

Observation of the magnetic hysteresis curve at room temperature for
various compositions.

Investigation of the complex magnetic permeability and the relative quality
factor (RQF) as a function of frequency at room temperature for all the
samples.

Measurement of the relative dielectric constant and dielectric loss factor as a
function of frequency at room temperature.

Investigation of the variation of the ac electrical conductivity with applied

function for all the prepared samples.

(viii) Observation of the impedance spectroscopy for all the samples.



1.4 Outline of the Thesis
The organization of this thesis is as follows:

Chapter-1 deals with the importance of spinel ferrites, motivation of the research and

objectives of the present work.

Chapter-2 gives literature review of earlier research, structure of the spinel ferrite and

theoretical backgrounds.

Chapter-3 gives the details of the sample preparation, describes the experimental part
and descriptions of different measurement techniques that have been used in this

research work.

Chapter-4 shows the results and discussion for various investigations in this research

study.

Chapter-5 represents the summary and conclusions of the overall experimental results.



CHAPTER 2

LITERATURE REVIEW AND THEORETICAL ASPECTS

2.1 Literature Review

Many researchers have studied on structural, surface morphology, magnetic and
electrical properties of Li-Zn ferrites for the significant applications in electronic and

telecommunication technology. These are discussed as follows:

Gao et al. [10] studied the structural, electromagnetic and microwave absorption
properties of Ti doped Li-Zn ferrites having formula Lio23+x3Zno sFe225-xTi2x304 (Where
x = 0.0, 0.3, 0.6, 0.9). The study of X- ray photoelectron spectroscopy (XPS) revealed
that the concentration of Fe?* ions and oxygen vacancies in the samples increased with
Li and Ti contents. The wide range of Curie temperatures were found from 56 to 301 °C
for this study. The saturation magnetization was found to be maximum, while the
coercivity was minimum for x = 0.0. Then the saturation magnetization decreased
monotonically with the increase of Li and Ti contents. They also found that the initial
permeability and dielectric constant were maximum at x = 0.9 content. The value of
bandwidth was found to be 6.2 GHz under -10 dB and minimum reflection loss obtained

at 18.87 dB.

Singh et al. [11] investigated the dielectric relaxation, conductivity behavior and
magnetic properties of Mg substituted Zn-Li ferrites. They prepared different
compositions of series ZnpsLij-2xMgxFe204 (0 < x < 0.5) by sol-gel auto combustion
technique. They observed that dielectric constant (¢') and dielectric loss factor (tand)
decreased with the applied frequency and it increases with the increase in temperature.
Again ¢' and tand were found to be maximum at x = 0.5 and minimum at x= 0,
respectively. Conductivity becomes constant in the low frequency region and showed
dispersion in the high frequency region. The semiconducting nature of the samples is
demonstrated by the linear variation of conductivity with temperature. The mechanism
of electrical conduction and dielectric relaxation were identical in a consequence of
nearly similar values of activation energy for dc conduction and for conductivity
relaxation, and suggesting a non-Debye type relaxation process. The results of magnetic
properties of these ferrites suggested the super paramagnetic behavior due to the

absence of hysteresis and non-attainment of saturation magnetization (even at 8 kOe).



Rathod et al. [12] studied the effect of Zn-substitution on the structural and magnetic
properties of Li-ferrite powders with the formula Lio.s—x2ZnxFe2 5-x204; x = 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0. The Rietveld refinement of the XRD data confirmed the preferential
occupancy of the Zn-atoms at the tetrahedral sites and the Li atoms at the octahedral
sites of the spinel structure. Trace amounts of zinc-oxide and iron-oxide impurity phases
were found for the samples with high Zn content (x > 0.6). Fourier transform infrared
(FTIR) spectroscopy confirmed the presence of broad absorption bands between
tetrahedral and octahedral site in the spinel structure of the Li-Zn ferrites. The saturation
magnetization of the samples reduced with the substitution of higher amount of Zn?**

ions content.

Fazio et al. [13] investigated the electromagnetic properties of Mn-Zn ferrite with
lithium substitution. The composition of Lio.sxMno4Zno.6-x)Fe2+0.5x04 was prepared by
the ceramic method. The doping of lithium influenced the saturation magnetization as
its value varied from 57.5 emu/g for x = 0.0 to 82.9 emu/g for x = 0.4 having the content
of maximum real permeability. The sample has maximum resistivity (4.4x107 Q cm)
and minimum dielectric constant with higher Li content. The inclusion of lithium
enhanced microwave absorption with a maximum reflection loss of 45 dB at 140 MHz.
These modified Li-Zn ferrites exhibited good electromagnetic properties in the

microwave range of IMHz-1GHz used as absorbers.

Anupama et al. [14] observed the composition dependent elastic and thermal properties
of Li-Zn ferrites. The chemical composition of Lig 5-x2ZnxFe> 55204 (Where x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1.0) ceramics were synthesized by the auto combustion method. The IR
absorption frequencies, the lattice parameters and the mass-densities were used to
evaluate the elastic and thermal parameters such as force constant, elastic moduli and
Debye temperature of the studied Li-Zn ferrite samples was observed as a function of
Zn-content x. The force constants of the octahedral site complexes and tetrahedral site
complexes, and elastic moduli were increased with increasing Zn content (maximum at
x = 1.0). In order to stronger interaction between cation and anions, the high elastic
moduli and Debye temperature of the samples provided the stiff nature of Li-Zn ferrite
particles. The calculated Debye temperature (6p) was almost similar to the values of

literature obtained with experimental result.



Additive plays an important role in order to modify the electromagnetic properties of
the spinel ferrite. There are different types of additive such as V205, Nb,O3, MoOs and
Bi>O3 which have been used as the sintered aid in order to modify the microstructural,

electrical and magnetic properties of the spinel ferrites. These are discussed as below:

Xu et al. [24] studied the investigation of grain growth and magnetic properties of low
sintered Li-Zn-Ti ferrite-ceramic with the addition of V;0s. The compositions of
Li.43Zn0.27Ti0.13Fe2.1704 + xV20s (having x = 0.00, 0.10, 0.20, 0.40, 0.60 and 0.80 wt%)
were prepared with the solid state reaction method. In this study, the Li-Ti-Zn ferrite-
ceramic sintered at 925 °C produced dense microstructure using the synthesis process of
solid state reaction technique. They investigated that the average grain size, high
saturation flux density (By) and high saturation magnetization of the samples were found
to be 6.38 um, 324.4 mT and 4277 gauss, respectively for the amount of 0.4 wt% V>0s.
The coercivity decreased with the addition of V20s content, which indicates the

magnetic softness nature of the samples.

Liu et al. [25] observed the effects of sintering temperature on microstructure and
magnetic properties of Li-Zn ferrites with Bi2O3 content. The ferrites with composition
Lio.35Zno3Fe23504 + x B1203 (x = 0.0 to 3.0 wt% with an interval 0.5) were prepared by
conventional ceramic method. They found that the densification behavior and grain
growth rate were notably improved by the addition of Bi»O3 which exhibited liquid
phase characteristics due to low melting point (825 °C). The porosity was reduced at 1.0
wt% Bi203 content and then porosity increased with increasing of additive contents. For
the sample with 1.0 wt% Bi,0O; additive, a high saturation magnetization, squareness
ratio, minimum ferromagnetic resonance line-width and low coercive were investigated
with sintered at 1100 °C. Moreover, the squareness ratio decreased when Bi203 content
was beyond 1.0 wt%, which was caused by higher porosity located either in grains or at

grain boundaries.

Lebourgeois et al. [26] observed the influence of V,0s addition on the magnetic
properties of Ni-Zn-Cu ferrites. The ferrite samples Nig.24Zno.55Cuo.2Co00.02F€1.9904
synthesized by solid state reaction for sintering temperature of 850 and 1000 °C. The
density of the ferrite increased upto 5.14 g/cm® for 1 wt% V20s and then slightly
decreased at the sintering temperature 850 °C. It was observed that the magnetic

properties were deteriorated for the content higher than that of 0.6 wt% V20s. The



micro structural property improved with the tuning of the sintering range. The complex
permeability of ferrite samples with toroid shaped was measured by impedance analyzer
from 1MHz to 1.8GHz. The magnetic permeability was decreased due to the various
defects in the grain. This defect came from the domain walls and pores in the sample,

and then declined to permeability.

Wang et al. [28] synthesized the V,0s-doped Ni-Cu-Zn ferrites in low-sintered with
uniform grains and enhanced magnetic properties. The compositions of
(Nio2Cuo.2Zno.6)1.03(Fe203)0.97 with different contents of V205 (0.00, 0.25, 0.50 and 0.75
wt%) were prepared by solid-state reaction technique within low sintering temperature.
The XRD patterns ensured that adding a small amount of V,0s could not influence the
formation of the spinel phase polycrystalline Ni-Cu-Zn ferrites. The results exhibited
that the introduction of V205 promoted grain growth, reduced porosity and obtained a
denser microstructure of Ni-Cu-Zn ferrites. The density increased with increasing of
V705 contents up to 0.50 wt% then slightly decreased for 0.75 wt% content. They found
high permeability, high saturation magnetic flux density, high remanence, high Q-value,
and low coercivity when the samples were sintered at 900 °C. When adding excessive
amount of V20s content, the grain uniformity deteriorated results the magnetic

properties went down.

Mirzaee et al. [29] observed the influence of V2Os as an effective dopant on the
microstructure development and magnetic properties of Nio.saZno.36Fe204. V20s.added
Nio.4Zno36Fe204 with different compositions was prepared using standard solid state
reaction method. They found that the permeability and relative density were increased
with increasing the amount of V2Os up to 1.6 wt% and then decreased. The specific
resistivity of the samples increases continuously. T. were found to be maximum for 0.8
wt% V205 content and saturation magnetization shows peak value at 1.2 wt% of V20:s..

The average grain size was larger at 1.6 wt% V>0Os in compare to other compositions.

Janghorban et al. [30] studied the influence of V205 addition on the grain growth and
magnetic properties of Mn-Zn ferrites. The samples were prepared by solid state
reaction method with V205 contents (0.0 to 3.0 wt%). This observation found that the
permeability of Mn-Zn ferrites was increased for a small amount of V,0Os additive,
while it was decreased for the higher amounts of additive. The Curie temperature and

saturation magnetization were increased by V2Os additive in a certain weight percentage
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and then it decreased. At low concentration of V,0s, the magnetic permeability was

increased by about 42% than that of pure Mn-Zn ferrites.

Rao et al. [38] studied the complex permeability spectra of Ni-Zn ferrites doped with
V205/Nb20Os. They prepared the samples with the conventional ceramic method. The
sample with V205 additive was sintered at 1210 °C, whereas the sample with Nb2Os was
sintered at 1250 °C. It was found that the microstructures of Nb2Os added samples at
lower concentration did not promote the grain growth for sintering temperature of
1250°C, while the microstructure at higher concentration reveals larger grain growth.
On the other hand, the vanadium doped in Ni-Zn ferrites show high densities due to
lower melting point of V2Os. It was also found that the complex magnetic permeability

spectra of these ferrites have shown the frequency stability up to a few MHz.

The influence of MoOs; and V»0s co-doping on the magnetic and microstructural
properties of Ni-Zn ferrite were observed by Mirazaee et al. [39]. The ferrites were
prepared by the conventional powder method with sintered 1100 °C. In this study, they
were used Fe;O3, ZnO, NiO, V,05 and MoOs as the raw materials to prepare of ferrites.
The compositions were sintered at different temperatures. It was found that the samples
doped with V20s and MoO; have shown lower power loss in compare to pure Ni-Zn
spinel ferrites. The small addition of MoO3s and V20s increased density about 8% and
promoted average grain size about 5 times than the ferrites without doping. They
investigated the promotion of real permeability along with saturation magnetization and

reduced power loss due to the additives.
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2.2 Theoretical Aspects
2.2.1 Ferrites

Ferrites have the cubic structure, which is very close to mineral spinel MgO.Al,O3; and
are called cubic spinel. Analogous to the mineral spinel, magnetic spinel have the
general formula, MeO.Fe>O3 or MeFe;O4, where Me is the divalent metal ion [40]. The
structure was first determined by Bragg and Nishikawa [41-42]. Formerly, spinel’s
containing Fe were called ferrites, but now the term has been broadened to include
many other ferrimagnetism including garnets and hexagonal ferrites and these need not
necessarily contain iron. In the ideal spinel structure the anions form cubic close
packing, in which the cations partly occupy the tetrahedral (A-sites) and octahedral (B-

sites) interstices. Fig. 2.1 shows the lattice structure of spinel ferrite.

. Oxygen
® A-atoms

Tetrahedral Sites
® B-atoms
Octahedral Sites

Fig. 2.1 The unit cell structure of spinel ferrite.

Now, the interstices are not all the same: some which we call A-sites are surrounded by
or coordinated with 4 nearest neighboring oxygen ions whose lines connecting their
centers form a tetrahedron. Thus, A-sites are called tetrahedral sites. The other types of
B-sites are coordinated by 6 neighboring oxygen ions whose lines connecting their
centers form an octahedron. Thus B-sites are called octahedral sites. In the unit cell of
32 oxygen ions there are 64 tetrahedral sites and 32 octahedral sites. It turns out that of
the 64 tetrahedral sites, only 8 are occupied and out of 32 octahedral sites, only 16 are
occupied. Thus structure of spinel compounds is complex; the unit cell contains 8
formula units AB>O4, with 8 A-sites, 16 B-sites and 32 oxygen ions, and total of 8x7 =
56 ions. A spinel unit cell contains two types of sub cells, the two types of sub cells

alternate in a three dimensional array so that each fully repeating unit cell requires 8 sub
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cells. The positions of the ions in the spinel lattice are not perfectly regular and some
distortion does occur .The tetrahedral sites are often too small for the metal ions so that
the oxygen ions move slightly to accommodate them. The oxygen ions connected with
the octahedral sites move in such a way as to shrink the size the octahedral cell by the
same amount as the tetrahedral site expands. The movement of the tetrahedral oxygen is
reflected in a quantity called the oxygen parameter, which is the distance between the
oxygen ion and the face of the cube edge along the cube diagonal of the spinel sub-cell.
This distance is theoretically equal to 3/8a , where ‘a’ is the lattice constant. In spinel
structure the distribution of cations over the tetrahedral or A4 sites and octahedral or B
sites can be present in a variety of ways. If all the Me’" ions in Me’" Me>’* Oy are in
tetrahedral and all Me’* ions in octahedral positions, the spinel is then called normal
spinel. Another cation distribution in spinel exists, where one half of the cations Me’*
are in the A-sites and the rest, together with the Me’" ions are randomly distributed

among the B-sites.

The spinel having the latter kind of cation distribution is known as inverse spinel [43].
i) Normal Spinel: divalent metal ions are on A sites: Me>" [Me3*] O,

ii) Inverse Spinel: divalent metal ions are on B sites: Me*" [Me**Me3* | O,

A completely normal or inverse spinel represents the extreme cases; Zn-ferrites have
normal spinel structure. On the other hand, Li-ferrites have inverse spinel structure.
There are many spinel oxides which have cation distributions intermediate between
these two extreme cases and are called mixed spinel. The general cation distribution for
the mixed spinel ferrites can be written as: (Me2tMe3t )[MeZ*, Me3}, 102~ where the

first and third brackets represent the A and B sites, respectively.
2.2.2 Exchange interaction in the spinel ferrites.

Spontaneous magnetization of spinel ferrites can be obtained on the basis of their
composition, cation distribution and the relative strength of the possible interaction. The
super exchange interaction of the spinel ferrites are strongly depended on the tetrahedral
(A) and octahedral (B) sites. The strongest super exchange interaction is expected to
occur between octahedral and tetrahedral cations. The strength of interaction or
exchange force between the moments of the two metals ions on different sites depends

(1) on the distances between these ions and the oxygen ion that links them and (ii) on the
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angle between the three ions. The interaction is greatest for an angle of 180 where the
interionic distances are the shortest. In the A-A and B-B cases, the angels are too small
or the distances between the metal ions and the oxygen ions are too large. The best
combination of distances and angles are seen in A-B interactions. For an undistorted
spinel, the A-O-B angles are about 125° and 154°. The B-O-B angles are 90° and 125°
but the latter, one of the B-B distances is large. In the A-A case the angle is about 80°.
Therefore, the interaction between A and B sites is strongest. The B-B interaction is
much weaker and the most unfavorable situation occurs in the A-A interaction. The
super-exchange cationic interactions are denoted by Jag, Jaa and Jgg which are modified
by introducing cationic substitutes with different valence states, radii or magnetic

moments in either or both of the A and B sub-lattices [44].

AA

79"38’

Fig. 2.2 Inter ionic angles for the different type of lattice site interactions [45].
2.2.3 Hysteresis loop

The state of magnetization of a solid is a function of the strength and direction of the
magnetizing field. If we consider a ferromagnetic material which contains many small
magnetic domains but no net magnetization, we can examine what happens to the
domains as the field strength is increased. As the field is increased from zero, the effect
on the solid is to displace domain boundaries in a reversible fashion. If the magnetic
field is switched off, the domain boundaries return to their starting positions. Thus the
initial part of the B-H curve results from reversible domain boundary displacement and
the slope is called initial permeability pi. As the magnetic field strength is increased
there is an irreversible boundary displacement and at first the induced magnetization

increases more rapidly and gives a maximum slope pmax. Finally in the upper part of the
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magnetization curve all domain boundaries have been displaced and further increase in
the magnetic field cause rotation of the domains in the direction of the applied field. At
this point the material is saturate, higher fields cannot induce more magnetization. As
the magnetic field is decreased to zero, the induced magnetization does not decrease to
zero but the alignment of most of the domains during magnetization results in a
remanent magnetization or remanence B;. When the direction of the magnetic field is
reversed the induced magnetization decreases and finally becomes zero at a value of the
magnetic field strength called the coercive force Hc. Further increased magnetic field
strength in this opposite direction eventually causes magnetic saturation in the reverse
direction and produces a saturation Bs and remanence B; values of the same magnitude
as in the first quadrant. As an applied field is cycled from one direction to the other
direction, the Hysteresis loop is followed. Fig 2.3 shows a typical hysteresis loop of
magnetic material. Since the area of the Hysteresis loop represents the energy or work
to bring about changes in the magnetic domain structure, the product BH, called the
energy product, represents a net loss in the system, usually in the form of heat. A
material with a low coercivity is said to be soft and may be used in microwave devices,
magnetic shielding, transformers or recording heads. Magnetic materials with high
coercivity are called hard and are used to make permanent magnets. Permanent magnets

fine application in electric motors and magnetic recording media.

AM

Saturation
AR PO RN Point
Residual

Magnetism

» H

Coercive
Force

Fig. 2.3 Hysteresis loop of magnetic materials [46].
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2.2.4 Maxwell-Wagner polarization

The dielectric constant, € of a material, is a term that refers to the material's ability to
concentrate an electric field. As an example, the higher the dielectric constant of an
insulator, the higher the capacitance it can provide when placed between two
conducting plates, or in other words, it can store more charge for the same thickness of
insulator. The dielectric constant is related to how much a material can be polarized.
When placed in an electric field, the atoms, molecules, or ions of a dielectric, respond to
the applied electric field (E). It is actually the charges in the dielectric's atoms,
molecules, or ions that will reorient themselves in the direction of the applied field. The
more responsive are these charges belong to the higher the electric permittivity, € of the
dielectric. Since polarization is the "alignment of permanent or induced atomic or
molecular dipole moments with an externally applied electric field [47]. Several sources
of polarization exist: space charge, electronics, ionic, and orientation polarization.
Typically, dielectric materials exhibit at least one of these polarization mechanisms
depending on the material and the manner of the external field frequency as shown in

Fig. 2.4.

ele Vibrations l

/' Space Charges Dipoles Atoms Valence Electrons Inner Electrons

I Relaxations | | Resonances |

Fig. 2.4 Polarization mechanisms and their effect on the frequency dependence of the

relative electric permittivity [48].

The total polarization of a dielectric is consequently equal to the sum of all the
polarization mechanisms in the material such as, space charge (Ps), electronic (P.), ionic

(Pion) and orientation (P,) polarizations.

Piot = P+ P+ Piop + F, (2.1)
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However, the space charges polarization is the so-called Maxwell-Wagner polarization.
The electronic, the ionic and the dipole orientation polarization mechanisms have in
common that they are caused by the displacement or orientation of bound charge
carriers. These carriers are under the influence of the local field which depends on the
total applied field and the polarization of the surroundings. However, the space-charge
or interfacial polarization mechanism is produced by traveling charge carriers. Thus, the
piling up of space-charge in a volume, or of surface charges at an interface, incorporates
large-scale field patterns and as such it greatly affects the overall polarizability of a

material/structure.
2.2.5 Debye equation of dielectric polarization

To express the dielectric constant in terms of the frequency ® and the relaxation time
7, the definition of the electrical susceptibility equation, P = (¢ — €E) gives us for the

dielectric constant,
g(w)=14+4ny (w)
=1 +4ny,(w) +4ny,(w) (2.2)

Where y. (o) and ys (o) are the electronic and dipolar susceptibilities respectively.
The ionic contribution is very small, and has therefore been ignored. Now in the
frequency region in which frequency effects are significant (i.e. the microwave region),
e (®)is constant because the electrons are the light particles and thus they can respond
to the field instantaneously. Under this condition, 1 + 4wy, (w) is equal to the optical
dielectric constant. Finally, recalling from Maxwell’s theory that the optical dielectric

constant is equal to n°, where n is the index of refraction, we have from (2.2)
e (w) = n* +4ny,(v) (2.3)

Since Y4 is proportional to o by definition, it follows that s (®) has the same complex

form as o4 (0) and we may then write (2.3) as

.2 24(0)
e(w)=n* + 4 =~ 2.4)
2
s(w) = n? + £Q-n (2.5)

1+iot
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Here z, (0) = [E(O) — nz] /4m is the static value of the dipolar susceptibility. This is

the equation we set out to seek; it expresses clearly the frequency dependence of the

dielectric constant. Now, from the definition of the complex dielectric constant
£ (w) = &'(w) —ie"(w) (2.6)

The following expressions results

' (0)—n?

' (w) = n? ‘;iw;; 2.7)
" (0)—n?
g'(w) = — wz’; o1 (2.8)

These equation are frequently referred to as the Debye equations [49, 50]. Fig.2.5 shows

these equations graphically.

£(0)

Fig. 2.5 Debye curves for €' and €" for a dipolar substance [51].

We note that the real part ¢ (@) is a constant, equal to £ (0) for all frequencies in the
range ot << 1 ; this frequency range usually covers all frequencies up to the microwave
region. In the frequency range, wt > 1, it decreases, eventually reaching the value n’.
This result is quite expected. The imaginary part &"(w) has its maximum at, ot =1 and

decreases as the frequency departs from this value in either direction.

It may be added here that a part of the electrical energy is dissipated in the dielectric in
the form of heat. This is a consequence of the fact that the polarization in alternating
fields lags behind in phase relative to the applied field. It can be proved that the rate of

this loss is proportional to €"(®), and 1s thus maximum at ot =1.



CHAPTER 3

MATERIALS AND METHOD

3.1 Samples Preparation
3.1.1 Raw materials

Lithium carbonate is the chemical compound with the formula Li>COs. It is notable as
being the well-characterized oxide of lithium [52]. There are some physical parameters

of LioCOs as below:

(i) Molecular mass is, M = 73.89 g/mol.
(i) Density is, p=2.11 g/cc.

(iii) Melting point is, Tm= 723 °C.

(iv) Crystal structure is monoclinic.

(v) Lattice Constant, a=b =490.7 pm and ¢ = 634.8 pm.

Zinc Oxide is an inorganic compound with the formula ZnO. ZnO is a white powder

that is insoluble in water [53]. There are some physical parameters as below:

(1) Molecular mass is, M = 81.406 g/mol.

(i1) Density is, p=5.1 g/cc.

(1i1) Melting point is T = 1974 °C and boiling point is Ty = 1974 °C.

(iv) Crystal structure is Wurtzite

(v) Lattice Constant, a =324.95 pm, ¢ = 520.69 pm.
Iron (III) oxide is the inorganic compound with formula Fe;Os. It is a red-brown solid
[54]. Fe20s is the main source of iron for the steel industry. There are some physical

parameters as following:

(i) Molecular mass is, M = 159.687 g/mol.

(i) Density is, p =5.25 g/cc.

(111) Melting point is, Tm = 1539 °C.

(iv) Crystal structure is Rhombohedra.

(v) Lattice Constant, a =917 pm, b =930 pm, ¢ = 8§50 pm.
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Vanadium Pentoxide is an inorganic compound with the formula V;,0Os. It is a brown or
yellow solid. It is widely used in industrial catalyst [55]. There are few physical

parameters as flowing:

(1) Molecular mass is M = 181.88 g/mol.

(i1) Density is, p = 3.357 g/cc.

(ii1))Melting point is, Tm = 690 °C and boiling point is, T, = 1750 °C.
(iv)Crystal structure is Orthorhombic.

(v) Lattice Constant, a= 1151 pm, b =355.9 pm, ¢ = 437.1 pm..

3.1.2 Solid state reaction technique

A goal common to all the ferrites is the common formation of the spinel structure. Now
a days, Solid State Reaction technique or conventional ceramic process is easier and low
cost method. So, major of the ferrite samples are made by the conventional ceramic
process or Solid State Reaction technique. The advantages of the mechanical methods
include large-scale production of bulk ceramic powder at low cost and comparatively
easy adaptability [56]. However, the chemical techniques are generally complex than
the conventional solid state reaction and the large-scale production is sometimes
difficult. In this research work, the most economical and comparatively simple mixed
oxide process (conventional solid-state reaction technique) is used for preparing the
different compositions of V205 added Li-Zn spinel ferrites. In the solid state reaction
method, the required composition is usually started form the appropriate amount of raw
mineral oxides or carbonates by crushing, grinding and milling. In this research work,
the raw mineral oxides are mixed by hand milling in a mortar and pestle and it is in Fig.
3.1. Milling can be carried out to increase the degree of mixing. This method depends
on the solid state inter-diffusion between the raw materials. Solids do not usually react

at room temperature for normal time scales.
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78

Fig. 3.1 Mortar and Pestle during milling.

Fig. 3.2 A typical programmable electric furnace inside samples.

Thus it is necessary to heat at high temperatures for the diffusion length (2Dt)? to
except the particle size, where D is the diffusion constant for the fast diffusing species,
and ¢ is the firing time. The ground powders can then calcined in air or oxygen at
temperature above 800 °C. For some time, this process is continued until the mixture is
converted into the correct crystalline phase. The calcined powders are again crushed
into the correct crystalline phase. The pellets or toroid shaped samples are prepared
from these calcined powders using die-punch assembly or hydrostatic or isostatic
pressure. Sintering is carried out in the solid state, at temperature ranging 1000 to 1400
°C, for times of typically 1-40 hours and in various atmospheres (e.g. Air, O2 and N»)
[57-58]. Fig. 3.3 shows diagrammatically, the stages followed in ferrite preparation.
During the calcining stage, the reaction of FeoO3 with metal oxide (say, MeO or Me>03)
and adding some Me2O3 or Me2Os takes place in the solid state to form spinel according

to the reaction:
The general solid state reaction leading to a ferrite MeFe.Os may be represented as

MeO + Fe,0, - MeFe,0,
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Where, Me is the divalent ions.

MeO + Fe,03 ——» MeFe,0, (Spinel)

2Me,05 + 4Fe,0; —> 4Me'Fe,05 (Spinel) + 0,

The LiCO3 and ZnO are creeps into Fe2Os3 as given bellow, to form an intermediate

phase

Li2603 + F8203 E— LiF8204

Zn0 + F8203 — ZnF6204,

After the V205 is added

Li0_250 + Zn0_500 + F82.2503 +xV205 — > Li0.252n0.50 F82.2504,+ xVZOS

There are basically four steps in the preparation of ferrite:

1.

4.

Preparation of materials to form an intimate mixture with the metal ions in the ratio
which they will have in the final product.

Heating of this mixture to form the ferrite (often called calcining).

Grinding the calcined powders and pressing the fine powders into the required shape
and

Sintering to produce a highly densified product.

The calcining process can be repeated several times to obtain a high degree of

homogeneity. The calcined powders are crushed into fine powders. The ideal

characteristics of fine powders are [59]:

e Small particle size (sub-micron).

e Narrow distribution in particle size.

e Dispersed particles.

e Equiaxed shape of particle.

e High purity.

e Homogeneous composition.

e A binder is usually added prior to compaction, at a concentration lower than 5
wt%. Binder is polymers or waxes; the most commonly used binder in ferrite

is polyvinyl alcohol. During sintering, binders decompose and are eliminated
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from the ferrite. Pressures are used for compacting very widely but are
commonly several tons per square inch (i.e., up to 108 Nm)
The sintering time, temperature and the furnace atmosphere play very important role on

the magnetic property of ferrite materials.
The purposes of sintering process are:

1) To bind the particles tighter so as to impact sufficient to the product,

i1) To density the material by eliminating the pores and

ii1) To homogenize the materials by completion the completing the reactions left
unfinished in the calcining step.

Sintering of crystalline solids is dealt by Coble and Burke who found the following

empirical relationship regarding rate of grain growth:
d = kt® (3.1)

where d is the mean grain diameter, t is sintering time, a is about 1/3 and k is a

temperature dependent parameter.

Sintering is divided into three stages [60].

Stage 1: Contact area between particles increases.
Stage 2: Porosity changes from open to closed porosity.
Stage 3: Pore volume decreases, grains grow

In the initial stage, neighboring particles form a neck by surface diffusion and
presumably also at high temperatures by an evaporation-condensation mechanism.
Grain growth begins during the intermediate stage of sintering. Since grain boundaries
are the sinks for vacancies, grain growth tends to decrease the pore elimination rate due
to the increase in distance between pores and grain boundaries, and by decreasing the
total grain boundary surface area. In the final stage growth is considerably enhanced and

the remaining pores may become isolated.



Block Diagram of sample preparation

Raw materials (Li2CO3, ZnO and Fe,0; )

\
Weighing by different weight percentages

¥
Hand milling by agate mortar and pestle for 4 h

4
Heating at 750 °C for 3 h in air (calcining)

v

Adding V205 in different wt% and milling by mortar and pestle for 3 h

v

Adding binder (PVA) and milling in mortar

v

Pressing to desired shape (pellet and toroid)
v
Sintering at temperature (950, 1050 and 1150 °C) for 3h

v

Final products

Oxides of raw materials.

Weighing by various mole percentage.

4
Dry mixing for 4 hours by hand milling.

Pressing into disc shapes and calcining at
750 °C for 3 hours.

Crushing for 3 hours and adding binder.

Pressing into desired shapes (pellets and toroides)
and sintering at 1050 °C for 3 hours.

Final Products.

Fig. 3.4 Sample preparation in solid state reaction method.
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3.1.3 Preparation of the present samples

The Lio.25Zno.s0Fe22504 + xV20s (where x = 0.0, 0.4, 0.8, and 1.2wt%) samples were
synthesized using the standard solid state reaction technique which discussed in section
3.1.2. Powder of Li»COs, ZnO and Fe>Os were used as raw materials. Stoichiometric
amount of required powders were mixed thoroughly and then calcined at 750 °C for 3
hours. The calcined powders were mixed with different proportional V205 wt% (0.0,
0.4, 0.8, 1.2 wt%). Then, mixed PVA (poly vinyl alcohol) than pressed 15kN pressure
into toroid shaped also pressed 20kN and 10kN into pellet shaped samples shown in
Fig. 3.5. The samples were sintered at 950, 1050 and 1150 °C temperatures in air for 4

hours. The temperature ramp was 5 °C/minute for both cooling and heating.

(a) (b)

Fig. 3.5 Toroid and cylindrical shaped samples put on ceramics plate (a) before

sintering (b) after sintering.
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3.2 Characterization
3.2.1 The X-ray diffraction

The X-ray diffraction provides precise knowledge of the lattice parameter as well as the
substantial information on the crystal structure of the material under study. XRD is one
of the most effective tools for the determination of phase in a sample. X-rays are the
electromagnetic waves whose wavelengths are in the neighborhood of 1 A. The
wavelength of an X-ray is thus of the same order of magnitude as the lattice constant of
crystals. Whenever X-rays are incident on a crystal surface, they are reflected from it.
This is called Bragg reflection. Fig. 3.6 shows the phenomenon of Bragg reflection. If a
beam of monochromatic radiation of wavelength A incident on a periodic crystal plane
at an angle 0 and is diffracted in the same angle, this event abides by the celebrated

Bragg's law which is given below
2dsinf = nAi (3.2)

Here d is the distance between crystal planes, and n is positive integer. Bragg's law also

suggests that the diffraction is only possible when A <2d [61].

| A& Bragg’s Law RS
) nA = 2dsin@ o

‘o

Fig. 3.6 Geometry of the incident X-rays impinging the sample satisfying Bragg’s law
[45].

XRD is a versatile non-destructive analytical technique for identification and

quantitative determination of various crystalline phases of powder or solid samples of
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any compound. A Rigaku Smartlab X-ray diffraction system was used to get X-ray data
for the samples at the Materials Science Division, Atomic Energy Center, Dhaka, which
is a sophisticated X-ray diffractometer installed very recently. The powder diffraction
technique was used with a primary beam power of 40 kV and 30mA for Cu radiation. A
nickel filter was used to reduce Cu-K, radiation and finally Cu-K. radiation was only
used as the primary beam. A (6 —20) scan was taken from 15° to 75° to get possible
fundamental peaks of the sample with the sampling pitch of 0.02° and time for each step
data collection was 1.0 sec. Both the programmable divergence and receiving slits were
used to control the irradiated beam area and output intensity from the sample

respectively.
3.2.2 Interpretation of the XRD data

The XRD data consisting of Ona and dna values corresponding to the different
crystallographic planes are used to determine the structural information of the samples

like lattice parameter and constituent phase.

The lattice parameter for each peak of each sample was calculated by using the formula:
a=dhkl>< Va2+b2+C2 (33)

Where, h, k and | are the indices of the crystal planes. To determine the exact lattice
parameter for each sample, Nelson-Riley method was used. The Nelson-Riley function

F(0), can be written as

1 20 20
F(O) =5 G +—5) (3.4)

Now drawing the graph of ‘a’ vs F(0) and using linear fitting of those points will give us

the lattice parameter ‘a’. This is the value of ‘a’ at F(6) =O0.
3.2.3 X- Ray density and bulk density determination

X-ray density px was also calculated using the lattice parameter. The relation between px

and a is as follows:
8M _
prx =1— gem™> (3.5)

where N is the Avogadro's number (6.02x10%* mol ™), M is the molecular weight. The
bulk density,pp is measured by the formula [62],
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p=7 (3.6)

Where, M is the mass of the disc sample and V its volume. Porosity (P%) in percentage

was calculated using the
=(1=28
P=( px) x 100 (3.7)
3.2.4 The study of field emission scanning electron microstructure

Sensitivity of electrical and magnetic properties depends on the microstructure of the
ferrite sample. Permeability is directly proportional to grain size, At least up to a critical
diameter of the grains permeability increases monotonically. Density and resistivity
depends on the porosity of the sample. So study of microstructure is necessary for
making prediction about the result of permeability and resistivity. Fig. 3.7 shows the
experimental setup for FESEM. The SEM microstructure of samples sintered at 1050 °C
was studied by Scanning Electron Microscope. To observe the microstructure, the
ferrite samples were polished with fine Al,O3; powder followed by thermal etching from
800-900 °C for all samples. When the etching was completed, the grains were seen
clearly by the SEM. The average grain size was calculated by the linear intercept

method.

Fig. 3.7 Field Emission Scanning Electron Microscope setup.
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3.2.5 Saturation magnetization measurement

Magnetization is defined as the magnetic moment per unit volume. There are various
techniques of measuring magnetization of a substance. Vibrating sample magnetometer,
as the name implies, vibrate the sample as part of the measurement process. This
provides the flux meter element of the system with the dynamic component which it
requires to make the measurement. The applied field is changed so, at each
measurement point the field is static and hence no eddy currents to cause problems. The
objective when using a VSM or any other type of magnetic characterization system is to
obtain the dependence of the magnetization on the applied field. Fig. 3.8 shows the

experimental setup for M-H measurement.

Fig. 3.8 The DYNACOOL physical property measurement system.

The sample, usually a sphere or small disc, is cemented to the lower end of a rod, the
other end of which is fixed to a mechanical vibrator. Current through the vibrator and
vibrate the rod at about 37 Hz with amplitude of about 7 V in a direction at right angles
to the magnetic field. The oscillating magnetic field of the sample induces an alternation
emf in the direction coils. The vibrating rod also carries a reference specimen, in the
form of a small permanent magnet near its upper end; the oscillating field of this
induces another emf in two reference coils. The two voltage form two sets of coils are

compared, and the difference is proportional to the magnetic moment of the sample. The
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magnetization measurement was performed ranged from -2 T to +2 T magnetic field for

all samples.
3.2.6 Complex permeability measurement

For high frequency application, the desirable properly of a ferrite is the high
permeability with low loss. The present goal of most of the recent ferrite researchers is
to fulfill this requirement. Permeability is namely defined as the proportional constant

between the magnetic field induction B and applied field intensity H [63]:

B = uH (3.8)
If a magnetic material is subjected to an AC magnetic field as given below;

H = Hjel®t (3.9)

Then, it is observed that the magnetic flux density B experiences a delay. This delay is

caused due to presence of various losses and is thus expressed as
B = Bye'@t=9) (3.10)

where o is the phase angle and marks the delay of B with respect to H. The
permeability is then given by

B Baei@t-8 g o-is .,
p= = = = i (3.11)
[ By no__ By .
where u' = H—cosd U= H—sm(S (3.12)
0 0

The real part 4’ of complex permeability p as expressed in equation (3.11) represents
the component of B which is in phase with H, so it corresponds to the normal
permeability. If there are no losses, we should have x4 = 4'. The imaginary part u"
corresponds to that part of B which is delayed by phase angle ranging up to 90° from
H. The presence of such a component requires a supply of energy to maintain the
alternating magnetization, regardless of the origin of delay. The ratio of "’ to u’, as is

evident from equation (3.12) gives

u! fI—OSinS
— =35 = tand (3.13)

H—0c056
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This tan o is called the Loss Factor or Loss tangent. The Q-factor or quality factor is

defined as the reciprocal of this loss factor, i.e.

1

Q= (3.14)

 tans

Measurements of permeability normally involve the measurements of the change in
self- inductance of a coil in presence of the magnetic core. The behavior of a self-
inductance can now be described as follows. Suppose we have an ideal lossless air coil
of inductance, L,. On insertion of magnetic core with permeability p, the inductance

will be uL,. The complex impedance Z of this coil can be expressed as
Z=R+jX = jwLop = joLo(u' —ju") (3.15)
where the resistive part is
R = wLyy' (3.16)
and the reactive part is
X = wloy' (3.17)

The radio frequency (RF) permeability can be derived from the complex impedance of a
coil Z. The frequency characteristics of the Li-Zn ferrite + xV20s5 wt% samples 1.e. the
permeability spectra were investigated using Wayne Kerr Impedance Analyzer (6500B).
The measurements of inductances were taken in the frequency range of 20Hz to

120MHz. Fig. 3.9 shows the experimental setup for permeability measurement.

(a) (b)
Fig. 3.9 Wayne Kerr Impedance Analyzer (6500B) (a) experimental setup (b) during

permeability measurements.
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Fig. 3.10 Toroid shaped sample for the measurement of permeability.

The real and the imaginary part of permeability are calculated. .’ is calculated by using

the following formula:

Lg = Loy’ (3.18)

And,

n

tand = ’;— (3.19)

where tand is loss factor and L is the self-inductance of the sample core given as

_ HoN?s

L —
S nd

(3.20)

where Lo is the inductance of the winding coil without the sample core and N is the

number of turns of coil (here N = 5), S is the area of cross section of the toroid as given

below
s = dh;h = height (3.21)
where
d = @ (3.22)
q =4 (3.23)

2
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By applying a comparatively small sinusoidal signal of amplitude A and frequency f to
the capacitor, the displacement current I through the capacitor and the voltage V across
the capacitor can be measurement by using an Impedance Analyzer and find the

complex impedance Z from the Ohm’s Law.

=7=R-jXx=2 (3.24)

- =
1
T 2rfC

(3.25)

When the capacitor under test is small, the reactance X will be large and possibly
affected by a parasitic resistance. On the other hand, if the capacitance under test is
typically larger than the reactance will be small and likely to be affected by a series

resistance.

The value of the dielectric constant €' can easily be evaluated by using the parallel plate

capacitor equation when the capacitance is found

g =L (3.26)

EoA

where C is the capacitance of the dielectric measurement in “F”, d is the thickness of the
shaped sample measurement in “m”, &,is the permittivity of the free space (8.854x10°!?

Fm) and A is the cross sectional area of the electrode measured in “m?”.

3.2.7 Electrical resistivity measurement

Electrical resistivity of the samples has been measured by two probe method. Samples
were prepared by sintering temperature of 1050 °C. The samples were polished with the
help of emery paper with grit size 800 and 1000 successively. Then silver paste was
added to the both sides of the polished samples together with two thin copper wires of

100 micron diameter. The resistivity has been calculated using the formula
p=-T (3.27)

where p is the resistivity, / and A are the thickness and the area of the sample,

respectively.



33
3.2.8 Dielectric constant measurement

A dielectric material is typically an insulator which is polarized when subjected to an
applied electric field. Basically the study of dielectric properties involves the storage
and dissipation of electric and magnetic energy in materials. Typically the measurement
of dielectric constant involves the measurement of capacitance Co of a test capacitor
with vacuum between its plates. Then using the same capacitor and maintaining the
same distance between its plates, the capacitance C with a dielectric material between
the plates is measured. The simplest capacitor structure is a pair of parallel conducting
plates separated by a medium called the dielectric. The value of the capacitance between

the plates is given by the equation.
Co=— (3.28)

where A is the area of the plates, d is the separation between the plates and ¢ is the
absolute permittivity of the dielectric, which is a measure of the electrostatic energy
stored within it and therefore dependent of the material. The dielectric constant of the

medium (also known as the relative permittivity) is defined as

g = = (3.29)

€o

where ¢, is the permittivity of free space, which has value of 8.85x107'2 Fm™!,

3.2.9 Impedance spectroscopy

For investigating the electrical properties of materials the complex spectroscopy is a
very powerful tool. Typically a Wheatstone-bridge type setup (LCR meter or Impedance
Analyzer) is used for ac measurements. In this technique, the resistance R and
capacitance C of the specimen are measured and balanced against variable resistors and
capacitors. The technique in which the impedance |Z| and the phase difference (0)
between the voltage and current are measured as a function of frequency for the given
specimen in known as impedance spectroscopy. For the analysis of obtained data a plot
(a plot between the imaginary part of the impedance Z"” = |Z|cos@ and the real part
Z' = |Z|sin6 on a complex plane) is dawn. Generally an impedance plot with linear

scale is used for analyzing the equivalent circuit. Impedance plot of a pure capacitor is a
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straight line coincides with the imaginary axis and that of pure resistor defines a point
on the real axis. The following relation is used to express the impedance of a parallel

RC combination [64]

Z*=7"—jz" (3.30)
. R
Z" = (1+jwRC) (3.31)

After simplification, we get

. R)? . R
(z-2) + @) =&y (332)
This equation represents a circle of radius % and centre at (g ,0). Therefore, a plot

between Z" and Z’" will represent a semicircle of radius g as shown in Fig. 3.11 (a).

This plot is often known as Nyquist plot. The time constant of a simple circuit can be

written as,

T=Rc=— (3.33)

This relation to the relaxation time of the specimen and the characteristic frequency lies
at the peak of the semi-circle. At high frequency, the impedance plot exhibits an arc
related to the bulk property of an ideal specimen. Whereas an arc at low frequency
corresponds to the grain boundary behavior and a spike at the lowest frequency is
related to the electrode effect. A typical impedance plot and the equivalent circuit for a
polycrystalline material are illustrated in Fig. 3.11 (b). In this thesis, a precision
Impedance Analyzer (Wayne Kerr Impedance Analyzer, 6500B) is used for the
measurement of real (Z") and imaginary (Z°") part of the complex impedance as a

function of frequency at room temperature.
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Fig. 3.11 (a) An impedance plot with the corresponding equivalent circuit and (b)

Impedance plot an ideal polycrystalline sample with the equivalent circuit.

3.2.10 Complex modulus analysis

Complex modulus is a convenient and important tool for analyzing, interpreting and
calculating conductivity relaxation times, ion or charge carrier hopping rate, etc. It also
provides an alternative approach to analyze the electrical response of the materials. It

was measured by the equation (3.34),

Complex Modulus (M™),
1
M (w)= M + jM" = -

= jwCyZ* (3.34)

where the real part of the modulus is M' = wC(CyZ", imaginary part is
M" = wCyZ' (® denotes the angular frequency) and C, is the capacitance discussed
earlier. We know that the electrical complex modulus can easily differentiate the
localized (i.e., dielectric relaxation) and delocalized (i.e., long-range) conduction. The
space charge relaxation mechanism can also be explained easily by the study of

modulus. [65].



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

The influence of V05 addition on the structural, microstructural, electrical and
magnetic properties of Li-Zn ferrites having the compositions Lio25ZnosoFe22504 +
xV20s (where x = 0.0, 0.4, 0.8 and 1.2 wt %) are reported in the present study. The
samples were sintered at different temperatures. Various experimental studies such as
structural characterization, microstructural feature, magnetic hysteresis loop, complex
permeability spectra, dielectric constant, dielectric loss factor, ac electrical conductivity

and impedance spectroscopy of V20Osadded Li-Zn ferrites are discussed in this chapter.
4.2 Structural Property
4.2.1 X-ray diffraction

In order to study of the crystal structure of V20s (0.0, 0.4, 0.8 and 1.2 wt%) added Li-
Zn ferrites, an XRD technique were performed for all the prepared samples sintered at

1050 °C with Cu-K,, radiation ( 4 = 0.15405 nm).

Fig. 4.1 XRD pattern of Lio.25Zno.s0Fe22504+ xV20s sintered at 1050 °C.
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Fig. 4.2 Variation of the apparent lattice parameter, a (A) with F(6) for the various

compositions Lio25Zno.s0Fe2.2504 + xV20s sintered at 1050 °C.

The XRD pattern of V205 (0.0, 0.4, 0.8 and 1.2 wt%) added Li-Zn ferrites is shown in
Fig. 4.1. It is observed that the crystalline structure of all the samples has been
confirmed the cubic spinel structure with the manifestation of (111), (220), (311),
(222), (400), (422), (511) and (440) fundamental reflection planes [66]. The prepared
samples are in single phase without any other detectable secondary phase. It is also
found that there has not been observed structural transition in the synthesized samples.
The strongest reflection peak is observed for all the samples at (311) plane, which
signifies the spinel phase. The XRD pattern of V205 (0.0, 0.4, 0.8 and 1.2 wt%) added
Li-Zn ferrites was compared with JCPDS ( Joint Committee on Powder Diffraction
Standards) data and it matches very well with file (JCPDS card no. 37-1471).The lattice
parameter was calculated from the XRD data using Nelson-Riley (N-R) function, F(6)
[67]. The variations of apparent lattice parameter (a) with F () are given in Fig. 4.2 for
different compositions. The intersection on Y-axis at F(8) = 0 gives the desired lattice
constant. This is shown in Table 4.1. The tetrahedral (A) site radii ( 74) , octahedral (B)
site radii (rp), tetrahedral bond length (dax), octahedral bond length (dzx) were
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calculated with the help of lattice constant, oxygen positional parameter (1 = 0.381 A)
and oxygen ion radius (R, = 1.32 A) from the following relations [22]. These are
tabulated in Table 4.1. There is a good correlation between the lattice constant and the
ionic radii of the octahedral sites. It clearly indicates that the lattice constant remains
constant due to addition of V20s content, which could be attributed to the unchanged of
the ionic radii of the octahedral sites. Therefore, it is assumed that V,Os has not been
influenced on the phase formation of Li-Zn ferrites. This result demonstrated that there
is no reaction occurred between V;0s and Li-Zn ferrites throughout the sintering

process [28].

= (u—0.25)aVv3 — R, 4.1)
rg = (0.625 —u)a— R, 4.2)
dax = aV3(u—7) (4.3)
dpy = ayf[3u? — (%)u + )] (4.4)

The hopping length in the tetrahedral (L4) site and octahedral (Lp) site can also be

evaluated from the following relations [68-69]. These are shown in Table 4.1.

L, =22 (4.5)

Ly =22 (4.6)

Table 4.1 Lattice constant (a), tetrahedral (A) site radius (74 ), octahedral (B) site radius
(rs), tetrahedral bond length (dax), octahedral bond length (dgx), hopping length of
tetrahedral site (L4) and octahedral site (Lg) for Lio25ZnosFe22504 + xV20s sintered at
1050 °C.

V205 content a Fa "s dax dpx La Lz
(Wt%) A A R DD @ @R
0.0 8.394 0.585 0.728 1.905 2.049 3.635 2.968
0.4 8.389 0.583 0.727 1.903 2.048 3.633 2.966
0.8 8.391 0.584 0.727 1.904 2.049 3.633 2.967

1.2 8.401 0.586 0.730  1.906 2.051 3.638  2.970
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4.2.2 X-ray density, bulk density and porosity

Fig. 4.3 Variation of ps with different V2Os contents of Lio.25Zno s0Fe2.2504 for 7.

Fig. 4.3 depicts the variation of bulk density (pg) of Lio2sZnosoFe22504 with different
amount of V»0s addition for various sintering temperatures (75 = 950, 1050 and 1150
°C) in air for 3 h. It clearly demonstrates that the densification of the prepared samples
is larger for 7y = 1050 °C in compared to 950 and 1150 °C sintering temperatures. It
clearly indicates that the optimum sintering is to be about 1050 °C for the present
samples, which is considered for further investigation. pg, p, and P of the studied
samples were calculated and tabulated in Table 4.2. It is found that pp increases with
the increase of V20s content (upto 0.8 wt% V20s) and then decreased for 1.2 wt% V>0s.
It demonstrates that p, is higher than that of pp which may be attributed to the existence
of pores [70]. The variation of P with V>Os content is shown in Table 4.2. It is observed
that the P decreases with the addition of V»0s, which could be ascribed to the
enhancement of densification of sintered samples [30]. The porosity of the samples
decreased with the addition V205 contents, which could be attributed to the role of V205
as sintering aid to enhance the densification of the ferrite samples from 4.30 g/cm® ( for

x = 0.0 wt% V20s) to 4.51 g/em® ( for x = 0.8 wt% V20s). However, the porosity
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slightly increased for x = 1.2 wt% V:0s. For the content higher than 0.8 wt%, the
decrease of density might be attributed to the reduction of diffusion rate due to an
increase in the liquid layer thickness [25].

Table 4.2 X-ray density, bulk density and porosity of Lio.25Zno.soFe22504 with various
V>0s contents sintered at 1050 °C.

Px pPB P
Compositions
(g/em?) (g/em?) (%)
Lio25Zno s0Fe2.2504 5.04 4.30 15
Lio2s5Zno s0Fe2.2504 + 0.4 V205 wt% 5.04 4.37 13
Lig25Zno s0Fe2.2504 + 0.8 V205 wt% 5.02 451 10
Lio2s5Zno s0Fe22504 + 1.2 V205 wt% 5.03 4.42 12

4.3 Surface Morphology
4.3.1 Microstructural analysis

The FESEM images of the Li-Zn ferrites sintered at 1050 °C with various V205 (0.0,
0.4, 0.8 and 1.2 wt%) contents are shown in Fig.4.4. These photomicrographs were
performed at the same magnification for all the samples. It clearly shows that the grain
growth of Li-Zn ferrites strongly depends on the V,0s addition. Histograms of grain
sizes with corresponding V20s contents are shown in Fig.4.5. The average grain sizes
(D) are obtained with the help of Gaussian fitting and is tabulated in Table 4.3. In
Fig.4.5 (a-c), the average grain size of the samples increases from 5.3um for x = 0.0
wt% V205 to 7.7um for x = 0.8 wt % V20s. The increase of grain size could be
attributed to the promote grain growth and densification of the samples [71-73].
However, the grain size is reduced as shown in Fig. 4.3 (d) which was found to be 6.6
pum for x = 1.2 wt % V>0s. This is because the higher excess amount of V>Os is reduced
the diffusion rate due to an increase of the liquid layer thickness resulting in decrease of

grain growth. Moreover, the presence of liquid phase during sintering allows particle
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rotation and grain annexation effect resulting in forming abnormal crystal grains and

deteriorating the homogeneity [74-76].

Fig. 4.4 FESEM images of Lio2sZno.soFe22504 sintered at 1050 °C with different V2Os
additions (a) 0.0 wt%, (b) 0.4 wt%, (c) 0.8 wt% and (d) 1.2 wt%.
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Table 4.3 Data for average grain size of Lio25Znos0Fe22504 + xV20s5 sintered at 1050

°C.
Compositions D (um)
Lio2sZno soFer 2504 + 0.0 wt% V205 53
Lio.25Zno.50Fe2.2504 + 0.4 wt% V205 5.9
Lio2s5ZnosoFe22504 + 0.8 wt% V205 7.7
Lio25Zngs0Fe22504 + 1.2 wt% V205 6.6

Therefore, the microstructural characteristic demonstrates that the grain growth of Li-Zn

ferrites is highly affected by V20Os additive contents that may influence the magnetic

properties.

Fig. 4.5 Histogram of grain size distribution for different composition of Li-Zn ferrites.
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4.3.2 Energy dispersive spectroscopy analysis
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Fig. 4.6 EDX Spectra of Lio.25Zno.s0Fe2.2504 + xV20s, where (a) x = 0.0 wt%, (b) x = 0.4
wt%, (c) x = 0.8 wt% and (d) x = 1.2 wt% sintered at 1050 °C.
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The quantitive elemental analysis EDS spectra of Lio.25Zno.s0Fe22504 + xV205 samples
(where x = 0.0, 0.4, 0.8 and 1.2 wt %) are shown in Fig. 4.6. It is clearly found that the
ferrites are made up of the respective elements, as no extra peak has appeared in the
EDS spectra. Therefore, the solid state reaction method in this reaserch work is an
appropriate for performing good stoichiometry in the spinel ferrite. Data of elemental
analysis for studing compositions of Lig25Zno.s0Fe2.2504 + xV20s is given in Table 4.4.
It is observed that the bulk material are fully stoichiometric.The presence of O, V, Fe
and Zn are ensured in the spinel ferrites samples. It is also observed that the Li is not

present in all the samples because of lower energy of characteristic radiation.



Table 4.4 Data of EDX for Lio25Zno s0Fe2.2504 + xV20s spinel ferrites.

Sample Elements Mass % Atom %
0) 31.39 62.01
A" 0.00 0.00
Lio.25Zno.s0Fe2.2504 Fe 58 42 33.06
Zn 10.20 4.93
Total 100.00 100.00
O 37.02 67.55
A% 0.90 0.52
Fe 55.31 28.91
Lio.25sZno.s0Fe22504 + 0.4 wt% V205
Zn 6.77 3.03
Total 100.00 100.00
0] 32.83 63.95
A% 4.36 2.67
Lio2sZno.soFe22504 + 0.8 Wt% V205 Fe 42.26 23.58
Zn 20.55 9.80
Total 100.00 100.00
O 31.73 62.70
A% 1.06 0.66
Lio25Znos0Fe2250s + 1.2 wt% V205 Fe 5028 28.46
/n 16.93 8.18
Total 100.00 100.00
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4.4 Magnetic Property
4.4.1 Magnetic hysteresis loop: M-H curve

The magnetic hysteresis curves and their properties such as the saturation magnetization
(Ms) and coercivity (Hc) are very useful information from the application point of view.
Fig. 4.7 shows the variation of the magnetization (M) with the applied magnetic field
strength (H) at room temperature for Lig.25Zno s0Fe22504 + xV205 compositions (where x
= 0.0, 0.4, 0.8 and 1.2 wt%) for the sintering temperature of 1050 °C at constant
frequency, /= 40 Hz. The M-H hysteresis curve was performed in the range of applied
field upto ~2 T. The magnetization increases sharply with increasing of applied
magnetic field for all the samples. After that the magnetization increase slowly and it
becomes saturated. It clearly demonstrates that all the samples have shown the
hysteresis behavior with applied magnetic field strength. It also indicates the value of
saturation magnetization is larger for x = 0.8 wt% V205 in compared to the other

compositions. This could be attributed to the enhancement of grain size or densification.

60 —
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Fig. 4.7 Magnetic hysteresis curve (M-H) for different compositions of
Lio25Zno s50Fe2.2504+ xV20s at 300K.
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4.4.2 Saturation magnetization, coercivity and experimental magnetic moment

The magnetic moment of the spinel ferrite depends on the cation distributions between
tetrahedral (A-site) and octahedral (B-site) in the spinel sub-lattices. According to
Neel’s theorem of ferrimagnetism, J45 > Jgg > Jaa [77], where ] 45 indicates the A-B
super-exchange interaction, Jgp and J44 are represented the exchange interactions of A-

A and B-B, respectively.
The cation distribution of Lio25Zno.soFez.2504 can be written as
(ZngtoFedto)a [LigosFeits]p02™

where the first bracket represents A-sites and the square bracket represents B-sites.
Blasse has shown that V°* ions have preferred to A-sites due to its stable electrostatic
interaction in the spinel lattice [78]. However, the probability of V°* ions occupying in
B-sites cannot be overlooked. The value of Ms of Lio2sZnosoFez2504 is relatively
lowered (for 0.0 wt% V20s) in compared to other samples, which may be related to
smaller grains and lower density of the materials. But the value of My increases with the
amount V20s addition which could be attributed to the enhancement of densification of
the samples and prompt grain growth [26]. This result is consistent with the
microstructural change. The magnetic hysteresis analysis demonstrated that the Ms was
increased from 44.0 (for x = 0.0 wt%) to 50.3 emu/g (for x = 0.8 wt% V20s). However,
the Ms was found to decrease for x = 1.2 wt% V»0s, which may be related to weaken of

exchange interaction due to the introduction of excess non-magnetic V2Os [30]. Thus,
the My is reduced at higher content of V>0s. The experimental magnetic moment (nexp)

was calculated from the following relation [79, 80]

_ (My XMs)
nexp = W (47)

where M,, is the molecular weight of the sample. The values of n,,, are presented in
Table 4.5. It is observed that n.,, increases with the addition of V>0Os additives (upto
0.8 wt%). However, the value of n,,, is found to decrease for 1.2 wt%. This may be

ascribed to the existence of an excess liquid phase which gives rise to the formation of
pores resulting in the hinder of the magnetization process due to excess non-magnetic

V>,0s. Coercivity (H.) for all the samples are found and given in Table 4.5. It is observed
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that the values of coercivity are smaller (H. < 75 Oe), which reveals the magnetic

softness nature of the materials [81].

Table 4.5 Data for saturation magnetization, coercivity and experimental magnetic

moment.
Compositions M (emu/g) H. (Oe¢) Hexp (UB)
Lio.25Zno.s50Fe2.2504 44.04 17.58 1.77
Lio25Zno.s0Fe22504+ 0.4 wt% V205 45.61 48.46 1.84
Lio25Zno.s0Fe22504+ 0.8 wt% V205 50.26 34.50 2.03
Lio2s5Znos0Fe22504+ 1.2 wt% V205 47.28 40.56 1.92

4.5 Complex Magnetic Permeability

The complex magnetic permeability spectra strongly depend on the sintered density,
porosity and microstructure [22]. The permeability of the ferrites can be derived from
the superposition of spin rotation and domain wall motion. The high magnetic
permeability plays a crucial role due to the enhancement of the magnetic softness nature
of the spinel ferrites. Therefore, it is necessary to improve the magnetic permeability
from the applications point of view in the electromagnetic devices. The initial complex
permeability is given by u; = u; — ju;', where y; and p;' are denoted the real and
imaginary parts of initial permeability, respectively. y; indicates the stored energy
expressing the component of magnetic induction B which is in phase with the
alternating magnetic field H, while y;'represents the dissipation of energy expressing
the component of magnetic induction B which is out of phase with the alternating

magnetic field A .
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Fig. 4.8 Variation of p;as a function of applied frequency for various

Lio25Zno s0Fe2.2504+ xV20s sintered at 1050 °C.
4.5.1 Frequency dependence of complex permeability

Fig. 4.8 depicts the variation of p; with applied frequency for various
Lio.25Zno.s0Fe22504 + xV20s5 samples sintered at 1050 °C in the frequency range from 10
kHz-120 MHz at 300K. It is observed that y; remains almost constant upto some critical
frequency characterized by the onset of resonance, after a small rise, then curves drop
rapidly at higher frequency. As a consequence, y;’ gradually increased with the applied
frequency and shows a broad maximum in the higher frequency region. This behavior is

shown for all the samples. This feature is called the ferrimagnetic resonance [82, 83].

Fig.4.9 shows the variation of p;'with applied frequency. It can be seen that a sharp
decrease of y; is associated with the increase of ;. The resonance frequency is due to
the absorption of energy, which occurs when the applied frequency and the oscillation
frequency of the magnetic dipoles are matching to each other. It is clearly observed that
the value of u; increases with the addition of V20s (upto 0.8 wt%), which could be
attributed to promote of grain growth and densification of the samples or the reduction

of porosity.
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Fig. 4.9 Variation of py;'as a function of applied frequency for various

Lig25Zno s0Fe2 2504+ xV20s5 sintered at 1050 °C.

Fig. 4.10 Variation of tand, as a function of applied frequency for various

Lio25Znos0Fer 2504+ xV20s5 sintered at 1050 °C.
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However, u; was found to reduce for 1.2 wt% V205 which may be related to decrease in
the grain size. Therefore, it clearly demonstrates that the magnetic permeability is
closely related to the grain size of polycrystalline ferrite materials. It also displayed that
the resonant frequencies were shifted towards the lower frequency from 16 to 10 MHz
with the addition of V205 (upto 0.8 wt%) which expected according to Snoek’s relation,
Ui f = constant [84].

Generally, the complex permeability is derived from two different magnetizations
mechanisms such as the domain wall motion and the spin rotational magnetization. The
spin rotational component is of relaxation type in which the damping fraction is large
enough and it dispersion is inversely proportional to the frequency, while the domain
wall contribution is of resonance type and the dispersion of domain wall component

depends on the square of the frequency [67]. The permeability (1) can be expressed as
plw)= 1+ Xspin(w) + Xaw(w) (4.8)

where Ys,in1s the susceptibility due to spin or rotational motion and yg, is the

susceptibility due to domain wall motion. yg4,, and xspi, can be written as follows

3nMZD

Xaw ==~ (4.9)
2mMZ

Aspin = K (4.10)

where K is the anisotropy constant and y the domain wall energy. It is known that the
permeability spectra of the polycrystalline ferrites are affected by sintered density,
porosity and microstructural features. The domain wall motion strongly depends on the
microstructure such as D. In the present study, it demonstrates that the initial
permeability is strongly depended on D. Therefore, the increase of initial permeability
with the addition of V205 could be attributed to the sintered density, larger grain size
and reduced porosity. It is also noted that the intragranular pores might be responsible
for the pinning of the domain walls in the higher frequency region, causing the magnetic
permeability of Li-Zn ferrites to deteriorate. The frequency stability of ujis an
important factor from the applications point of view such as broad band transformer and

wide band read-write head. It is observed that all the samples have shown the flat profile
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in the permeability spectra of the polycrystalline Li-Zn ferrites with the addition of
V20:s.

Fig. 4.10 shows the variation of tand,, as a function of applied frequency for various
Lio2sZnosoFe22504 + xV20s. It is observed that the value of tand,, is high at low
frequency region, after a particular frequency, it remains almost constant. It is also
observed that a rapid increase in tand,, is found at higher frequency region. It has been
demonstrated that the phase lag between domain rotation and applied field is larger than
that of domain wall movement. Magnetic loss arises when domain rotation dominates

compared with domain wall movement [7].

4.5.2 Relative quality factor

Fig. 4.11 Variation of RQFas a function of applied frequency for various

Lio2sZnosoFex.2504+ xV20s sintered at 1050 °C.

The relative quality factor (RQF) is used as a measure of performance from the
application point of view. The variation of RQF of various Lio.25Zno.s0Fe22504 + xV20s
samples with the applied frequency is shown in Fig. 4.11. It is shown that the RQF

increases with the increase in frequency and showing a peak, after that it decreases with
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further increase in frequency. This behavior is clearly shown for all the samples. It
demonstrates that the enhancement of RQF is evidenced on V»Os addition. The peak
positions of RQF are shifted to lower frequencies as the amount of V>0Os addition, which
is associated with Snoek’s law. The sample for 0.8 wt% V20Os possesses the maximum
value of RQF which could be attributed to the larger grain size and densification of the
materials in compared to other compositions. On the other hand, the wider/broader
frequency band is found to be observed for pure Lio25Zno.s0Fe22504 system, while the
frequency band is less wider or narrower to be observed for V,Os added Li-Zn ferrites
samples due to larger value of RQF. It can be concluded that V,Os added Li-Zn ferrites

samples are performed with tiny magnetic power losses.

4.6 Electrical Properties

4.6.1 Dielectric constant and loss factor

Fig 4.12 Variation of &’ with applied frequency for various Lio.25Zno.s0Fe22504 + xV205
sintered at 1050 °C.
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Fig 4.12 shows the frequency dependent dielectric constant (¢") at room temperature for
Lio2s5Znos0Fe22504 + xV205 samples, where (0.0, 0.4, 0.8 and 1.2 wt% ). It is seen that
€' decreases with increasing of frequency and attains a constant value. The dielectric
property of the sample follows Maxwell-Wagner type interfacial polarization [85]. The
higher value of €’ was observed at the lower frequency region which may be related to
the dominant role of the interfacial polarization, while the lower value of ¢’ was found
at the high frequency region which could be attributed to the weaker role of the
interfacial and dipolar polarization. Ferrites contain well conducting grains separated by
poorly conducting grain boundaries. At high frequencies, the ferrites grain is more
efficient, while the grain boundaries are more effective at low frequency. At lower
frequencies, the charge carriers are easily accumulated at the grain boundaries. These
accumulated charges take part in polarization, which leads to high permittivity of the
materials. It can also be seen from Fig. 4.12 that the dielectric constant of V2Os added

Li-Zn ferrites are larger than that of pure Li-Zn ferrites.

Fig 4.13 Variation of &'’ with applied frequency for various Lio.25Zng soFe2.2504 + xV20s
sintered at 1050 °C.

Fig 4.13 shows the frequency dependent imaginary part of dielectric constant (&'") at

room temperature for Lio2sZnosoFe22504 + xV20s samples. It is observed that the
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variation of & with frequency displays similar behavior as real part (&) of dielectric
constant. It is well known that polarizations of the samples are depended on several
factors such as sintered density, microstructure and porosity of the ferrites [86]. The
increase of densification of V2Os added Li-Zn ferrites are contributing to enhance the
polarization resulting in higher dielectric constants at lower frequency region. It is also
found that the rate of change of dielectric constant with frequency of V,0Osadded
samples clearly displays slow decreasing trend compared with pure Li-Zn ferrites at
higher frequency, which indicates that V,Osadded samples display frequency stability
than that of pure system. According to Verwey and de Boer, the electronic exchange
(Fe’" & Fe**) occurs at the crystallographic equivalent site without any change of the
energy state of the crystal resulting in transition [87]. The frequency dependency of &’
can also be explained with the hopping mechanism at the octahedral site of spinel
ferrites. The hopping frequency of electrons cannot follow the applied ac field at the
higher frequency region. This is because the electron exchange interaction Fe**< Fe**
cannot follow the applied field due to the phase delay to line up their axes parallel with
the field direction. Therefore the dielectric constant becomes low and attains a constant

value for all the samples.

Fig. 4.14 Variation of tand; with applied frequency for various Lio.25Zno.s0Fe22504 +

xV>,0s sintered at 1050 °C.
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The dielectric loss is the inherent dissipation of electromagnetic energy as a form of
heat. There are two types of loss in a dielectric medium. i) The energy dissipation
caused by flowing of charge through a material is called the conduction loss. ii) In
dielectric loss, the dissipation of energy caused by the movement of charges in an
alternating electromagnetic field as polarization switches direction. Fig. 4.14 shows the
variation of dielectric loss factor (tandy) with applied frequency. It is observed that the

dielectric material follows Debye relaxation theory [70].

Iwauchi [88] pointed that there is relation between the dielectric property and
conduction mechanism of ferrites. Conduction mechanism is considered as the hopping
of electrons between Fe?" and Fe*" ions due to n-types ferrites. tandy is maximum when
the relation wt = 1 is satisfied, where w = 2mf, and 7 is the relaxation time, and f, is
the resonance frequency. Thus, the value of tandy is maximum when the hopping
frequency of electron is approximately equal to the applied frequency. This is due to the
effect of ferrimagnetic resonance. The value of tandy displays small value which occurs
due to the activity of conducting grains at higher frequencies. The higher value of tandg
at lower frequency region is observed due to the grain boundary effect which requires
more energy for the exchange of electron between Fe?*and Fe3* ions. The lower value
of tandy is observed at the higher frequency region, which could be related to the
inability of domain wall motion with the rapid variation of applied ac field [89]. The
lower dielectric losses of V205 added Li-Zn ferrites observed at higher frequencies may

open an avenue for the possible application in high frequency devices.
4.6.2 Ac resistivity and conductivity

Fig. 4.15 shows the variation of ac electrical resistivity (p,.) with the applied
frequency. It shows that p,. decreases continuously with increasing of frequency and
becomes a constant value at higher frequency range. It is also observed from Fig. 4. 12
that ¢ and p,. due to the addition of V,0s content in Li-Zn ferrites are in inverse
relationship to each other, which shows the normal trend of ferrites. The electrical
resistivity of V,0s added Li-Zn ferrites at a selected frequency (100Hz) are shown in
Table 4.6. It clearly shows that the resistivity was found to decrease with the amount of
V205 content (from 0.0 to 0.8 wt%) which could be attributed to the enhancement of

grain size in the samples.
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Fig. 4.15 Variation of p,. with applied frequency of various Lio25Zno.s0Fe22504 +

xV>,0s sintered at 1050 °C.

Table 4.6 Electrical resistivity of Lio.25Zno.soFe22504 at 100 Hz for different content of
V205,

V20s-content Pac
(Wt%) (MQ-m)

0.0 2.50

0.4 1.33

0.8 1.17

1.2 1.87

The hopping of electrons takes place at the octahedral site (B-site) and the amount of
iron (Fe*") ions is mainly responsible for the hopping of electronic exchange between
the localized sites. The conductivity of ferrites is given as, Oferrite = Ogc + Ogc (W)
where o4, represents the dc conductivity and o,. indicates the frequency dependent
term, known as the ac conductivity [90]. The variation of ac conductivity (o,.) as a

function of frequency at room temperature is shown in Fig. 4.16. It is observed that at
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low frequency region, the conductivity almost remains constant because the resistive
grain boundaries are much more effective than highly conducting grains. As a
consequence, the electrons jumping frequency between Fe?*and Fe3* ions become low
and insignificant in the low frequency region. While at higher frequencies, it increases
rapidly with the applied frequency due to the activity of conductive grain. This is
because the high electrical conductivity of grains is more active than poor conducting
grain boundaries. Therefore, the enhancement of conductivity could be attributed to
increase of hopping of electrons between Fe?" and Fe*" ions due to the activity of grains
of the samples in higher frequency region. It is also found that the increase of
conductivity of V205 added Li-Zn ferrites may also be related to the densification and

larger grain size of the samples.

According to Jonscher’s power law [91], the total conductivity is given by
Ototal(®) = 0gc + Bw™ (4.11)

where w(= 2nf) is the frequency, n is the dimensionless exponent quantity, which
gives the information about the conduction mechanism of the samples, Bw™ represents

the ac conductivity term due to hopping process at the octahedral site [90].

Fig. 4.16 Variation of og,. with applied frequency of various Lio25Zno.s0Fe22504 +

x V205 sintered at 1050 °C.
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Fig. 4.17 Variation of logo,. with log(®w) of various Lio25ZnosoFe22504 + xV20s

sintered at 1050 °C.

Fig. 4.17 shows relation between logo,. and logw for all the samples at room
temperature. The value of n can be obtained from the slope of the logo,. vs logw. It is
found to be in the range 0 < n < 1 which confirms that the conduction of the samples is
dependent on the frequency [92]. According to Jonscher’s power law, the variation of
logo,. with logm should be linear relation. However, the conductivity of the samples
shows a slightly deviation of linear line at the low frequency region due to mixed
polaron hopping. But, it shows that the conductivity increases with linear fashion in the
higher frequency region, which could be attributed to the small polaron hopping [89].
Therefore, the enhancement of the electrical conductivity is clearly demonstrated with

hopping conduction mechanism.
4.6.3 Electric Modulus Spectra analysis

Electric modulus study is an essential method to measure electrical properties
(conductivity, relaxation time, ion or charge carrier hopping rate, etc.) in the materials.

It also provides an alternative approach to analyze the electrical response of the
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materials. It is associated with energy-giving to the system and dissipation from it

during the conduction process.

Fig. 4.18 Real part of electric modulus spectra with applied frequency of various

Lio25Znos0Fe2 2504+ xV20s5 sintered at 1050 °C.

Macedo et al. [93] studied the electrical relaxation in the term of dielectric modulus

(M*) given by

M’ (0) = l*= ’ - a2 < = Tz « "2
€ g — je €% + ¢ g% + ¢
= M (w) + jM" (w) (4.12)
Simplifying and substituting € by &'tanédg, we get
M (w) = M (w) + jM" (w)
_ 1 4 tands 4.13)

g'(1+tan?8g) J &'(1 + tan?8g)

where M' and M"' are the real and imaginary parts of M* and these M’ and M are

calculated from &’ and £"’.
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Fig. 4.19 Imaginary part of electric modulus spectra with applied frequency of various

Lig25Zno s0Fe22504+ xV20s5 sintered at 1050 °C.

Fig. 4.18 shows the change of real part (M") of the electric modulus with frequency. It
is observed that the value of M’ is almost zero in the low frequency region, indicates the
presence of significant electrode or ionic polarization in the Li-Zn ferrites. Because of
the short range mobility of charge carriers, the dispersion is displayed in the high
frequency region. This result possibly related to the shortage of restoring force
controlling the mobility of charge carriers under the influence of an applied electric
field [94]. Tt is also observed that the value of M’ is increased with V,Os addition. Fig.
4.19 indicates the variation of imaginary part (M'') of dielectric modulus with
frequency. It is seen that M"' increases with frequency in the low frequency area and
displays a relaxation peak. In the high frequency region, M" decreases with frequency
and becomes almost merge due to limited carriers in potential wells. The low frequency
region determines the range in which way charge carriers are mobile over long distances
allowing between the grains. At frequencies above the peak, the carriers are spatially
confined to their potential wells, having mobile over short distances allowing within the
grains [66]. The observed peaks shift toward the higher frequencies with ferrite content,

indicating the mobility of carriers is from long to short range with the frequency



62

increases, [7]. The asymmetry in peak broadening refers to the presence of different
relaxation times that imply the non-Debye type of relaxation and confirms the presence

of the hopping mechanism of electrical conduction.

4.6.4 Impedance spectroscopy

Fig. 4.20 Variation of Z' with applied frequency of various Lio.25Zno s0Fe2.2504 + xV20s
sintered at 1050 °C.

The measurement of impedance is a significant factor in order to get the knowledge
about the electrical transport mechanism of Lio2s5ZnosoFe22504 + xV20s samples. The
complex impedance gives the information about the resistive (Z') and reactive (Z')
components of the samples. In order to study of the electrical conduction mechanism of
the samples, the complex impedance measurement was carried out as function of
frequency. Fig. 4.20 shows the variation of Z' with applied frequency of various
Lio25Zno s0Fe22504 + xV20s samples. It is observed that Z' gradually decreases with the
increase of frequency, which indicates that ac conductivity increases with applied
frequency for all the samples. The Variation of Z" with applied frequency of various
Lio25Znos0Fe22504 + xV20s5 is shown in Fig. 4. 21. It shows dispersion due to the

presence of space charge relaxation behavior in the material. The frequency independent
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nature of Z' and Z'' are observed at higher frequencies, which may be related to the

reduction of space charge polarization at the grain boundaries [95].

Fig. 4.21 Variation of Z' with applied frequency of various Lio25ZnosoFe22504 +

xV>,0s sintered at 1050 °C.
4.6.5 Cole-Cole plot

In order to study of the influence of grain and grain boundary on the electrical
properties of Lio25Zngs0Fe22504+xV20s, Cole-Cole plots (Z"'vs Z') have been
investigated for all the samples. Polycrystalline materials can be represented as an
equivalent circuit consists of three parallel RC circuits connected in series, which can
explain the relaxors properties of the material having the effect of grains, grain

boundaries and surface electrode, respectively [64].

Each RC element of the equivalent circuit makes a semicircle. According to the

equivalent circuit, impedance (Z*) can be written as [89]

7" = Ry ———+ Ry — —

9 jwgCy

4.14
ngbcgb ( )
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where R, and Ry, are the grain and grain boundary resistances, Cg and Cgp are grain and
grain boundary capacitances, respectively, while w, and wgy), are the frequencies at the

peak of semicircle for grain and grain boundary, respectively.

Fig. 4.22 Cole-Cole plot of various Lig25Zno.s0Fe2.2504 + xV20s,

Cole-Cole plots indicated the contribution of grain and grain boundary to the total
resistance of the sample [70]. Fig. 4.22 depicts the Cole-Cole plot for various

Lio.25Zno.s0Fe2.2504 + xV20s samples.

Fig. 4.23 indicates Cole-Cole plots of various Lio2s5ZnosoFe22504 + xV20s with fitting.
From the Nyquist plot, it is observed that all samples have shown a single semicircular
arc. A single semicircle arcs represent only one primary mechanism is responsible for
the conduction in the present study. Partial semicircles are found to be observed in all
the samples. Non-Debye type relaxation is observed due to its distorted semi-circle. It
is also observed that the areas of the semicircle are reduced for V,Os added Li-Zn
ferrites than that of Li-Zn ferrites which could be attributed to the decrease of resistance
resulting in higher conductivity of V205 added Li-Zn ferrites samples compared to Li-
Zn ferrites. It can be concluded that the semicircular arc corresponding to the

conduction due to the grain in the high frequency region, which could be attributed to
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the large grain sizes in V205 added Li-Zn ferrites [89]. Therefore, the conduction might

take place through the grain.

Fig. 4.23 Cole-Cole plots of various Lio25ZnosoFe22504 + xV20s; experimental data
(black line), fitting data (red line).



CHAPTER 5

CONCLUSIONS

5.1 Summary

The XRD diffraction patterns confirmed that all the samples have shown single phase

cubic spinel structure.

The bulk density was increased from 4.30 g/cm? for (x = 0.0) to 4.51 g/cm? for (x = 0.8
wt%), while the porosity decreases as the addition of V205 content up to an optimum

concentration.

The microstructural studies showed that the grain growth of Li-Zn ferrites is strongly
depended on V»Osaddition. The average grain sizes were increased from 5.3 (for x =
0.0 wt%) to 7.7um (for x = 0.8 wt% V20s), which could be attributed to the role of

V>0s as sintering aid to enhance the densification of the samples.

EDS spectrum indicates the existence of Zn, Fe, V and O elements. Li is not detectable
by the machine due to its light weight. As provided by the EDS spectrum, the

concentration of these components matches the ferrite structure fairly.

The magnetic hysteresis analysis demonstrated that the saturation magnetizations were
increased from 44.0 (for x = 0.0 wt%) to 50.3 emu/g (for x = 0.8 wt% V»0s). However,
the saturation magnetization was found to decrease for x = 1.2 wt% V205, which may
be related to weaken of exchange interaction due to the introduction of excess non-

magnetic V20s.

The complex initial magnetic permeability has been studied and it shows that the
enhancement of the permeability is clearly evidenced on V,0s addition, which could be
attributed to promote of grain growth and densification of the samples or the reduction

of porosity.

The dielectric constants of V2Os added Li-Zn ferrites are larger than that of pure Li-Zn
ferrites. The increase of densification of V205 added Li-Zn ferrites are contributing to
enhance the polarization resulting in higher dielectric constants at lower frequency

region.
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Frequency dependent electrical conductivity measurement demonstrated that the
enhancement of conductivity could be attributed to increase of hopping of electrons
between Fe?* and Fe*" ions due to the activity of grains in higher frequency region. It is
also found that the increase of conductivity of V2Os added Li-Zn ferrites may also be

related to the densification and larger grain size of the samples.

The complex impedance spectroscopy through Cole-Cole plot has demonstrated a single
semicircular arc, which indicates that conduction mechanism takes place predominantly

through the grain property.
5.2 Conclusions

In this study, the compactness of Li-Zn ferrites is obtained with the addition of V205
sintered at 1050 °C. The effects of V205 additive on morphology and electromagnetic
properties of the low sintered Li-Zn ferrites have been discussed in detail. The XRD
results have indicated that adding a small amount of V20Os (less than 1.2 wt%) had no
apparent influence on spinel phase Li-Zn ferrites. The bulk density increased and
porosity decreased up to the optimum V205 content at x = 0.8 wt%, and beyond that
level, ps decreased and P increased. The average grain size is maximum at 0.8 wt%
V205 content and then slightly deteriorated. This result executed the high initial
permeability and high saturation magnetization of Li-Zn ferrites. The changes of €' with
frequency have displayed the usual dielectric dispersion. Both modulus and
conductivity have exhibited polaron hopping type of conduction. Impedance
spectroscopy measurement demonstrated that the composites have only a grain effect on
electrical properties. The Cole-Cole plots have indicated that the resistance of the
samples decreased with V20s content and showed non-Debye type relaxation. The
lower value of dielectric loss for V2Os added Li-Zn ferrites indicates that it may open an

avenue for the possible application in high frequency devices.
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5.3 Suggestions for the Future Work
Further investigations on different aspects are possible for fundamental interest and
potential applications of the studied ferrite. Following recommendations are made for

further extension of the present work:

e Modssbauer spectroscopy can be performed to know the cation distribution.

e In order to know the Tc, M-T measurement may be performed for the prepared

samples.
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