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Abstract

In the present work magnetic, electric and dielectric properties are investigated for
mixed ferrite Lios@-xNixFezs.05x04 ( where x=0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) which are
prepared from high purity oxides using standard ceramic technique. The net
magnetization (M) was measured at room temperature in the range of the applied field
[200-2650 (A/m)]. The results indicated that the M decreased with increasing of the

Ni*" ijons. The highest value of M was registered for the sample of x=0.0, where the

lowest value was registered for the samples of x=1.0. The inductance was measured as a
function of temperature to determine the Curie temperature T (It is the temperature
which the material transform from ferrimagnetic to paramagnetic . It was found that,
the Curie temperature T, decreased with increasing of the Ni?* ions. Complex dielectric
constant (&), dielectric loss tangent (tans) and AC conductivity (O c) were
investigated in the frequency range of (10* —10°)Hz at room temperature. It was found
that, the & and tand were decreased continuously, while o ,. was increased with

increasing of the applied frequency.
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Introduction

Materials are called magnetic materials when they are magnetized by a
magnetic field. The intensity of the intrinsic magnetization of the magnetic
substance M is defined as the magnetic moment /., per unit volume of the
magnetic substance (Rudden and Wilson, 1984). Materials can be classified in terms of
their magnetic behaviour, depending on their magnetic susceptibility x,, values, which
change with the applied magnetic field intensity as well as temperature, into one of five
groups diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic
(Chikazumi, 1964). These groups are illustrated in figure (1.1).

I. Diamagnetism

Diamagnetism is described for the materials that have a very weak magnetism that
results from changes induced in the orbits of electrons in the atoms of a substance by an
external magnetic field. They are composed of the atoms which have no net magnetic
moment. However, when they expose to an external field, their M acts in the opposite
direction of the applied magnetic field H then a negative magnetization is produced and

thus; the magnetic susceptibility is negative ( x,, <0).

Ii. Paramagnetism
In paramagnetism, some of the atoms or ions of the substance have a net orbital or
spin magnetic moments due to unpaired electrons in partially filled orbitals. In the
presence of an external magnetic field, there is a partial alignment of the magnetic

moments in the direction of the field resulting in a net small, positive susceptibility

(xm > 0), when the field is removed the magnetization is zero .
Ii. Ferromagnetism
Ferromagnetic materials have some unpaired electrons so their atoms have i, .

Ferromagnetism is described for the materials which their spins are aligned parallel to
each other when applied an external magnetic field such that alignment is almost
complete over small regions with a particular overall spin orientation are termed

domains. This strong spin alignment leads ferromagnetic materials to have a large,
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positive susceptibility. They exhibit a strong attraction to magnetic fields and are
able to retain their magnetic properties after the external field has been removed. Above

a critical temperature, called Curie temperature point T. the thermal motion is

sufficient to offset the aligning force and the material becomes paramagnetic.
iv. Antiferromagnetism

Antiferromagnetism is described for the materials which have a weak magnetism.
It is exhibiting a small, positive magnetic susceptibility. The simplest model structure of
these materials consists of two magnetic sublattices with the same magnetic moments,
thus; their net magnet moment is zero. The individual magnetic moments on each
sublattice are aligned ferromagnetically with antiparallel coupling between the two
magnetic sublattices. Above a critical temperature, called Neel’s temperature point Ty,
thermal energy is sufficient to disorder the individual magnetic moments in
antiferromagnetic materials which become paramagnetic.

v. Ferrimagnetism

The structure of the ferrimagnetic materials is composed of more than two
magnetic sublattices which are separated by oxygen ions. Therefore, the exchange
interactions are mediated by the anions (oxygen,O% ions). When this happens, the
interactions are called indirect or superexchange interactions.
The strongest interactions tend to an antiparallel alignment of the spins between the
two sublattices. In these materials, the magnetic moments for the two sublattices are not
the same, so the net magnetization of these materials is not zero. Their magnetic
moments disappear above Curie temperature point T. at which the thermal energy
randomizes the individual magnetic moments and then these materials become
paramagnetic. The colour of this material varies from silver grey to black.
Classification of Ferrimagnetic Materials

Ferrites are dark brown or grey in appearance and very hard and brittle in physical
character. They are prepared by heat-treating the various transition metal oxides or

alkaline earth oxides with the ferric oxides (Snoek, 1947). There are many compounds



of these materials, which classified in term of either their crystal structure or their
applications.

1. According to the crystal structure

There are many compounds of these materials which classified by a term
descriptive of their crystal structure. These types are (Morrish, 1965)

i. Ferrimagnetic spinel materials in the form MeFe,O4 , where Me is a divalent
metal atom of the same type, which may be either magnetic or non-magnetic,
such as Ni, Zn, Cu, Fe, Co, Mn, Mg or Cd , e.g. nickel ferrite NiFe,O4 and zinc
ferrite ZnFe, 0,4 also, their combination, e.g. the mixed Ni- Zn spinel ferrite.

ii. Hexagonal oxides in the form MeFe1,019, Where Me such as Ba, Sr, Pb and their
combination, e.g. barium ferrite BaFe;,019.

iii. Ferrimagnetic garnet materials in the form UsFesO1,, where U is replaced by the
trivalent rare earth ions, such as Y, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb or
Lu. The rare earth garnets are commonly called RIG’s. The commonly example
for these materials is yttrium iron garnets YIG’s in the form Y3FesOss».

2. According to applications

Ferrimagnetic materials have become available as practical magnetic materials and
have a number of important scientific and technological applications. This may be
attributed to (Tayal, 1998)

a. They have relativity large saturation magnetization.

b. Their resistivities ranged between 10°Q.cm t010**Q.cm .

c. They are poor conductors of the electricity, specially, at room temperature.

These properties are valuable in the high frequency application, where the eddy current in
the conducting materials poses problems. Ferrimagnetic materials are divided into four
groups for applications, which are described in (Dawoud, 1997) as:

I. Hard Ferrites (Permanent Magnets)

Materials used for this application are barium ferrite BaFe;,019 and strontium
ferrite SrFe;,019. These are hexagonal ferrite with a crystal structure of magneto—
plumbite PbFe;,019. These materials are characterized by a high value of the uniaxial

anisotropy field and a high coercive force. In addition, their resistivity is high, typically



10%C.cm. The high coercive force allows these materials to be used as focusing
magnets for television tubes, where there are strong demagnetization field. The high
resistivity permits their use as permanent magnets where there is additional high
frequency magnetic flux without eddy current losses (Smit and Wijn, 1959; Snelling,
1964).

ii. Soft Ferrites

Soft ferrites are ferrimagnetic materials with cubic crystal structure and they are
characterized by chemical formula MO-Fe,O3, where M is transition metal ions like
Iron, Nickel, Manganese or Zinc.
The essential requirement is materials with high permeability, low coercive force, low
eddy current losses and the ability to operate up to frequencies of 10 MHz with special
requirements extending to1000 M Hz. The initial permeability of the manganese and the
nickel ferrite is rather low, about 250 (H-m™') and 10 (H-m™"), respectively. If these
materials are combined with zinc, the anisotropy is lowered and the permeability
increases to about 1000 (H-m™") for the mixed Mn-Zn ferrite and 700 (H-m™') for the
mixed Ni-Zn ferrite. The latter has the higher resistivity and lower losses with higher
permeability (Snelling, 1969).

Iii. Rectangular Loop Ferrites

Rectangular Loop Ferrites are ferrites which have a rectangular hysteresis loop.
This property makes them suitable for use in a magnetic memory core. Ferrite
communities used for this application are the mixed Mn—Mg ferrite and the mixed Li-Ni
ferrite (Albers, 1954; Peloschek, 1963).

Iv. Microwave Ferrites

The processing of electromagnetic waves which is done in the frequency range
from 1GHz to 100 GHz are applications of Microwave Ferrites. This processing depends
on the interaction of the electromagnetic waves with the processing spin moments in the
ferrites. The discussion is restricted to one of the most important of those processes
known as Faraday rotation. This is the rotation of the plane of polarization of a plane
electromagnetic wave as it travels through the ferrites in the direction of the applied

magnetic field. The most application of the Faraday rotation is to use waveguide just as



one uses polarizer and analyser in optics to accept or reject plane polarized wave. The
most important microwave ferrites are manganese ferrite, nickel ferrite, cobalt ferrite
and the mixed Ni—Mn ferrite (Lax and Button, 1962).

Aim of this Study

The aim of this study is to investigate the effect of nickel ions on the magnetic,
electric and dielectric properties of mixed Li-Ni spinel ferrite. AC circuits are used to
study the above properties for the mixed Li-Ni spinel ferrite which was prepared by
standard double sintering ceramic technique and have chemical formula of
(Liosa-xNixFez505:04 ) Where X is the percentage of Ni%* ions in the compound which

changes in steps of 0.2 according to 0.0 <x <1.0 .
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Theoretical Background



CHAPTER 1

Theoretical Background

Ferrites are magnetic oxide materials with semiconducting nature, which are of
great technological importance by virtue of their interesting electrical and magnetic
properties, so it is important to introduce a theoretical preview about structure, magnetic,
electric and dielectric properties of ferrites, which includes in this chapter.
1.1 Structure of Spinel Ferrite Materials

Ferrimagnetic spinel ferrites are the most common compound of the ferrimagnetic
materials. The concept of the simplest structure of the ferrimagnetic spinel materials
includes two magnetic sublattices. The structure of the ferrite affects the physical
properties of these ferrite materials.
1.1.1 Spinel Lattice Structure
The term ferrite denotes a group of iron oxides which have the general formula "MO.
Fe,O3", where M is a divalent metal ion such as Mn?*, Fe**, CO*, Ni?*, Cu?*, Zn*,
Mg®* or cd®*. Magnetite FesO. (or FeO. Fe,05) is a typical ferrite which has been a well-
known magnetic oxide since ancient times. By replacing the divalent iron in Fe30,4 by
another divalent ion, ferrites can be produced which have different intensities, of
intrinsic magnetization. Furthermore, just as we can get various magnetic alloys by
mixing a number of metal elements, by mixing two or more kinds of M?* ions we can

obtain mixed ferrites, which show various interesting and useful magnetic properties As

shown in figure (1.2), A ions fill the tetrahedral interstices, i.e. T, sites, and B ions fill

the octahedral interstices, i.e. O, sites, of the cations packing (Gorter, 1954). The lattice

constant” a” for these materials varies with the compositions, it is about 8.5A°. Figure
(1.3) shows an isolated O ion with its nearest neighbours of the A and B ions
(Dawoud, 1997). Oxygen atoms have an ionic radius of about 1.32 A’, this is larger than
the ionic radius of the metal ions, which varies between 0.6 A" to 0.8 A” (Chikazumi,
1964). Spinel lattice distribution is affected by many factors like electrons configuration,

electrostatic energy and ionic radii, this tends that, the metal ions occupy the interstitial



position sites of the spinel lattice structure, which can be classified into two groups
(Dawoud, 1997)

i. The T, sites interstices are filled by the A ions, which have the ionic charge p
and surround by four O* ions. They are represented by the bracket ( ).
ii. The O, sites interstices are filled by the B ions, which have the ionic charge q

and surround by six O% ions. They are represented by the bracket { }.

Figure (1.2): Two octants of the unit cell of the spinel lattice structure A ions are at T,

sites and B ions are at o, sites of the Z*" anions packing.

(1/4)a

Figure (1.3): An anion Z? in the spinel lattice structure with its nearest cations

neighbours.
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In the spinel lattice structure, the anions have a negative charge equal (-8), which
comes from the four O® ions. Therefore, the total sum of the ionic charge of the cations,
i.e. p and q, should be equal (+8). There are various possibilities of the ionic charge
distribution of the cations of the spinel lattice structure which depend on the A and the B
ions, while the cubic closed- packed lattice of the material is the same. The various
possibilities of p and g values were listed in Table (1.1) (Verwey and Helimann, 1947).

Table (1.1): Various possibilities of the ionic charge distribution of the cations of the
spinel lattice structure.

lonic charge value | |onjc Charge Distribution of : .
P ] Spinel Lattice Type of Spinel Materials
2 3 (AFWBIYZZ (2-3) Spinel Type.
4 2 (AM{BYZE (4-2) Spinel Type.
3 5/2 (A¥UBSyZ% (3-5/2) Spinel Type.
6 1 (ATNHB;YZ5 (6-1) Spinel Type.

The common type of the spinel lattice structure is (2-3) spinel type, which
have the highest electrostatic stability in the normal cations arrangement (Verwey,
Deboer and Vansanten, 1948). Hence, the A and the B ions have various
distributions, this makes a change in some of the physical properties of these materials.
The simplest example for the ferrimagnetic spinel materials are the spinel iron, e.g.
magnetite (magnetic oxide of iron) in the form (FeZ*Fe3*02™). Several mixed spinel
ferrites can be produced by adding different oxides to the iron oxides, which give useful
physical properties for several applications.

1.1.2 Types of Spinel Lattice Structure

The distribution of the metal ions at T, and O, sites is very important to

understand the physical properties of the ferrimagnetic materials. More than one type of
this distribution is found at the two sites for the materials in the form MeFe,O,.

These types are described by (Dawoud, 1997) as:

11



i. Normal Spinel Structure: In this type, all the Me** divalent metal ions are
found on the T, sites and the Fe®" trivalent iron ions appear only on the O, sites. The
formula of this type is found in the form

(Me*"){Fe; 3O
ii. Inverse Spinel Structure: In this type, all the Me?* divalent metal ions are

found on the O, sites and Fe** trivalent iron ions are distributed in equal numbers over

T, and O, sites. The formula of this type is found in the form
(Fe3+){Me2+FES+}O4—
lii. Intermediate Spinel Structure: In the intermediate spinel structure the

divalent metal ions Me®* and the trivalent iron ions Fe®" are distributed on the T, and

O, sites. The formula of this type is found in the form

(Fe3t*Me?t) { Me2*Fe}* } 02~

1.1.3 The Factors Affecting on the Structure
There are some factors which can be influence the distribution of the metal ions over the

T4 and O, -sites. These factors are:
I. The lonic Radius:
According to the oxygen distribution we can evaluate that T, -site is smaller than O, -

site. So, one might expect that the smaller ions will prefer to occupy the tetrahedral sites.
Trivalent ions are usually smaller than divalent ions, and this tends to favor the inverse

structure.
Ii. The Electronic Configuration:

Certain ions have a special preference for a certain environment, e.g., Zn** (4s* 3d'%)
and cd®* (5s* 4d™) preferences for T, -sites where their electrons can form a covalent

bond with the six 2P electrons of the oxygen ions.

12



iii. Electrostatic Energy or ""Madelung’ energy of the spinel lattice:

This is the electrostatic energy gained when the ions, at first thought to be infinitely far
apart, are brought together to form the spinel lattice. In the normal arrangement the
metal ions with smallest (+ ve) charge are surrounded by 4 oxygen ions, and the metal

ions, which is electrostatically most favorable.

1.2 Magnetic Properties of the Ferrimagnetic Materials

The ferrites are ionic compounds, and their magnetic properties are due to the
magnetic ions they contain. Since it is difficult to calculate the orbital magnetic
moments in the ionic crystal, the intensity of the intrinsic magnetization of the

ferrimagnetic spinel materials can be explained according to the spins distribution of the
magnetic ions at the T, sites and the magnetic ions at the O, sites that shown in figure

(1.4) (Dawoud, 1997; Lovell, Avery and Vernon, 1976) . It arises usually from the spin
magnetic moments of the unfilled shells 3d, for the transition elements, where the
superexchange interaction between the sublattices and the six-2p oxygen electrons
occurred. Such that an alignment of spins should be expected from the nature of the
superexchange interactions. The superexchange interactions between the two cations;
via an intermediate O°* ions are greatest, if the three ions are collinear and their

separations are not too large.

Figure (1.4): Spins distribution at T, and O, sites.

The ions arrangement in the spinel lattice is likely to be most important as is shown in
figure (1.5 a through e) (Morrish, 1965; Smit and Wijn, 1959). For the situation depicted
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in figure (1.5) both the angle ¢ and the distance between the ion cores are favorable for
superexchange interactions. For all the other cases, either the angle of figure (1.5 c) or
the distance of figures (1.5 b and 1.5 d), or both figure (1.5 e) are unfavorable. The
conclusion is that the interactions between the sublattices are stronger than those within

them. Further, these interactions between the ions within the T, sites are the weakest of

all. This result thus, supports the assumption that the sublattices magnetizations are

antiparallel.
I, -0, 0,-0, I, -I;
interaction interaction interaction
@ =125=9" @ =154 “34" =00 @ =125°2" @ =T79°38"
(a) () () (d) (e}
O @ @o

Figure (1.5): Super exchange interactions between the anions, O* ions, and the cations,
the T, and the O, sites.

1.2.1 Magnetization Process of the Ferrimagnetic Materials

The relation between the flux density, B (wb.m), and the applied field intensity,

H (A.m™), is not linear for ferrimagnetic materials. It depends on the previous magnetic

history, mechanical and thermal properties as well as on the treatment of the materials
being tested. When H is applied to the ferrimagnetic substance, the resulting B is
composed of the free space and the contribution of the aligned domains. The B can be

expressed as following (Crangle, 1991)
B=4, (H+ M) (1.2)
where

Uy =4m x 1077 (wb.m/A) is the permeability of the free space.
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H (A.m™) is the applied magnetic field intensity.
M (A.m™) is the intensity of the intrinsic magnetization of the substance.
Equation (1.1) is exact for all substances including ferrimagnetic materials. It is

useful to define M by

M= ¥, H (1.2)

where ¥, is a dimensionless quantity which is known as the magnetic susceptibility of

the material. Substituting equation (1.2) into equation (1.1), this gives
B =4, (+ 7)) H
B=lMH= uH (1.3)
where 4, =1+y, is a new dimensionless quantity which is known the relative

permeability and U (U = KM, ) is the permeability of the substance.

1.2.2 Ferrimagnetic Domains

All ferrimagnetic materials consist of many microscopic regions called Wiess
domains (Ferroxcube, 2002), within them all the magnetic moments are aligned in the
same direction. These domains have a volume of about 10™** m* to 10® m® and contain
10" to 10**atoms (Serway, 1996). The magnetizations within the domains are called the
intrinsic magnetization per unit mass at temperature T and its value at zero H is the
spontaneous magnetization. The saturation magnetization (Ms) is the value of the
spontaneous magnetization at zero temperature (Crangle, 1991).

In unmagnetized sample of the ferrimagnetic substance, the domains are randomly
oriented; therefore, 4, 1s zero. As shown in figure (1.6 a), the domains are randomly

oriented since there is no external magnetic field applied to the unmagnetized sample.
When H increases, the domains become more aligned in the direction of H by rotating
slightly until all of them are nearly aligned as shown in figure (1.6 d). At this state, the
saturation condition corresponds to the state where all domains are in the same direction

parallel to H, which results in a magnetized sample (Ferroxcube, 2002).
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Figure (1.6): Alignment of Wiess domains.

1.2.3 Molecular Field Theory of the Ferrimagnetic Materials

Neel (Neel, 1948) considered that, a ferrimagnetic crystal lattice could be divided into

two magnetic sublattices or groups, i.e. T, and O, sites, in the spinel lattice structure,

where their magnetic moments are not equal, so that, a net magnetic moment is found.

He supposed the existence in the material of one type of magnetic ion only, of which a
fraction 2 appeared on T, sites and a fraction 1 on 0, sites. Thus

A+p=1
The remaining occupied lattice sites were assumed to house only ions of zero magnetic
moment. Considering a simple ferrite of the form MFe,0,, which satisfies Neel's

assumptions, the magnetic ions are trivalent ferric Fe*. M is non-magnetic and the

formula might be written,

Fe , M Fe M Fe , M Fe M

( 24 122 A 2-2 2/1}04 or | 24 122 1 2l 2/1}04,
where the The T, sites are represented by the bracket ( ) and 0, sites{ }.

Since an ions on T, has near neighbors both T, and O, -sites , as has an ions on O, -
sites , there are several interaction between magnetic ions to be considered and these

may be classed as - T, -T4, O, -0O,, T4 -O,, and O, -T, (where T, -T, refers to the

16



interaction of an ion on an T, sites with its neighbors also on T, sites, with similar
definitions for the other term). In the Neel theory it is assumed that the T, - O, and O, -

T, interactions are identical and predominate over T, -T, and O, -O, interactions, and

are such as to favor the alignment of the magnetic moment of each A-ion more or less
antiparallel with the moment of each B-ion. Thus for the ferrites considered above,
assuming each ferric ion to have a moment of 5 Bohr magneton (ug ), the moment of the
ferrite "molecule” would be 2(4 — ) 5 ug instead of 2 (1 + w) 5 ps , which would occur
with parallel orientation of all the moments. The Neel theory predicts magnetic moments
which may be much smaller than the sum of the moments of the constituent ions. This is
experimentally observed. Clearly, Neel's assumption that only one type of magnetic ion
is present will rarely be met, but it has been found that the general features of ferrites
may be adequately represented on the Neel model, with suitable qualitative
modifications.
Neel defined the interactions within the material from the Weiss molecular field view
point. The magnetic field acting upon an atom or ion is written in the form

H = Hx+ Hp, (14)
where Hx is the externally applied field and Hy, is the internal or molecular field which
arises due to interactions with other atoms or ions within the material.
When the molecular field concept is applied to a Ferrimagnetic material we have

Hr = Hr + Hro, Ho = Hoo + Hor (15)

Here the molecular field Hr, acting an ion on an T, -site, is represented as the sum of the
molecular field Hyr due to neighbors on T, -sites, and Hro due to its neighbors onO,, -

sites. A similar definition holds for the molecular field Ho, acting on an ion on Oh -sites.
The molecular field components may then be written as
Hrr =yt M1, Hro = Y10 Mo (1.6)

Hoo =Yoo Mo, Hot = Yor Mt (1.7)
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where the y's are the appropriate molecular field coefficients and Mt and Mg are the

magnetic moments of the T, and O, -sites. It may be shown that,

YT10=YT10 but YT # Yoo
Unless the two sublattices are identical. Neel showed that yto < O, favoring antiparallel
arrangements of Mt and Mo, gives arises to ferrimagnetism.
It is the convenient first to examine the effect of magnetic fields of the form shown in
the egns (1.6) and (1.7) upon the macroscopic magnetic properties of ferrimagnetic in
the high temperature ranges where paramagnetic susceptibility values are observed.
In an assembly of N free paramagnetic ions per unit volume, each with angular
momentum quantum number J, the magnetization is given by (Morrish, 1965) :
M=NgJ s B; (X) (1.8)

where By(x) is the Brillouin function, using mathematics and under a certain condition
one can get (Zaki, 1992):

M = po N g2 p? g J(F+1) H/3KT (1.9)
where K is the Boltzmann's constant and T is the absolute temperature. Thus the

volume susceptibility defined as y,, = M/H is given by
7= 1N @° p? g. J(J+1)/3KT = C/T, the Curie law.
If the magnetic field in the Curie law is taken to be (Hx+Hy). Then we have

M/(H+Hpn)= M/ (H+YM) =CIT (1.10)
and this leads to the Curie-Wiess law

2 =CI (T-T¢) (1.11)

Since Tc =4 C, this affords a method for the experimental determination of the
molecular field coefficient.
Writing y,= (M/Hx) and M= Mt + Mg it follows after the necessary algebraic

manipulation, and following Neel we can get, (Neel, 1948) :

1 7.1 7 (1.12)
Xm C Xmx T-0

where
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= Yo (2Au -2’ — 12B)

A mx
0=yroAuC (@2+a+p),
n=Yr0 A CAQL+a)-pn(1+p)]*,
a=(yrr/yro)and B =(yvoo! yro)
The first two terms on the right hand slide of equation (1.12) give the Curie-Weiss form
of temperature dependence of Zifound in ferromagnetic above the Curie point, but the
final term has no counterpart in the ferromagnetic case.
Equation (1.12) represents a hyperbola, shown diagrammatically in figure (1.7). As
would be expected well above the Curie point, ferrimagnetic interactions play little part
and the hyperbola is asymptotic to the line

1 7T 1
I C tm

Which cuts the temperature axis at Ta = - C/Xnx. Neel called this the asymptotic Curie

(1.13)

point. The paramagnetic curie point T, is found by equating ito zero and vyields ,

m

(Neel, 1948) :
To= Y1 (g + B+ {(Aax - W B) + 4 Ak . (1.14)

Clearly if T is negative, the material remains with paramagnetic values of susceptibility
down to the absolute zero of temperature. But, when T, > O,

Xm becomes theoretically infinite at this temperature, below which a spontaneous

magnetization of the material appears and remains finite as the applied magnetic field is

reduced to zero.
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Figure (1.7): Inverse magnetic susceptibility of the ferrimagnetic materials above the

T, according to the molecular field theory.

1.3 Electric Properties of the Ferrimagnetic Materials

The electrical properties of ferrites are sensitive to preparation method, sintering
temperature, sintering time, rate of heating and rate of cooling (Kulkarani, Todhar and
Vaingankar, 1986; Rezlesus and Rezlesus, 1974). The study of electrical conductivity
produces valuable information on behavior of free and localized electric charge carried
in the sample.
1.3.1 Conductivity of the Ferrimagnetic Materials

The conductivity o of the ferrimagnetic materials depends on temperature and the
measuring frequency of the applied field. This is controlled by the cations concentration
on the sites of the spinel lattice structure (Patil, Sawant, Patil and Patil, 1994). Therefore,

their conductivity can be expressed according to (Chikazumi, 1964)

oe &/ (1.15)

O':0
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where o. is temperature dependent constant, E, represents the activation energy, which

is the energy required to release an electron from the ion for a jump to the neighbouring
ion, so that, giving rise the electric conductivity, and K is Boltzmann constant .
Almost all of the known ferrimagnetic materials are poor conductors of electricity, the

resistivity p of the ferrites at room temperature varies from 107°Q.cmto10'Q.cm,

which depends on the chemical composition (Smit and Wijn, 1959).
1.3.2 Conduction Mechanism in the Ferrimagnetic Materials

The conduction mechanism in the ferrimagnetic materials is different and much
less understood in comparison with the elements in-group IV semiconductors such
silicon and germanium (Patil et al, 1994).
In the ferrimagnetic materials, the concentration of the charge carriers is larger than
semiconductor materials (Verwey, Deboer and Vansanten, 1948). The nature of charge
carriers in ferrimagnetic oxides have been the subject of many experimental and
theoretical studies, however, until now no conclusive theory has been formulated for
conduction mechanism in these materials (Mazen, Ghani and Ashotr, 1985).
The conduction mechanism is attributed to the hopping of the electrons between Fe**
ions and Fe** ions. The Fe?* ions are considered the donors that contain extra electron,
which will jump to the adjacent Fe®* ions easily and will constitute the electrons
conduction. The oxidation of the divalent iron ions reduces donor content in the material
such that, the electric resistivity is increased (Cheng, 1984).
The conductivity in ferrites associates with the presence of the ions for the element in
more than one valence state; these ions are distributed over the crystallographically
inequivalent sites (Patil et al, 1994). The conduction mechanism of the ferrites depends
on temperature. Therefore, the conductivity will be described as in equation (1.15).
The detailed behaviour of the complex compounds such that ferrimagnetic materials are
not well understood. In general, the conduction at lower temperature is due to hopping

electron between Fe*" <> Fe® jons (Uitert, 1956), whereas at a higher temperature is

due to the hopping polarons (Klinger, 1975; Klinger, 1977)
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Since the mobile carriers have spin magnetic moments, they are strongly influenced in
their motion by the direction of spins on neighbouring sites. And they can polarize the
lattice sites. Therefore, the combination of the mobile carriers and lattice polarization is
known as a magnetic polaron (Lovell, Avery and Vernon, 1976).

It is found that, the neighbouring spins forming a” magnetic polaron”. However, the
motion of the polaron is always characterized by a large effective massed and low
mobility. If the polarization is much localized the polaron is called small polaron and
usually moves by thermal activation. At high temperatures, the electron moves from site

to site by thermally activated hopping; at low temperature the electron tunnels slowly
through the crystal (Kittel, 1976). In the neighbourhood of T. thermal vibrations are

disordering spins. The motion of a charge carrier may be strongly influenced by the

scattering produced by the disordered spins.

1.4 Dielectric Properties of the Ferrimagnetic Materials

The polycrystalline ferrites, which have many applications at microwave
frequencies are very good dielectric materials. The dielectric properties of the ferrites
depend on several factors including (Ravinder and Latha, 1999) the method of
preparation, sintering temperature, sintering atmosphere, frequency applied and
chemical composition.
When a ferrite powder is sintered under gradually reducing conduction the divalent iron
ions are formed in the bulk. This leads to high conductivity ferrite grains, which has a
very high dielectric constant ¢ (Eatah, Ghani and Faramawy, 1988). The electrons
exchange interaction between the Fe”" ions and the Fe®* ions result in a local
displacement of the electrons in the direction of the electric field. This determines the
polarization of the ferrites. Therefore, the Fe*" ions play a dominant role in the
mechanisms of the conductivity and the electric polarization. The concentration of the
Fe?*ions depends on sintering temperature and sintering atmosphere (Reddy and Reddy,
1991).
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In order to obtain quantitative information about the behaviour of the ferrite,
precise impedance measurements were carried out with disks of several compositions. In
general, the dielectric constant is roughly inversely proportional to the square root of the
resistivity. Both quantities depend on the measuring frequency of the applied field (Smit
and Wijn, 1959).
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CHAPTER 2

Literature Survey
This chapter contains some of the previous studies for various ferrite systems
which have the same trend of the subject of the mixed Li-Ni spinel ferrite. Some of these
studies have illustrated the magnetic, the electric and the dielectric properties for

different ferrite systems.

2.1 Magnetic Properties

Venkataraju et al, (Venkataraju ,Sathishkumar and Sivakumar, 2010), studied
Nanoparticles of Mngs.9NixZngsFe,04 (x= 0.0, 0.1, 0.2 , .0.3 ), it has been
synthesized by chemical co- precipitation method . Magnetization decreases with
increasing Ni concentration except for x=0.3, where it shows increasing trend. This is
due to migration of Fe® ions from B — site to A — site , which reduces the B — B
coupling and there by the spin in the B sublattice . The Curie temperature was found to

decrease with increase in nickel concentration except for x=0.3, where it shows arise.

Sattar et al, (Sattar, El-Sayed and Agami, 2007), studied the effect of Ca
substitution on the physical and magnetic properties of Lio3s.05:ZNosCaxFes;-95.04
ferrites (x=0.0, 0.01,0.02,0.03 and 0 .05) prepared by the standard ceramic method. It is
found that the saturation magnetization increases up to x= 0.01 and then it decreases. On
the other hand, the initial permeability decreased while the Curie temperature remained

almost constant with increasing X.

Jadhav, (Jadhav,2001), studied the magnetic properties for the Zn** ions

substituted on the mixed Li-Cu ferrite in the form LiCu,,Zn,, ,.Fe,..O,. He showed

2+s
that, the magnetization increased with increasing of the Zn*" ions until it reached the

maximum value for s = 0.3, then it decreased by adding the Zn** ions. He noticed that,

the initial permeability increased slowly with increasing of temperature till reach a
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maximum value and then it sharply dropped to zero at Curie temperature point, which

decreased continuously with increasing of the Zn*" ions.

2.2 Electric Properties

Dawoud et al,( Dawoud, A- Ouda and Shaat ,2017), studied the electric properties
of the mixed polycrystalline ferrites Zn,_¢Ni,Fe,0, , the AC electrical conductivity (o4¢)
over a variable angular frequency in range of [(6 —628) X 10*(rad.s™1)] at room
temperature. g4 shows a continuous increasing with the increasing of the applied

angular frequency.

Nilima et al, (Nilima, Maisnam and Phanjoubam, 2015), studied the electric
properties of the Li-Ni ferrite With the formula of Li4s.05xNio1C0OxF€(.45.05¢0x4
prepared by the chemical sol- gel method . The studied of the frequency variation of

A.C. conductivity found to increase with the increase of frequency. The substitution of

Co”" plays significant role in influencing the various structural and electrical properties .

Venkataraju et al, (Venkataraju et al, 2010), Studied the electrical properties of nano-
particles of Mn(sxNixZnosFe04( x= 0.0, 0.1, 0.2 , .0.3 and 0.5) have been
synthesized by chemical co- precipitation method. The resistivity was found to increase

with increase in Ni concentration and decrease with increase in temperature.

2.3 Dielectric properties

Dawoud et al,( Dawoud et al, 2017), studied the Dielectric Properties of the mixed
polycrystalline ferrites Zn,_¢Ni Fe,0,, for different concentration of Ni content. Double
probe electrode method was used to measure the real dielectric constant (¢'), the
imaginary dielectric constant (¢") and the dielectric loss tangent (tan J) over a variable
angular frequency in range of [(6 — 628) x 10*(rad.s™1)] at room temperature. The
results obtained from the dielectric parameter for all the samples decreases with

increasing of frequency, which indicated to normal spinel ferrite behavior. The variation
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of AC conductivity and dielectric parameters were explained on the basis of electronic
exchange between

Fe** +e~ < Fe? or Ni? +h" < Ni*".

Aravind et al, (Aravind, Raghasudha and Ravinder, 2015), studied the dielectric
properties for the Nano crystalline spinel ferrites having compositional formula Ligs.
0.s5xNixFes s—05:04 (where x= (0.0 to1.0 with step of 0.2) have been prepared by non-
conventional low temperature citrate gel auto combustion method. The dielectric
parameters like dielectric constant, dielectric loss tangent (tans) and AC conductivity of
the prepared samples were measured by using Agilent E4980A precession LCR meter at
room temperature in the frequency range 20-2MHz. The dielectric constant(g), dielectric
loss tangent (tan 6) and AC conductivity of the prepared samples shows a normal
dielectric behavior of ferrites with frequency which indicates the dielectric dispersion is

due to hoping of electrons between the Fe** and Fe®" ions.

Pathan and Shaikh, (Pathan and Shaikh, 2012), studied the dielectric properties for
the mixed ferrites of Ligs Nig2s-05x C0Oosx ZNnosFe;O4 (where x=0, 0.1, 0.2, 0.3, 0.4
and0.5), were prepared using auto combustion method. The dielectric parameters
measured at room temperature in the frequency range 20Hz — 1MHz using a HP4284
impedance analyzer. Plots of dielectric constant (€) vs frequency show normal dielectric
behavior of spinel ferrites. The frequency dependence of dielectric loss tangent (tan d) is
found to display a peak at certain frequency. The composition and frequency
dependence of the dielectric constant and. dielectric loss tangent is explained in terms of

ferrous ion concentration.
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CHAPTER 3

Experimental Techniques
In this chapter, the experimental techniques will be explained. It includes a
description of the preparation method of the ferrite samples “Oxide Method”. The
method of measuring the induction as a function of temperature and the magnetization
as a function of a magnetizing field will also be described. In addition, The apparatus
and the electric circuits that used will be illustrated in this chapter.

3.1 Preparation of Samples

The mixed Li-Ni ferrite samples in the form [LiO_S(H)NiXFe2.570_5X04J, where X is

the precentage increment of Ni** ions in the compound which changes in a step of 0.2
according to 0.0<x<1.0. It prepared using the standard double sintering ceramic
technique by mixing pure metal oxides according to the folllowing solid state reaction
0.25(1—x)Li,CO; + xNiO + (1.25—-0.25x) Fe, O, — Liy 5, ,,Ni, Fe, 5 45,0, +0.25(1-x)CO,
Pure metal oxides with purity of 99.99% were used for the preparation of the
investigated polycrystalline ferrite samples. Table (3-1) shows the weight of each metal
oxide.

Table (3.1): Weight of each oxide used to prepare the various samples for the mixed i-
Ni spinel ferrite.

X The Result M.Wt. of Li,CO, | M.Wt. of NiO M.Wt. of Fe,O,
Composition (gm) (gm) (gm)
0.0 Li,.Fe, .0, 1.7841 0.00 19.2785
0.2 | Liy,Ni,,Fe,,O, 1.3906 1.4057 18.0319
0.4 | Liy,Ni,,Fe,,O, 1.0168 2.741 16.8478
0.6 | Liy,Ni,.Fe,,0, 6613 4.011 15.7215
0.8 | Liy,Niy,Fe,,0, 32278 5.2205 14.6489
1.0 NiFe,O, 0.00 6.3736 13.6264
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The compositions were weighted using a sensitive electric balance (Strtorius AG
Gottingen model BA1105) with accuracy of 10~ gm. Twenty grams of the metal oxides

for each preparation of each sample were prepared.

The weighted metal oxides were mixed then grounded to a very fine powder for 5 hours.
The mixed powder of the metal oxides were presintered at 750°C for soaking time of 3
hours using Muffle Furance (BIFATHERM model A C62) .

Then The prefired powder was well grounded for 3 hours, then samples were pressed

with hydraulic press under constant pressure of 3x10° pa. Some samples were pressed
in the form of a disc shape which have a diameter 10.4mm with thickness t (3-5)mm, but

others in the form of a toroidal shape which have an outer radius r, of 8.24mm and
inner radius I; of 3.98mm with thickness t (3-5)mm.

All samples were sintered at 1000°C for soaking time of 20 hours using a Muffle
Furances (BIFATHERM model A C62). After sintering, the samples were left to cool to
room temperature over the night. After cooling, the disc samples were polished to
obtain the form of circular discs with two uniform parallel surfaces which may be
suitable to find the AC electric conductivity, the dielectric constant and the dielectric
loss tangent. The toroidal samples were polished to obtain a uniform shape to be suitable

to find the magnetization properties and to determine Curie point temperature .

3.2 Characterization of the Magnetic Properties

The measurement of the magnetization M is based on Faraday’s law of the
electromagnetic induction, using the toroidal sample as shown in figure (3.1). The
toroidal samples of the ferrites materials are especially used as a transformer core in the
magnetization measurements. Different parameters can be defined from the figure (3.1),
they are

t  isthe toroidal sample thickness. It was measured by a micrometer
with accuracy 0.01mm.

r.  isthe inner radius of the toroidal sample.

30



r, isthe outer radius of the toroidal sample.

ris the average radius of the inner and the outer radius of the toroidal

i+l

sample i.e. I, =

2

Figure (3.1): A toroidal sample shape.

Magnetization Measurements
The magnetization M Am™*was determined as a function of the applied
magnetizing current passing throught the pri y coil which changed in the range
from (0-5)A at room temperature and frequency v =50Hz. The corresponding applied
magnetic field H Amvaried in the range (200-2650) Am™, which is calculated by the
eqation (3.3).

The circuit that has been used in these measurements is shown in the figure (3.2).

The magnetization M Am™" was calculated from the relation

M = B_ H (3.2)
Ho
The scalar quanitity of the flux density B was calculated by (Say M. G., 1976)
J2
= V 3.2
Ngx50x4.4x A > (.2

where:

Vs is the induced voltage in the secondary coil,
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N, is the number of turns of secondary coil,

A is the cross sectional area of the toroidal sample [A=t(ro-r;i )]
One can calculate the corrosponding applied magnetic field HAm™ using the
following relation (Dawoud, 1997)
_ Npip
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H (3.3)

where:
N, is the number of turns of primary coil

ip is the current in the primary coil

Ammeter : : 1
OSsC P S CRO

Figure (3.2): Circuit diagram for measuring the magnetization using the toroidal

samples of the mixed Li-Ni spinel ferrite.

3.3 Determination of Curie Point Temperature

In order to detrmine the Curie point temperature , the inductance L of the toroidal
sample is measured as a function of temperature . For inductance measurements , LCR
meter model (GW- instek LCR- 821) is used, with series circuit and applied voltage of

1v and constant frequency of 20 KHz with accuracy of ( 0.05%) .
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Figure (3.3): Circuit diagram for measuring the inductance of the toroidal samples of
the mixed Li-Ni spinel ferrite.

3.4 Characterization of the AC Conductivity and Dielectric Properties
Double probe electrode method was used to measure the AC electrical conductivity,
dielectric constant and dielectric loss tangent over a variable range of frequency

f ( 10*Hz up to10°Hz) at room temperature. The AC electrical conductivity (o) was
calculated by the relation (Shaat, 2012)

t
O-AC = ﬂ (34)

where t, Z and A are the thickness, the impedance and the cross-sectional area of a flat
surface of the disc samples, respectively.

The permittivity or dielectric constants of the material such as real dielectric constant

(e"), the imaginary dielectric constant (¢"), the complex dielectric constant (¢*) can be
calculated from (Khader et al, 2016)

=< (3.5)

Co
where C and C, are the capacitance of the filled and unfilled of the disc sample.

n_ Fac 3.6
¢ 248 (36)

where 27tf is the applied angular frequency and ¢, is the permittivity of free space.
e =& —je" (3.7)

=&’ + " (38)

*

|

33



The dielectric loss tangent (tan ) can be determined in terms of real and imaginary parts
of dielectric constant as [Shaat, 2012]

tan5=8—” (3.9)
&
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CHAPTER 4

Results and Discussion
This chapter includes the results and the discussion of magnetic, electric and

dielectric properties for the prepared samples of the mixed Li-Ni spinel ferrite.

4.1 Magnetic Properties
4.1.1 Magnetic Moment
The net magnetization (M) for the ferrimagnetic materials cannot be observed which is

defined by the net magnetic moment ( 4, ) per unit volume for each sample in Bohr
magnetons ( ;) unit. The ., inthe unit of x;was calculated according to the cations
distribution that was represented by (*),

(Fe” )H{Ligs o5, Nix" Fers 05,305 ()

The formula (*) has a good agreement with the cations distribution, which was

suggested by (Sorokhaibam, Soibam and Phanjoubam, 2015).

According to the formula (*), the magnetic moment of the T, sites (44 ) and the O,

sites (1, ) were calculated using the following equations (Shaat,2004)

My = 2S¢ Mg (4.1)
Ho =[XSy; +(1.5—.5%)S ¢, 2145 (4.2)
‘ﬁnet‘ = ‘ﬁo‘ _‘/_JT‘ (4.3)

with s, =5/2 and s,; =1are the spin quantum number of the Fe>" and the Ni*

ions, respectively, (Dawoud et al , 2017 ). Herein, the Li*" ions are diamagnetic ions

which have no spin quantum number, (A- Mosa , 2016). The variation of the 14, u,
and . with the composition x (Ni*"ions) are represented in figure (4.1). From this
Figure, it can be seen that x, and u,, decreased with increaing of the Ni* jons,

whereas the s stayed canstant. The decreasing in the g, with increasing of the Ni®*
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ions can be explained by assuming that, with increasing of Ni®* ions the relative
number of the Fe®" ions decreased in the O, sites and fixed in the T, sites, which

tends to decrease . Theorefore, the .. showd linearly decreaing with increasing of

the Ni®" ions.
9
8- "
7] T,
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)
’;1335' L = = = - -
= 4
3-
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1 r r r r
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Figure (4.1): Variation of Lo , 4 and My with the Ni?* ions

concentrations.

4.1.2 lonic Radii for Tetrahedral and Octahedral Sites
Based on the suggested formula (*) of the cations distribution for the given mixed Li-Ni
spinel ferrites the ionic radius for the T, and the O, sites can be calculated using the
following equations (Potakova, Zverv and Romanov, 1972; Standly, 1972)

Rr =R_.. (4.4)

+(L5-05%)R . ] (4.5)

Li1+

R, :%[xRNip +(0.5-0.5x)R

where R R_.. and R, are the ionic radii of the Ni** ion (0.069 nm), Fe** ion

Ni%* ' “Fe
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(0.064 nm) and Li'" (0.073 nm), respectively, (Lafta, Al-Shakarchi, Musa, Farle and
Salikov, 2015).

In Figure (4.2), the ionic radii R, and R, are plotted versus the composition x ( Ni**

ions). As in Figure (4.2), it is clear that, with increasing of the Ni*" ions the R; remain

constant while R, increased. This behavior is attributed to replacement of the small

ionic radius of the Fe*" ions with the large ionic radius of Ni*" ionsinthe O, sites.
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Figure (4.2): Variation of Ry and R, with the Ni?* ions concentrations.

4.1.3 Magnetization Measurement

The magnetic properties for the spinel ferrite can be understood in term of

cations distribution and exchange interactions between the two sub lattices, T4 and Oy, of
spinel structure. The relation between the M (A/m) and the applied magnetic field

intensity (H) in the range of [200-2650 ( A/ m)] for the prepared spinel ferrite samples
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of the system Li ., Ni, Fe,s s,,O, were studied at room temperature of 299 K. The
obtained results for the ferrite samples were illustrated in Figure (4.3). From this Figure,

it can be seen that M decreases with increasing of the Ni** ions concentration. This
behavior can be explained by Neel’s two-sublattice model of the magnetism theory of
the ferrimagnetic materials (standly, 1972). According to this model, the magnetic
ordering in the simple spinel ferrites is based on T4 and Oy sites and the resultant
magnetization are the difference between two of them provided that they are collinear
and anti-parallel to each other. In mixed Li-Ni spinel ferrite, Ni** ions preferentially in
Oy site in the cubic spinel lattice. Therefore, by adding of the Ni** ions (low spin
quantum number) the concentration of Fe** ions (high spin quantum number) in the Oy
site, which implies to decrease the M. Thus; the decrease of M is, also, attributed to that

T,-0, exchange interaction becomes weaker or comparable witho, —0,exchange

interactions.

Mx10°(A/m)

500 1000 1500 2000 2500
H (A/m)

o

Figure (4.3): Variation of M with H for the samples with x = 0.0,0.2,0.4, 0.6,0.8 and 1.0.
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4.1.4 Relative Permeability

The relative permeability g, for all samples gives the description of the
magnetization behavior during the change of the exposed external applied field. It is
defined as the ratio between the induction field (B) and the intensity of the H, i.e.
u, =B/ u,H with g, is the free sapce permeability. The relation between H and x, has
an interesting behavior for the present ferrite samples as shown in Figure (4.4). As

indicated in this Figure, x, increased with increasing of the H and decreasing with the

increase of Ni®" ions. The increment of 4, could be related to the alignment effect of H
on the ionic spins. In such away, the increasing of H causes rapid increasing of B, which
causing a pronounced increasing of x,. The behavior of g, versus H for samples of
x=0.0 was divided into two stages | and Il as in Figure (4.4). In stage I, g, increases with
increasing of H up to H =750 A/m then ., decreases. The increasing of H causes a very
rapid increase in B, which imply to increase x, . This behavior can be related to the
aligning effect of H on the ionic spins. In stage Il, u, decreasing with increasing of H

might be cause a slight increase of B, which can be explained as that this sample have
the highest spin ordering. This means that, the ionic ordering of this sample is closer to

the saturation state. The same behavior was observed by H. Dawoud (Dawoud, 1997).
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Figure. (4.4): Variation of £, with H for the samples with x= 0.0, 0.2, 0.4 ,0.6,0.8 and
1.0.
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4.2 Electric Properties
Induction and Curie Temperature Point
The interested way to determine Curie temperature point (T¢) of a ferrite is to measure
the permeability (u) of the ferrimagnetic materials which results from the domains
walls motion and spin rotational (Shaat, 2012). It depends upon the magnetization, the
ionic structure and the degree of domain walls continuity across the grain boundary
layers (Dawoud and Shaat, 2006). It is found that x varies with different conditions
such as the soaking time, the sintering temperature, the time of sintering, the porosity,
the defects introduced and atmosphere of firing due to the sintering process (Shaat,
2012). The relation between the inductance (L) of a closed packed coil (toroid) knitted
around a substance and it's x is given by (Akhtar, Yahya and Hussain, 2009; Jebeli and
Mohamed, 2013).

27z

e 27l
N2I |n[R°j (4.6)
R

where N is the number of turns, R; and R, are inner and outer radii of toroid,
respectively, and [ is thickness of toroid. The permeability of the substance can, also, be

expressed by:
H= My 4.7

where A, is the relative permeability. However, 4, at low excitation level and
constitutes the most important means for the comparison of soft magnetic materials can
be defined as the initial permeability (y;). Therefore, an expression for the initial
permeability can be derived as follows

2L
R (4.8)
N?lIn| —2
“ [Rj

A =

The M of a specific core material located inside the coil has the following expression

(Shaat, 2012; Nabiyouni, Fesharaki, Mozafari and Amighian, 2010).

41



H (4.9)

where, ,, is the magnetic susceptibility, H is the magnetic field produced by the coil.

By using equations (4.8) and (4.9), it can be found that

L 1
M= ————-—|H (4.10)

R 4z
2u N?lIn| —
|

It is clear from equation (4.10) that, M is proportional to Z. This means that, if L
changes with temperature, M also changes. Therefore, the transition or Curie
temperature can be measured from the variation of L with temperature. The variation of

L for the toridial shape samples of mixed Li-Ni spinel ferrites have been investigated
from room temperature to fit beyond the T . Figure (4.5a and 4.5b) gives a plot of L

versus temperature, it can be seen that, the value of L increases with increasing of

temperature up to a certain temperature T, . At this point a sharp drop of L was

occurred, proving that at this point the sample is changed from ferrimagnetic to
paramagnetic. The T¢ for the given spinel ferrite samples are depicted in figure (4.6).
From this figure, it is noticed that T, is decreased with increasing of x i.e. increasing of
Ni%* ions. The same behavior was also observed by other workers (Venkataraju
,Sathishkumar and Sivakumar, 2010). This is attributed to the addition of the Ni?* ions

that replace the Fe® ions at the O, sites, thus; the number of the Fe®" ions decreasing
at the O, sites. This tends to decrease the strength of T, and O, exchange interactions
of the type Fed" —0O* —Fel", apart from decreasing number of bonds or linkages

between the magnetic ions [Gillfo, 1958).
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Figure(4.6): Variation of T. with Ni* ions concentrations ().

4.3 Dielectric Properties

The frequency dependence of the complex dielectric constants (¢*) for all prepared
samples is shown in Figure (4.7). From this Figure, it can be seen that, the absolute
value of &* shows dispersion with increasing of the applied frequency which is a
normal behavior for spinel ferrites that were studied by several investigators
(Azadmanjiri , 2008; Ramesh, Craig, Dinesh,Rustum and Yadoji , 2003; Kumar, Kumar
and Venudhar, 2012; Krishna et al, 2012; Chavan et al, 2013; Devmunde et al, 2016;
Soibam, 2016). As indicated in the Figure (4.7) , the value of &*is high at low
frequencies but decreases rapidly with increasing of the applied frequency. The decrease
in the ¢* can be explained on the basis of space charge polarization and Koop®s two
layer model (Koops, 1951). According to this model, ferrite is assumed to be made up
of well conducting grain separated by grain boundaries. The electrical conduction in
ferrite is explained by Verwey mechanism in terms of the hopping of electrons between

Fe?* and Fe* ions at O, sites (Verwey, Haayman and Romeijn ,1947). The electrons

reach the grain boundary by hopping and pile up due to its higher resistivity. This
produces the space charge polarization. In the present study, the substitution of Ni** ions
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produce a change in the polarization so developed. There is a decrease in Fe** ions and
increase in Ni** ions at the Oy, site with increasing of Ni content. However, compared to
Fe?t - Fe3*, the exchange process of Ni?* — Ni3* is weak. Hence, it is assumed to
be the dominant mechanism (Smit and Wijn, 1959).

The decreasing in Fe** ions at the O, site, therefore, decreases the hopping motion of

electrons. This in turn decreases the piling up of electrons at the grain boundary, hence
impeding the buildup of space charge polarization. Thus, the value of ¢* decreases. At
low frequency of applied field, the high resistivity grain boundary hinders the hopping
motion of electrons creating space charge polarization, leading to a high dielectric
constant. As the frequency of the applied field is increased, the electronic exchange is
not able to follow the alternating field and the electrons reverse the direction of motion
thus decreasing the probability of electrons reaching the grain boundary. This leads to a
decrease in the value of ¢*. At still higher frequency, the polarizability is very small
and becomes independent of frequency. A similar behaviour was also observed at
various ferrite systems (Sorokhaibam et al, 2015; Aravind et al, 2015).

Figure (4.8) shows the variation of dielectric loss tangent (tans) with the same range of
frequency. It can be seen that it has the same trend as ¢*. It decreases with increase in
frequency and becomes constant up to f=1000 KHz due to decreased polarization at high
AC fields.
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Fig (4.7): Variation of ¢* against the applied frequency for the samples with x = 0.0,
0.2,0.4, 0.6, 0.8 and 1.0 at room temperature.
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Fig (4.8): Variation of tans against the applied frequency for the samples with x = 0.0,
0.2,0.4, 0.6, 0.8 and 1.0 at room temperature
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4.4 AC Conductivity:

The variation of the AC electrical conductivity (o ,. ) with the applied frequency

in the range of 10*Hz up to 10° Hz was studied at room temperature for the samples of

Li, ., Ni Fe,. ;,O,spinel ferrite. As shown in Figure (4.9) , o,. for the introduced

samples shows a continuous increasing with the increasing of the applied frequency. All
samples exhibit normal behavior with the variation of the applied frequency. Due to the

increasing in the applied frequency, the o,.of the investigated samples shows an

increase because of the applied force driven by the frequency, which helps in
transferring the charge carriers between the different conduction states. The behavior
of the dispersion is associated with Ni content in the prepared samples and is found to
decrease as increasing of Ni concentration. The same trend for spinel ferrites was
confirmed from different workers (Shahjahan, Ahmed, Rahman, Islam and Khatun,
2014; Sekulic, Lazarevic, Sataric, Jovalekic and Omcevic, 2015; Dawoud, Shaat and
Yassin, 2010).

It was found that, o, for the Li-Ni spinel ferrite increase as the applied frequency
increasing. This may be attributed to the electron hopping or the electron exchange, i.e.
Fe* +e" < Fe® or Ni* +h" < Ni** which occurs by the electron transform
between the adjacent o, sites in the spinel lattice (Shaat, 2012). However, o,¢ is
increased is explained based on Verwey mechanism (Shaat, 2012). That is, the electron
hopping may be occurred between the ions of the same element that present in more than
one valence state and distributed randomly over crystallographically inequivalent lattice
sites (Dawoud, A-Ouda and Shaat, 2016). Depending upon the sintering conditions, the
number of such ions may be produced during the preparation of the ferrite samples. It is

known that, partial reduction of the electron hopping, Fe** < Fe*", can take place at

an elevated firing temperature (Shaat, 2012). Thus; the hopping of electron,
Fe* < Fe*", occurs only by electron trans-form between the adjacent 0, sites in the

spinel lattice at the highest frequency for all samples, it was found that, the sample with

X = 0.4 shows a rapidly increasing of o4.. This is because of the existence of a
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maximum value of the divalent iron Fe?* ions among all the mixed Li-Ni spinel ferrite,
While for sample with x = 0.2 the lowest value of o,c This may be attributed to the
lowest concentration of the Fe?* ions among all the mixed Li-Ni spinel ferrite. A

similar behavior was observed in various ferrite systems by several investigators
(Dawoud et al, 2010; Alwash, Mohamad and Almaamori, 2016).

—— % =0.0

0 200 400 600 800 1000
f (KHZz)
Fig (4.9 ): Variation of o, against the applied frequency for the samples with x = 0.0,

0.2,0.4, 0.6, 0.8 and 1.0 at room temperature
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Conclusion

49



Conclusion

Substitution of the Ni?* ions in Li spinel ferrite has a tremendous influence such the

magnetic, the electric and the dielectric properties. From this study, we concluded that:

The net magnetic moment ., and the magnetic moment of the octahedral site
Uy of Li-Ni spinel ferrite were changed with increasing of the Ni%* ions, while

the magnetic moment of the tetrahedral site y; remained constant .

The ionic radius of the octahedral site Ro was changed linearly with increasing of
the Ni®* ions, while the ionic radius of the tetrahedral site Rt remained constant.
The net magnetization was decreased with increasing of the Ni** ions for all the
samples.

The Curie temperature T, was decreased with increasing of Ni%* ions.

The complex dielectric &* was decreased with increasing of the applied
frequency for all samples.

The dielectric loss tangent tans was decreases with increasing of frequency and
becomes constant up to f=1000 kHz due to decrease polarization at high AC
fields .

The AC conductivity o, was increased with increasing of the applied

frequency.

Furthermore, Ni** content has significant influence on the electromagnetic

properties, such as dielectric constant, dielectric loss tangent, electrical properties

and magnetic properties for Li ferrites, so, the mixed Li-Ni spinel ferrite is

considered a soft ferrite material, which is proved to be an interest material for

technological and scientific applications.
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