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Department of Physics, Quaid-i-Azam University, Islamabad, PAKISTAN. The thesis
is divided into seven chapters. First chapter gives a brief introduction to ferrites.
Chapter two describes the literature survey of ferrites. Chapter three consists of
experimental techniques of samples for investigation. Chapter four discusses the
fabrication and characterization of the samples. Chapter five describes the effect of zinc
substitution on structural, electrical, magnetic and properties of Ni-Zn ferrites. Chapter
six discusses preparation and characterization of Cu1-xZnxFe2O4 system. Chapter seven
describes the fabrication and physical characterization of Ni0.8-xCuxZn0.2Fe2O4 ferrites.
At the end, there is an overall conclusion of the thesis. References to the literature are
mentioned at the end of each chapter.
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Abstract
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The effects of zinc substitution on the nickel based and copper based spinel ferrites
have been investigated. Three series of spinel ferrites with nominal compositions
Ni1-xZnxFe2O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), Cu1-xZnxFe2O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0), and Ni0.8-xCuxZn0.2Fe2O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8), were prepared by the
conventional solid state reaction technique. The samples were characterized by SEM, Xray diffraction, DC electrical resistivity, dielectric properties and magnetic properties
measurements. Grain size was measured from the scanning electron micrographs. The
average grain size of sintered ferrites was within the range of 2.36-6.16 µm, 26.75-3.25
µm, and 3.15-26.75 µm, for Ni-Zn, Cu-Zn and Ni-Cu-Zn ferrites respectively. The X-rays
diffraction was done through PANalytical diffractometer using Cu Kα radiations (λ =
1.054Å). Lattice constant increased with the increase in zinc concentration in case of Ni1xZnxFe2O4

and Cu1-xZnxFe2O4 ferrites, whereas it increased with the increase in copper

concentration in case of Ni0.8-xCuxZn0.2Fe2O4 ferrites. Sintered density increased with the
increase in zinc concentration in case of Ni1-xZnxFe2O4 and Cu1-xZnxFe2O4 ferrites
whereas it increased with the increase in copper concentration in case of
Ni0.8-xCuxZn0.2Fe2O4 ferrites. X-ray density decreased with the increase in zinc
concentration in case of Ni1-xZnxFe2O4 and Cu1-xZnxFe2O4 ferrites whereas it decreased
with the increase in copper concentration in case of Ni0.8-xCuxZn0.2Fe2O4 ferrites. Porosity
decreased with the increase in zinc concentration in case of Ni1-xZnxFe2O4 and Cu1xZnxFe2O4

ferrites whereas it decreased with the increase in copper concentration in case

of Ni0.8-xCuxZn0.2Fe2O4 ferrites.
DC electrical resistivity measurements were carried out by two-probe method
from 300 K to 540 K in case of Ni-Zn ferrites, 320 K to 520 K in case of Cu-Zn ferrites
and 305 K to 603 K in case of Ni-Cu-Zn ferrites. Activation energy and drift mobility
were also calculated from the measured resistivity.
The dielectric constant was measured as a function of Zn substitution in Ni-Zn
ferrites as well as a function of Cu concentration in Ni-Cu-Zn ferrites. The dielectric
constant and dielectric loss factors were measured as a function of frequency for all the
samples in the range of 80 Hz to 1 MHz at room temperature. The ac conductivity σac in
case of Ni-Zn ferrites was also measured.
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To measure the magnetic properties of the prepared materials, the M-H loop of the
specimen were drawn. From the M-H loop of the sintered materials, we measured
saturation magnetization. Magnetic moment, coercivity and Yafet-Kittel angles were also
calculated.
Saturation magnetization increased up to x = 0.4 and then decreased with the
further increase in Zn concentration in case of Ni-Zn and Cu-Zn ferrites whereas it
decreased with the increase in Cu concentration in case of Ni-Cu-Zn ferrites. The
magnetic moment also had the similar trend. Coercivity decreased with the increase in
Zn concentration in case of Ni-Zn and Cu-Zn ferrites. The Yafet-Kittel (Y-K) angles
initially had zero value and then increased with the rise in Zn concentration for x > 0.2, x
> 0.4, x > 0 in case of Ni-Zn, Cu-Zn and Ni-Cu-Zn ferrites respectively.
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CHAPTER 1

Introduction

Introduction
1.1 Brief History of Magnetism
The term magnetism came from magnesia, an island in Aegean sea (branch of
Mediterranean sea), where certain stones were found by the Greeks in 470 B C. These
stones, called lodestones (meaning lead to) had the unusual property to attract pieces of
iron. Magnets were first fashioned in to compasses and used for navigation by the
Chinese in twelfth century. In sixteenth century, William Gilbert made artificial magnets
by rubbing pieces of iron against lodestones and showed that a compass always points
north–south because the earth itself has magnetic properties. In 1750, John Michell in
England found that magnetic poles obey the inverse–square law. His results were
confirmed by Charles Coulomb [1]. The first electromagnet was made in 1825, following
the great discovery made in 1820 by Hans Christian Oersted that an electric current
produces a magnetic field [2]. Later on Bergmann, Becquerel, and Faraday discovered
that all matter including liquids and gasses were affected by magnetism, but only a few
responded to a noticeable extent. Magnets are very common items in the workplace and
household. Uses of magnets range from holding pictures on the refrigerator to causing
torque in electric motors. Most people are familiar with the general properties of magnets
but are less familiar with the source of magnetism. The traditional concept of magnetism
centers around the magnetic field and a dipole. The term "magnetic field" simply
describes a volume of space where there is a change in energy within that volume. This
change in energy can be detected and measured. The location where a magnetic field can
be detected exiting or entering a material is called a magnetic pole. Magnetic poles have
never been detected in isolation but always occur in pairs, hence the name dipole which is
defined as any two opposite poles separated by a distance l forms a magnetic dipole.
A bar magnet can be considered as a dipole with north pole at one end and south pole at
the other. A magnetic field can be measured leaving the dipole at north pole and returning
the magnet at south pole. If a magnet is cut into two, two magnets or dipoles are created
out of one. This sectioning and creation of dipoles can continue to the atomic level.
Therefore, the source of magnetism lies in the basic building block (atom) of all matter.
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1.2 The Source of Magnetism
All matter is composed of atoms, and atoms are composed of protons, neutrons
and electrons. The protons and neutrons are located in the atom's nucleus and the
electrons are in constant motion around the nucleus. Electrons carry a negative electrical
charge and produce a magnetic field as they move through space. A magnetic field is
produced whenever an electrical charge is in motion. The strength of this field is called
the magnetic moment.
This may be hard to visualize on a subatomic scale but consider electric current
flowing through a conductor. When electrons (electric current) are flowing through the
conductor, a magnetic field is produced around the conductor. The magnetic field can be
detected using a compass needle. The magnetic field will exert a force on the compass
needle which is another example of a dipole. Since all matter is comprised of atoms, all
materials are affected in some way by a magnetic field. However, not all materials react
the same way.

1.3 Types of Magnetic Materials
When a material is placed within a magnetic field, the magnetic forces of the
material's electrons will be affected. This effect is known as Faraday's Law of Magnetic
Induction. However, materials can react quite differently to the presence of an external
magnetic field. This reaction depends on a number of factors, such as the atomic and
molecular structure of the material, and the net magnetic field associated with the atoms.
The magnetic moments associated with atoms are the electron orbital motion, the change
in orbital motion caused by an external magnetic field, and the spin motion of the
electron. Some materials acquire a magnetization parallel to B (Paramagnets) and some
opposite to B (Diamagnets) [3].
In most atoms, electrons occur in pairs. Electrons in a pair, spin in opposite directions.
When electrons are paired together, their opposite spins cause their magnetic fields to
cancel each other. Therefore, no net magnetic field exists. Alternately, materials with
some unpaired electrons will have a net magnetic field and will react more to an external
field. Most materials can be classified as diamagnetic, paramagnetic or ferromagnetic.
Magnetic materials can also be classified in terms of their magnetic properties and
uses. If a material is easily magnetized and demagnetized then, it is referred to as a soft
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magnetic material, whereas if it is difficult to demagnetize, then it is referred to as hard
(permanent) magnetic material. Materials in between hard and soft are almost exclusively
used as recording media and have no other general term to describe them. Other
classifications for types of magnetic materials are subset of soft or hard materials.

Figure 1.1: Periodic table showing different types of magnetic materials.

1. 3.1 Diamagnetism
Diamagnetic substances consist of atoms or molecules with no net angular
momentum. When an external magnetic field is applied, there creates a circulating atomic
current that produces a very small bulk magnetization opposing the applied field [4].
Diamagnetism is exhibited by all common materials but so feeble that it is covered if
material also exhibits paramagnetism or ferromagnetism [5]. When a material is placed in
a magnetic field, electrons in the atomic orbitals tend to oppose the external magnetic
field by moving the induced magnetic moment in a direction opposite to the external
magnetic field. Due to this fact, the material is very weakly repelled in the magnetic field.
This is known as diamagnetism. The induced dipole moments disappear when the
external field is removed. The diamagnetic effect in a material can be observed only if the
paramagnetic effect or the ferromagnetic effect does not hide the weak diamagnetic
effect. Diamagnetism can be understood through Figs.1.2 (a) and (b). In the absence of
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the external magnetic field, the atoms have zero magnetic moment as shown in Fig.1.2
(a). But when an external magnetic field Ho is applied in the direction as shown in Fig.1.2
(b), the atoms acquire an induced magnetic moment in the direction opposite to that of
the field. Diamagnetic materials have very small negative susceptibility. Due to this fact,
a diamagnetic material is weakly repelled in the magnetic field. When the field is
removed, its magnetization becomes zero. Examples of some diamagnetic materials are
gold, silver, mercury, copper and zinc [6].
H = Ho
H=0

M=0

M = - Mo

(a)

(b)

Figure 1.2: (a) Diamagnetic material: The atoms do not possess magnetic moment. when H=0: so
M=0. (b) When a magnetic field Ho is applied, the atoms acquire induced magnetic moment in a
direction opposite to the applied field that results a negative susceptibility

1.3.2 Paramagnetism
In certain materials, each atom or molecule possess permanent magnetic moment
individually due to its orbital and spin magnetic moment. In the absence of an external
magnetic field, the individual atomic magnetic moments are randomly oriented. The net
magnetic moment and the magnetization of the material becomes zero. But when an
external magnetic field is applied, the individual atomic magnetic moments tend to align
themselves in the direction of externally applied magnetic field and results in to a nonzero weak magnetization as shown in Fig.1.3 (a) and (b). Such materials are
paramagnetic materials and phenomenon is called paramagnetism [6].
Paramagnetism occurs in materials with permanent magnetic dipole moment, such
as atomic or molecular with an odd number of electrons, atoms or ions in unfilled
orbitals. Paramagnetism is found in atoms, molecules & lattice defects possessing an odd
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number of electrons as the total spin of the system can’t be zero. Metals, free atoms &
ions with partly filled inner shell, transition elements and few compounds with an even
number of electrons including oxygen also show paramagnetism [7]. Paramagnetic
materials are attracted when subjected to an applied magnetic field. Paramagnetic
materials also exhibit diamagnetism, but the latter effect is typically very small. These
materials show weak magnetism in the presence of an external magnetic field but when
the field is removed, thermal motion will quickly disrupt the magnetic alignment. These
materials have very weak and positive magnetic susceptibility to an external magnetic
field.
H=0

H = Ho

M=0

M = + Mo

Figure 1.3: (a) Paramagnetic material: Each atom possesses a permanent magnetic moment. when
H=0, all magnetic moments are randomly oriented: so M=0. (b) When a magnetic field Ho is applied,
the atomic magnetic moments tend to orient themselves in the direction of the field that results a net
magnetization M=Mo and positive susceptibility

The alignment of magnetic moments is disturbed by the thermal agitation with the
rise in temperature and greater fields are required to attain the same magnetization. As a
result paramagnetic susceptibility decreases with the rise in temperature. The
paramagnetic susceptibility is inversely proportional to the temperature. It can be
described by the relation
χ=

C
T

(1.1)

This is called the Curie Law of paramagnetism. Here χ is the paramagnetic susceptibility,
T is the absolute temperature and C is called the Curie constant. Examples of
paramagnetic elements are aluminum, calcium, magnesium and sodium [6].
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1.3.3 Ferromagnetism
Ferromagnetism is a phenomenon of spontaneous magnetization. It has the
alignment of an appreciable fraction of molecular magnetic moments in some favorable
direction in the crystal. Ferromagnetism appears only below a certain temperature, known
as Curie temperature. Above Curie temperature, the moments are randomly oriented
resulting the zero net magnetization [8]. Ferromagnetism is only possible when atoms are
arranged in a lattice and the atomic magnetic moment can interact to align parallel to
each other (Fig. 1.4). A ferromagnetic material has spontaneous magnetization due to the
alignment of its atomic magnetic moments even in the absence of external magnetic field
[6].
Examples of ferromagnetic materials are transition metals Fe, Co and Ni, but other
elements and alloys involving transition or rare-earth elements are also ferromagnetic due
to their unfilled 3d and 4f shells. These materials have a large and positive magnetic
susceptibility to an external magnetic field. They exhibit a strong attraction to magnetic
fields and are able to retain their magnetic properties after the external field is removed.
When ferromagnetic materials are heated, then due to thermal agitation of atoms the
degree of alignment of the atomic magnetic moment decreases, eventually the thermal
agitation becomes so great that the material becomes paramagnetic. The temperature of

Parallel alignment

Figure 1.4: Ferromagnetism.

this transition is the Curie temperature, Tc (Fe: Tc =770 0C, Co: Tc =1131 0C and Ni: Tc
=358

0

C). Above Tc the magnetic susceptibility varies according to the Curie-Weiss law

[6].
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1.3.4 Antiferromagnetism
Antiferromagnetic materials are those in which the dipoles have equal moments,
but adjacent dipoles point in opposite directions [8]. There are also materials with more
than two sublattices with triangular, canted or spiral spin arrangements. Due to these
facts, antiferromagnetic materials have small non-zero magnetic moment [9]. They have
a weak positive magnetic susceptibility of the order of paramagnetic material at all
temperatures, but their susceptibilities change in a peculiar manner with temperature. The
theory of antiferromagnetism was developed chiefly by Néel in 1932. Chromium is the
only element exhibiting antiferromagnetism at room temperature [2].

Antiparallel alignment

Figure 1.5: Antiferromagnetism.

Antiferromagnetic materials are very similar to ferromagnetic materials but the
exchange interaction between neighboring atoms leads to the anti-parallel alignment of
the atomic magnetic moments (Fig. 1.5). Therefore the magnetic field cancels out and the
material appears to behave in the same way as the paramagnetic material. The antiparallel
arrangement of magnetic dipoles in antiferromagnetic materials is the reason for small
magnetic susceptibility of antiferromagnetic materials. Like ferromagnetic materials,
these materials become paramagnetic above transition temperature, known as the Néel
temperature, TN (Cr: TN =37 0C).

1.3.5 Ferrimagnetism
Ferrimagnetic materials have spin structure of both spin-up and spin-down
components but have a net non-zero magnetic moment in one of these directions [10].
The magnetic moments of the atoms on different adjacent sublattices are opposite to each
7

other as in antiferromagnetism; however, in ferrimagnetic materials the opposing
moments are unequal (Fig. 1.6). This magnetic moment may also be due to more than
two sublattices and triangular or spiral arrangements of sublattices [9]. Ferrimagnetism is
only observed in compounds, which have more complex crystal structures than pure
elements.
These materials, like ferromagnetic materials, have a spontaneous magnetization
below a critical temperature called the Curie temperature (Tc). The magnitude of
magnetic susceptibility for ferromagnetic and ferrimagnetic materials is similar, however
the alignment of magnetic dipole moments is drastically different.

Antiparallel alignment

Figure 1.6: Ferrimagnetism.

1.4 Introduction to Ferrites
Ferrites are electrically non-conductive ferrimagnetic ceramic compound materials,
consisting of various mixtures of iron oxides such as Hematite (Fe2O3) or Magnetite
(Fe3O4) and the oxides of other metals like NiO, CuO, ZnO, MnO, CoO. The prime
property of ferrites is that, in the magnetized state, all the spin magnetic moments are not
oriented in the same direction. Few of them are in the opposite direction. But as the spin
magnetic moments are of two types with different values, the net magnetic moment will
have some finite value. The molecular formula of ferrites is M2+O.Fe23+O3, where M
stands for the divalent metal such as Fe, Mn, Co, Ni, Cu, Mg, Zn or Cd. There are 8
molecules per unit cell in a spinel structure. There are 32 oxygen (O2-) ions, 16 Fe3+ ions
and 8 M2+ ions, per unit cell. Out of them, 8 Fe3+ ions and 8M2+ ions occupy the
octahedral sites. Each ion is surrounded by 6 oxygen ions. The spin of all such ions are
8

parallel to each other. The rest 8 Fe3+ ions occupy the tetrahedral sites which means that
each ion is surrounded by 4 oxygen ions. The spin of these 8 ions in the tetrahedral sites,
are all oriented antiparallel to the spin in the octahedral sites. The net spin magnetic
moment of Fe3+ ions is zero as the 8 spins in the tetrahedral sites cancel the 8 antiparallel
spins in the octahedral sites. The spin magnetic moment of the 8 M2+ ions contribute to
the magnetization of ferrites [6].
Ferrites have been studied since 1936. They have an enormous impact over the
applications of magnetic materials. The resistivity of ferrites at room temperature can
vary from 10-2 Ω-cm to 1011 Ω-cm, depending on their chemical composition [11]. They
are considered superior to other magnetic materials because they have low eddy current
losses and high electrical resistivity.
Soft ferrites are formed by a chemical reaction called calcination from the powders
of Iron (III) oxide and metal (II) oxides such as NiO, MnO, ZnO, CuO. Afterwards, the
product has to be milled to particles smaller than 2 µm in order to get Weiss domains in
the size of one particle. Next the powder is pressed into pellet shape, dried and sintered.
The shaping may be performed in an external magnetic field, in order to achieve a
preferred orientation of the particles (anisotropy). Small and geometrically easy shapes
may be produced with dry pressing. However in such a process, small particles may
agglomerate and lead to poor magnetic properties compared to the wet pressing process.
Direct calcination and sintering without re-milling also lead to poor magnetic properties.
The magnetic materials like iron were used in early applications. They have low
electric resistivity. This makes them useless for applications at high frequencies e.g as
inductor cores in T.V circuits. The problem is that their low electric resistivity allows
induced current (eddy currents) to flow within the materials themselves, thereby
producing heat. This wasted energy and heat is often a serious problem. Thus, the
materials like iron become inefficient as they waste energy, at higher frequencies.
Ferrites exhibit dielectric properties. Exhibiting dielectric properties means that
even though electromagnetic waves can pass through ferrites, they do not readily conduct
electricity. This also gives them an advantage over iron, nickel and other transition metals
that have magnetic properties in many applications because these metals conduct
electricity. Another important factor, which is of considerable importance in ferrites and
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is completely insignificant in metals is the porosity. Such a consideration helps us to
explain why ferrites have been used and studied for several years. The properties of
ferrites are being improved due to the increasing trends in ferrites technology. It is
believed that there is a bright future for ferrite technology.

1.5 Types of Ferrites
Ferrites can be classified into three different types [12].
(1)

Spinel ferrites (Cubic ferrites)

(2)

Hexagonal ferrites

(3)

Garnets

Our research work is on spinel ferrites, therefore we shall discuss in detail the spinel
ferrites only.

1.6 Spinel Ferrites
They are also called cubic ferrites. Spinel is the most widely used family of
ferrites. High values of electrical resistivity and low eddy current losses make them ideal
for their use at microwave frequencies. The spinel structure of ferrites as possessed by
mineral spinel MgAl2O4 was first determined by Bragg and Nishikawa in 1915 [12]. The
chemical composition of a spinel ferrite can be written in general as MFe2O4 where M is
a divalent metal ion such as Co2+ , Zn2+ , Fe2+ , Mg2+ , Ni2+ , Cd2+ or a combination of
2+
2+
2+
2+
) etc.
these ions such as ( Ni 0.5
Zn 0.5
or Cu 0.5
Zn 0.5

The unit cell of spinel ferrites is FCC with eight formula units per unit cell. The
formula can be written as M8Fe16O32. The anions are the greatest and they form an FCC
lattice. With in these lattices two types of interstitial positions occur and these are
occupied by the metallic cations. There are 96 interstitial sites in the unit cell, 64
tetrahedral (A) and 32 octahedral (B) sites (Figs.1.8, 1.9).

(I) Tetrahedral Sites
In tetrahedral (A) site, the interstitial is in the centre of a tetrahedron formed by
four lattice atoms. Three anions, touching each other, are in plane; the fourth anion sits in
the symmetrical position on the top at the center of the three anions. The cation is at the
center of the void created by these four anions. In the tetrahedral configuration, four
anions are occupied at the four corners of a cube and the cation occupying the body
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center of the cube. Here the anions at A, B, C are in a plane, and the anion D is above the
center of the triangle formed by the three anions. The cation occupies the void created at
the center of the cube. For charge neutrality of the system only 8 tetrahedral (A) sites are
occupied by cations out of 64 sites per unit cell in FCC crystal structure. Fig. 1.8 shows
the tetrahedral position in the FCC lattice.

A
D

B

C
Cation
Anion

Figure 1.7: Tetrahedral sites in FCC lattice.

(II) Octahedral Sites
In an octahedral (B) site, the interstitial is at the center of an octahedron formed by
6 lattice anions. Four anions touching each other are in plane, the other two anions sites
in the symmetrical position above and below the center of the plane formed by four

A
B

Cation
Anion

Cation
Anion

Figure1.8: Octahedral sites in FCC lattice.
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anions. Cation occupies the void created by six anions forming an octahedral structure.
The configuration shows that six anions occupy the face centers of a cube and cation
occupies the body center of the cube. For charge neutrality, 16 octahedral (B) sites are
occupied by cations out of 32 sites in a spinel structure. In FCC there are 4 octahedral
sites per unit cell. Fig.1.9 shows octahedral site in an FCC lattice.

Figure1.9: Tetrahedral and Octahedral sites in FCC lattice

1.7 Types of Spinel Ferrites
The spinel ferrites have been classified into three categories due to the distribution
of cations on tetrahedral (A) and octahedral (B) sites.
(1)

Normal spinel ferrites

(2)

Inverse spinel ferrites

(3)

Intermediate spinel ferrites

1.7.1 Normal Spinel Ferrites
If there is only one kind of cations on octahedral (B) sites, the spinel is normal. In
these ferrites the divalent cations occupy tetrahedral (A) sites while the trivalent cations
are on octahedral (B) sites. Square brackets are used to indicate the ionic distribution of
the octahedral (B) sites. Normal spinel have been represented by the formula (M2+)A
[Me3+]B O4. Where M represent divalent ions and Me for trivalent ions. A typical
example of normal spinel ferrite is bulk ZnFe2O4.
δ =1

A
B

Figure 1.10 Normal Ferrites
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1.7.2 Inverse Spinel Ferrites
In this structure half of the trivalent ions occupy tetrahedral (A) sites and half
octahedral (B) sites, the remaining cations being randomly distributed among the
octahedral (B) sites. These ferrites are represented by the formula (Me3+)A[M2+Me3+]BO4.
A typical example of inverse spinel ferrite is Fe3O4 in which divalent cations of Fe
occupy the octahedral (B) sites [13].
δ =0

A
B

Figure 1.11 Inverse Ferrites

1.7.3 Intermediate Spinel Ferrites
Spinel with ionic distribution, intermediate between normal and inverse are known
as mixed spinel e.g. ( M δ2+ Me13−+δ )A[ M 12−+δ Me13++δ ]BO4, where δ is called inversion parameter.
Quantity δ depends on the method of preparation and nature of the constituents of the
ferrites. For complete normal spinel ferrites δ = 1, for complete inverse spinel ferrites δ =
0, for mixed spinel ferrite, δ ranges between these two extreme values. For completely
mixed ferrites δ = 1/3.If there is unequal number of each kind of cations on octahedral
sites, the spinel is called mixed. Typical example of mixed spinel ferrites are MgFe2O4
and MnFe2O4 [5].
δ = 0.25

A
B

Figure 1.12 Intermediate Ferrites

Néel suggested that magnetic moments in ferrites are sum of magnetic moments of
individual sublattices. In spinel structure, exchange interaction between electrons of ions
in A and B-sites have different values. Usually interaction between magnetic ions of A
and B-sites (AB-sites interaction) is the strongest. The interaction between AA-sites is
almost ten times weaker than that of A-B site interaction whereas the BB-sites interaction
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is the weakest. The dominant AB-sites interaction results into complete or partial (noncompensated) antiferromagnetism known as ferrimagnetism [14]. The dominant AB-sites
interaction having greatest exchange energy, produces antiparallel arrangement of cations
between the magnetic moments in the two types of sublattices and also parallel
arrangement of the cations within each sublattice, despite of AA-sites or BB-sites
antiferrimagnetic interaction [15].

1.8 Hexagonal Ferrites
This was first identified by Went, Rathenau, Gorter & Van Oostershout 1952 [12]
and Jonker, Wijn & Braun 1956. Hexa ferrites are hexagonal or rhombohedral
ferromagnetic oxides with formula M Fe12 O19, where M is an element like Barium, Lead
or Strontium. In these ferrites, oxygen ions have closed packed hexagonal crystal
structure. They are widely used as permanent magnets and have high coercivity. They are
used at very high frequency. Their hexagonal ferrite lattice is similar to the spinel
structure with closely packed oxygen ions, but there are also metal ions at some layers
with the same ionic radii as that of oxygen ions. Hexagonal ferrites have larger ions than
that of garnet ferrites and are formed by the replacement of oxygen ions. Most of these
larger ions are barium, strontium or lead.

1.9 Garnets
Yoder and Keith reported [12] in 1951 that substitutions can be made in ideal
mineral garnet Mn3Al2Si3O12. They produced the first silicon free garnet Y3Al5O12 by
substituting YIII+AlIII for MnII+SiIV. Bertaut and Forret prepared [12] Y3Fe5O12 in 1956
and measured their magnetic properties. In 1957 Geller and Gilleo prepared and
investigated Gd3Fe5O12 which is also a ferromagnetic compound [11]. The general
formula for the unit cell of a pure iron garnet have eight formula units of M3Fe5O12,
where M is the trivalent rare earth ions (Y, Gd, Dy). Their cell shape is cubic and the
edge length is about 12.5 Å. They have complex crystal structure. They are important due
to their applications in memory structure.

1.10 Types of Ferrites with respect to their Hardness
Due to the persistence of their magnetization, the ferrites are of two types i.e hard
and soft. This classification is based on their ability to be magnetized or demagnetized.
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Soft ferrites are easily magnetized or demagnetized whereas hard ferrites are difficult to
magnetize or demagnetize [2].

1.10.1 Soft Ferrites
Soft Ferrites are those that can be easily magnetized or demagnetized. This shows
that soft magnetic materials have low coercive field and high magnetization that is
required in many applications. The hysteresis loop for a soft ferrite should be thin and
long, therefore the energy loss is very low in soft magnetic material. Examples are nickel,
iron, cobalt, manganese etc. They are used in transformer cores, inductors, recording
heads and microwave devices [6].
Soft ferrites have certain advantages over other electromagnetic materials
including high resistivity and low eddy current losses over wide frequency ranges. They
have high permeability and are stable over a wide temperature range. These advantages
make soft ferrites paramount over all other magnetic materials.

1.10.2 Hard Ferrites
Hard ferrites are difficult to magnetize or demagnetize. They are used as
permanent magnets. A hard magnetic material has high coercive field and a wide
hysteresis loop. Examples are alnico, rare earth metal alloys etc [6].
The development of permanent magnets began in 1950s with the introduction of
hard ferrites. These materials are ferrimagnetic and have quite a low remanence (~400
mT). The coercivity of these magnets (~250 kAm-1), however, is far in excess of other
materials. The maximum energy product is only ~40 kJm-3. The magnets can also be used
to moderate demagnetizing fields and hence can be used for applications such as
permanent magnet motors. The hexagonal ferrite structure is found in both BaO.6Fe2O3
and SrO.6Fe2O3, but Sr ferrites have superior magnetic properties.

1.11 Advantage over other Magnetic Materials
Most of the magnetic materials such as iron and metallic alloys have low dc
electrical resistivity. They are useless at high frequencies, for example, as inductor cores
in TV circuits. Their low electrical resistivity induces currents (called eddy currents) to
flow through the material which produces heat. The materials become inefficient as they
waste energy. The wastage of energy increases at higher frequencies. However, ferrites
can perform much better at high frequencies because of their high electrical resistivity.
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Their high temperature stability is another important characteristic, which enhaunces the
use of ferrites into high frequency and wide-band transformers, quality filter circuits,
adjustable inductors, delay lines and other high-frequency electronic circuits. At high
frequencies the ferrites perform better relative to that of other circuit components. An
important factor in ferrites is that they are cheaper than other magnetic metals and alloys.
Ferrites are the best core material choice for frequencies from 10 kHz to a few MHz
when one requires the combination of low cost, high quality, high stability and low
volume. Furthermore, no other magnetic material has magnetic and mechanical
parameters as suitable as those of ferrites

1.12 Applications of Ferrites
Ferrites are very important magnetic materials because of their high electric
resistivity; they have wide applications in technology, particularly at high frequencies.
Ferrites are used widely due to their following properties.
1- Ferrites are part of low power and high flux transformers which are used in television.
2- Soft ferrites were used for the manufacture of inductor core in combination with
capacitor circuits in telephone system, but now a days, solid state devices have
replaced them. The soft Ni-Zn and Mn-Zn ferrites are used for core manufacture.
3- Small antennas are made by winding a coil on ferrite rod used in transistor radio
receiver.
4- In computer, non volatile memories are made of ferrite materials. They store
information even if power supply fails. Non-volatile memories are made up of ferrite
materials as they are highly stable against severe shock and vibrations.
5- Ferrites are used in microwave devices like circulators, isolators, switches Phase
Shifters and in radar circuits.
6- Ferrites are used in high frequency transformer core and computer memories i.e
computer hard disk, floppy disks, credit cards, audio cassettes, video cassettes and
recorder heads.
5- Ferrites used in magnetic tapes and disks are made of very small needle like particles
of Fe2O3 or CrO2 which are coated on polymeric disk. Each particle is a single
domain of size 10-100 nm.
6- Ferrites are used to produce low frequency ultrasonic waves by magnetostriction.
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7- Iron-silicon alloys are used in electrical devices and magnetic cores of transformers
operating at low power line frequencies. Silicon steel is extensively used in high
frequency rotating machines and large alternators.
10- Nickel alloys are used in high frequency equipments like high speed relays, wide
band transformers and inductors. They are used to manufacture transformers,
inductors, small motors, synchros and relays. They are used for precision voltage and
current transformers and inductive potentiometers.
11-They are used as electromagnetic wave absorbers at low dielectric values.

12. Ferrofluids, as a cooling materials, in speakers. They cool the coils with vibrations.
1.13 Objectives
The objectives of this thesis were to:
•

Synthesis of Ni-Zn, Cu-Zn and Ni-Cu-Zn ferrites using conventional solid state
reaction technique.

•

To study and improve the dielectric properties.

•

To improve the magnetic properties.
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CHAPTER 2

Literature Survey of Ferrites

Literature Survey of Ferrites
Solid state method is considered favorite as it is classic and operative with a little
chemical knowledge. The series Ni1-xZnxFe2O4, Cu1-xZnxFe2O4, Ni0.8-xCuxZn0.2Fe2O4, of
ferrites have been prepared using this method. Before discussing our research work, we
shall see the previous work done related to our work through literature survey.
The structural, electrical and magnetic properties of Ni1-xZnxFe2O4 ferrites with x
= 0.0 to 1.0 in step of 0.2 prepared by microwave sintering as well as by conventional
sintering have been studied by Yadoji et al. [1]. The X-rays crystallite size decreased with
the increase in Zn concentration. The dielectric constant and dielectric loss factor both
decreased with the increase in frequency. The variation in magnetization and coercivity
have also been discussed with the increase in Zn concentration.
Co1-xNixFe2O4 ferrites with (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5), were prepared by Gul
et al. [2] by chemical co-precipitation method. The grain size was in the range of 14 to 21
nm. The lattice constant, sintered density, X-ray density, porosity, specific surface area,
susceptibility, Curie temperature and correlation coefficient were also investigated. It was
found that resistivity increased from 1.981x106(Ω-cm) to 8.323x106(Ω-cm) at
temperature of 393K with the increase in zinc concentration from 0.0 to 0.5. Dielectric
constant and dielectric loss factor both decreased with the increase in frequency.
The structural, electrical transport and magnetic properties of Ni1-xZnxFe2O4 (x =
0.2, 0.4) ferrites prepared using solid state reaction technique followed by sintering at
various temperatures have been investigated by Hossain et al. [3]. The variation in
resistivity, saturation magnetization, bulk density and permeability were studied as a
function of temperature. Resistivity and saturation magnetization both decreased with the
increase in temperature. Resistivity and magnetic moment were investigated with the
variation of Zn concentration. Permeability and relative quality factor were also brought
under consideration as a function of frequency.
Synthesis and structural studies on Ni0.5+xZn0.5Fe2-2xO4 ferrites prepared by
conventional ceramic double sintering method were done by Pradeep et al. [4]. It was
observed that lattice constant, Curie temperature and activation energy increased whereas
magnetic moment decreased with the increase in Zn concentration.
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Structural and electrical properties of Ni1-xMgxFe2O4 (x = 0.0, 0.3, 0.6, 0.9)
synthesized by citrate gel process were discussed by Berchman et al. [5]. Lattice constant
increased whereas X-ray density decreased with the increase in Mg concentration.
Dielectric constant decreased with the rise in frequency whereas loss tangent increased up
to 2 kHz and then decreased with the increase in frequency. AC conductivity increased
with the rise in frequency. DC conductivity increased with the increase in temperature.
The variation in activation energy and coercivity as a function of Mg concentration were
also investigated.
Dielectric behavior of Ni1-xZnxFe2O4 ferrites prepared by flash combustion
technique was studied by Mangalaraja et al. [6]. Dielectric constant and dielectric loss
factor decreased with the rise in frequency for various concentrations of zinc sintered at
different temperatures. Bulk density increased and porosity decreased with the increase in
Zn concentration for the final product sintered at different temperatures.
Kumar et al. [7] investigated the High-frequency dielectric behavior of erbium
substituted Ni-Zn ferrites having the chemical formula Ni0.7Zn0.3ErxFe2-xO4 (x = 0.2, 0.4,
0.6, 0.8, 1.0), prepared by conventional double sintering ceramic method. Resistivity,
dielectric constant, dielectric loss tangent, complex dielectric constant and conductivity
all the parameters increased with the increase in Er concentration. Curie temperature and
dielectric transition temperature both decreased with the increase in Er concentration.
Dielectric constant decreased with the rise in frequency. The variation of loss tangent as a
function of frequency and dielectric constant as a function of temperature were also
studied.
AC susceptibility and magnetic interaction in Mg-Ni-Fe-O system were studied by
Rana and Abbas [8]. The materials bearing chemical formula Mg1-xNixFe2O4 (x = 0.0,
0.25, 0.50, 0.75, 1.0), have been prepared by standard ceramic method. Lattice constant
and Curie temperature both decreased with the increase in Ni concentration. Effective
magnetic moment increased with the increase in Ni concentration. The variation in
paramagnetic Curie temperature, exchange integral, Lande g-factor, magnetic moment
and Y-K angles were also studied with the change in Ni concentration.
Measurement of exchange interaction in Ti-substituted Ni-ferrites prepared by
standard ceramic technique was reported by Islam et al. [9]. Compounds with chemical
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formula Ni1-xTixFe2-2xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2), were brought under investigation.
Effective magnetic moment and exchange interaction both decreased whereas Curie
temperature increased with the increase in Ti concentration.
The influence of V2O5 from 0.00 to 3.00 wt % on the grain growth and magnetic
properties of Mn-Zn were studied by Janghorban et al. [10]. It was found that grain size
increased up to 0.3 wt % of V2O5 and then decreased with further addition of V2O5. Tc
increased up to 1.00 wt % of V2O5. Resistivity increased with the increase in V2O5.
Permeability also increased with the rise in temperature.
Ghazanfar et al. [11] studied room temperature resistivity and activation energy
for NixZn1-xFe2O4 ferrites with (x = 0.66, 0.77, 0.88, 0.99). They reported that resistivity
and activation energy both increased with the increase in nickel concentration. Resistivity
decreased with the increase in temperature which shows the semiconductor like behavior
of the ferrites.
Islam et al. [12] prepared Ni1-xZnxFe2O4 ferrites with (x = 0.0, 0.25, 0.5, 0.75, 1.0),
by co-precipitation technique. They reported that resistivity and activation energy both
increased up to x = 0.25 and then decreased with the rise in Zn concentration.
Magnetic properties of Ni1-xZnxFe2O4 ferrites with (x = 0.2, 0.35, 0.5, 0.6),
prepared by the citrate precursor method were reported by Verma et al. [13]. The
coercivity decreased with the rise in average grain size. The relative loss factor has also
been discussed with the variation in frequency.
The dielectric properties of Mn-substituted

MnxNi0.5-xZn0.5Fe2O4 ferrites with x

varying from 0.05 to 0.4 synthesized by the citrate precursor method have been
investigated as a function of frequency, temperature, composition, and sintering
temperature by Singh et al. [14]. Dielectric constant decreased with the rise in frequency
whereas it increased with the increase in temperature. Dielectric loss factor decreased
with the increase in frequency followed by a resonance peak. The variation of dielectric
constant with the variation in composition has also been discussed.
Rao et al. [15] reported the effect of sintering conditions on resistivity and
dielectric properties of Ni0.65Zn0.35Fe2O4 ferrites. Resistivity decreased with the increase
in sintering time as well as sintering temperature. Dielectric constant increased with the
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rise in sintering temperature. Dielectric constant as well as dielectric loss tangent both
decreased with the increase in frequency.
Verma et al. [16] stated the dielectric properties of Ni1-xZnxFe2O4 ferrites with (x =
0.2, 0.35. 0.5, 0.6) prepared by citrate precursor method. The dielectric constant has also
been reported with the variation of frequency at different sintering temperatures for
various compositions.
Zhang et al. [17] narrated the structural and magnetic properties of NixZn1-xFe2O4
ferrites nanoparticles with (x = 0.20, 0.40. 0.50, 0.60, 0.65, 0.70, 0.75, 0.80, 0.90, 1.00),
prepared by sol-gel auto-combustion method. Lattice parameter decreased with the
increase in Ni contents. The change in saturation magnetization and coercivity has also
been discussed with the variation in composition as well as the annealing temperature.
Verma et al. [18] reported the temperature dependence electrical properties of
Ni1-xZnxFe2O4 ferrites with (x = 0.2, 0.35. 0.5, 0.6), prepared by citrate precursor
technique. Resistivity and activation both decreased with the increase in temperature. The
dielectric constant and dielectric loss angle both increased with the rise in temperature.
Localized canting effect in Zn-substituted Ni ferrites has been presented by
Bercoff et al. [19] with a theoretical model of three sublattices ( A , B and B ′ ) to describe
their magnetic behavior. Number of Bohr magnetons per formula unit and Curie
temperature were also discussed as a function of Zn content.
DC resistivity and dielectric studies on Ni0.65Zn0.35+xFe1.99-2xIn0.01TixO4 ferrites
with x ranging from 0.000 to 0.125 in steps of 0.025 prepared by conventional ceramic
technique have been reported by Rao et al. [20]. Resistivity increased with the rise in Ti
concentration. Dielectric constant and dielectric loss factor have also been undertaken as
a function of Ti concentration as well as a function of frequency.
Rahman et al.[21] measured lattice parameter, magnetization, magnetic moment,
coercivity and grain size of Ni0.8-xZn0.2CuxFe2O4 ferrites with (x = 0, 0.05, 0.15, 0.25,
0.42, 0.45, 0.5, 0.55 and 0.6), prepared by chemical co-precipitation method. The lattice
parameter increased whereas magnetization and magnetic moment decreased with the rise
in copper concentration. The behavior of coercivity has also been discussed with the
variation of grain size.
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The effect of Cu substitution on the electrical and magnetic properties of (Ni0.5xCuxZn0.5O)(Fe2O3)0.98

ferrites has been reported by Nam et al. [22]. It was noted that

bulk density increased with the increase in sintering temperature. The variation of
resistivity as well as activation energy has been narrated as a function of copper
concentration. It was also observed that resistivity as well as dielectric constant decreased
with the increase in frequency.
Determination of magnetic properties and Y-K angles in Cu1-xZnxFe2O4 ferrites
prepared by conventional solid state technique with (x = 0.00, 0.25, 0.50, 0.75, 1.00),
were done by Rana et al. [23]. The behavior of Exchange integral, Paramagnetic Curie
temperature, transition temperature, saturation magnetization, magnetic moment, Curie
temperature, and Y-K angles were also examined.
A study of sintering behavior and electrical properties of Cu1-xZnxFe2O4 ferrites
with (x = 0.1, 0.2, 0.3), prepared by the solid state reaction technique was done by Abbas
et al. [24]. The behavior of lattice constant, grain size, sintered density, X-ray density,
porosity and resistivity has been noted as a function of zinc concentration.
The effect of Zn substitution on microstructure and magnetic properties of Cu1xZnxFe2O4 ferrites

prepared by the conventional solid state technique with (x = 0.00, 0.25,

0.50, 0.75, 1.00), was narrated by Rana et al. [25]. It was noted that sintered density
increased whereas X-ray density and porosity both decreased with the increase in Zn
concentration. The change in saturation magnetization, Curie temperature, coercivity and
grain size was also reported.
Maskar et al. [26] reported remanence ratio, coercivity, magnetic moment, Curie
temperature, saturation magnetization, and Y-K angles in Ni0.6Zn0.4Fe2O4 +xSnO2 ferrites
prepared by standard ceramic technique with the variation of Sn substitution and
temperature. It was noted that remanence ratio, magnetic moment and Curie temperature
decreased whereas coercive force and Y-K angles increased with the increase in Sn
concentration.
Dimri et al. [27] studied the values of lattice parameter, measured density, Curie
temperature, saturation magnetization, dielectric constant and dielectric loss factor with
the variation of composition. They also studied the dielectric constant and dielectric loss
factor with the variation of temperature and permeability and dielectric loss factor with
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the variation of frequency for Ni0.6-xCuxZn0.4Fe2O4 ferrites with 0 ≤ x ≤ 0.4 prepared by
citrate precursor method. It was observed that lattice parameter, Curie temperature and
saturation magnetization all decreased whereas measured density increased with the rise
in copper concentration. The dielectric constant and dielectric loss factor both increased
with the increase in temperature.
Birajdar et al. [28] measured lattice constant, X-rays density, porosity, particle
size, bond length, saturation magnetization, magnetic moment, Y-K angles and Curie
temperature for ZnxCu1.4-xMn0.4Fe1.2O4 ferrites with 0 ≤ x ≤ 0.5 prepared by standard
ceramic technique. It was seen that lattice constant, particle size, bond length and Y-K
angles increased whereas Curie temperature decreased with the increase in zinc
substitution in place of copper.
Islam et al. [29] studied the effect of copper substitution in place of nickel in
Ni1-xCuxFe2O4 ferrites (x = 0.0, 0.25, 0.50, 0.75, 1.0), prepared by standard ceramic
method. They measured lattice constant, mass density, X-ray density, porosity, resistivity,
activation energy and drift mobility. It was noted that lattice constant, porosity, resistivity
and activation energy decreased whereas mass density, X-ray density, and drift mobility
increased with the rise in copper concentration.
Scanning electron micrographs, saturation magnetization, coercivity and initial
permeability of Ni0.4Cu0.2Zn0.4Fe2O4 ferrite thin films fabricated using the sol-gel method
and rapid thermal annealing were studied by Feng et al. [30] with the variation of
calcination temperature in the range of 400 oC to 700 oC and step increment of 50 oC. It
was observed that initial permeability increased with the increase in calcination
temperature. Saturation magnetization and coercivity also have the increasing trend with
the rise in calcination temperature.
Scanning electron micrographs, coercivity, remanent flux density, maximum flux
density, maximum permeability and hysteresis loss were measured by Costa et al. [31]
for Ni0.5Zn0.5Fe2O4 ferrites prepared by combustion synthesis, using urea as fuel with the
variation of sintering temperature in the range of 1100 oC to 1400 oC and the step
increment of 100 oC. It was noted that average grain size, maximum flux density and
maximum permeability increased whereas coercivity, remanent flux density and
hysteresis loss decreased with the rise in sintering temperature.
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Lattice parameter, X-ray density, scanning electron micrographs, Porosity,
compressive strength, saturation magnetization, resistivity, real part of initial
permeability and loss factor were studied by Hoque et al. [32] for Ni1-xCuxFe2O4 ferrites
prepared by standard solid state reaction technique in the range of 0 ≤ x ≤ 1.0 and the step
increment of 0.1. From the results, it was concluded that lattice parameter, X-ray density
and grain size increased whereas compressive strength and resistivity decreased with the
substitution of copper in place of nickel.
Initial permeability, bulk density, X-ray density, porosity, scanning electron
micrographs, resistivity, and coercivity were discussed by Nam et al. [33] for
(Ni0.2Cu0.2Zn0.6O)1.03(Fe2-xMnxO3)0.97 and (Ni0.2-xMnxCu0.2Zn0.6O)1.03(Fe2O3)0.97 ferrites
prepared by standard solid state reaction technique in the range of 0.00 ≤ x ≤ 0.08 with
the step increment of 0.02. According to the results, it was concluded that bulk density
and resistivity both decreased with the increase in Mn concentration. Initial permeability
has a decreasing trend whereas coercivity has an increasing trend.
Lattice parameter, scanning electron micrographs, grain size, transmittance and
FTIR vibrations were studied by Bahout et al. [34] for Zn1-xNixFe2O4 ferrites prepared by
soft-chemistry method based on citrate-ethylene glycol precursors, at a relatively low
temperature (650 oC) in the range 0 ≤ x ≤ 1 with the step increment of 0.25. The lattice
parameter decreased with the rise in nickel concentration whereas the grain size increased
with the increase in annealing temperature.
Lattice constant, X-ray density, bulk density, ionic radii of A-site and B-site,
porosity, and shrinkage were discussed by Modi et al. [35] for ZnxCu1-xFeCrO4 ferrites
prepared by standard solid state reaction technique in the range of 0.0 ≤ x ≤ 0.6 with the
step increment of 0.2. The lattice constant, porosity and ionic radius of A-site increased
whereas X-ray density, bulk density, ionic radius of B-site and shrinkage decreased with
the increase in Zn concentration.
Crystallite size, lattice constant, volume of crystallite, measured density, X-ray
density, resistivity, activation energy, correlation coefficient, drift mobility and transition
temperature were studied by Gul et al. [36] for Ni1-xZnxFe2O4 ferrites prepared by
chemical co-precipitation route in the range of 0.25 ≤ x ≤ 1.0 with the step increment of
0.25. It was observed that lattice constant, volume of crystallite, measured density, X-ray
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density and activation energy all increased whereas crystallite size and transition
temperature decreased with the increase in Zn concentration.
Dielectric constant, dielectric loss factor, ac electrical conductivity and saturation
magnetization were studied by Mahalakshmi et al. [37] for NixFe3-xO4 ferrites prepared
by chemical co-precipitation method in the range of 0.3 ≤ x ≤ 0.9 with the step increment
of 0.2. It was noted that dielectric constant decreased with the increase of nickel
concentration as well as with the increase in frequency from 0 to 1 MHz. The dielectric
loss factor increased with the rise in frequency. AC electrical conductivity increased with
the increase in frequency and saturation magnetization increased with the rise in nickel
concentration.
Nakamura [38] measured sintering density, permeability, susceptibility, Snoek’s
product and scanning electron micrographs for Ni-Zn-Cu ferrites prepared by usual
ceramic technique (double sintering method) at low-temperature sintering with the
variation of calcination temperature and sintering temperature. It was observed that
sintering density and permeability increased with the increase in sintering temperature
whereas they both decreased with the increase in calcination temperature.
Bera et al. [39] noted the bulk density, porosity, permeability, grain size, resistivity
and relative loss factor for Ni0.7Zn0.3Fe2O4 ferrites prepared by standard ceramic
technique with the variation of sintering time up to 4 hour. It was stated that bulk density,
grain size and permeability increased whereas porosity decreased with the rise in
sintering time. Resistivity also decreased with the increase in grain size.
Rosales et al. [40] quoted density, Curie temperature and permeability for NixZn1xFe2O4

ferrites prepared using the conventional ceramic powder methodology with x

ranging 0.3-0.4 sintered at different temperatures and time. It was observed that density,
Curie temperature and permeability all the parameters increased with the increase in
sintering time.
Islam et al. [41] stated lattice constant, room temperature resistivity, activation
energy, sintered density, X-ray density, porosity and Seebeck coefficient of Cu1xCdxFe2O4

ferrites prepared using the conventional solid state ceramic method for 0.0 ≤ x

≤ 1.0 with the step increment of 0.1. The lattice constant and X-ray density increased
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with the increase in cadmium concentration. The behavior of other factors was also
discussed with the substitution of cadmium in place of copper.
Srinivasan et al. [42] measured lattice constant, theoretical density, saturation
magnetization, Curie temperature, grain size and permeability of Ni1-xZnxFe2O4 ferrites
for 0 ≤ x ≤ 1 with the step increment of 0.2 prepared by noval hydrazinium metal
hydrazinecarboxylate precursors. The lattice constant increased whereas the Curie
temperature decreased with the rise in zinc concentration. Theoretical density, grain size
and permeability increased with the increase in sintering temperature.
Tseng et al. [43] observed scanning electron micrographs, sintered density,
average grain size, permeability and resistivity of Ni0.5Zn0.5Fe2O4 ferrites prepared by
chemically co-precipitated powders with the variation of sintering temperature in the
range of 1000 oC to 1200 oC with the step increment of 50 oC. Sintered density, average
grain size and permeability increased whereas resistivity decreased with the rise in
sintering temperature.
Rao et al. [44] noted grain size, sintered density, resistivity, saturation
magnetization, initial permeability and magnetic loss factor of Ni0.65-xZn0.35+xFe2-xScxO4
ferrites prepared by conventional ceramic technique with x range from 0.000 to 0.125 in
steps of 0.025. The initial permeability increased with the increase in x. The behavior of
other parameters mentioned above has been discussed with the increase in x.
Sun et al. [45] stated density, lattice parameter, electrical resistivity, dielectric
constant and loss tangent of Ni0.5Zn0.5Fe2-xRxO4 ferrites (R = La or Gd, x = 0-0.04)
prepared by solid state reaction method. Lattice parameter increased whereas the density
decreased with the increase in R concentration. The dielectric constant and dielectric loss
factor both decreased with the increase in frequency.
Rao et al. [46] measured resistivity, dielectric constant and dielectric loss factor of
Ni0.65Zn0.35Fe2O4 + xV2O5 ferrites prepared by conventional ceramic technique with x
values ranging from 0.0 wt% to 1.5 wt% in steps of 0.3 wt%. The behavior of the above
mentioned parameters were discussed with the variation of concentration of vanadium
penta oxide and the variation of frequency.
Wang et al. [47] reported density, scanning electron micrographs, dc resistivity, ac
resistivity, initial permeability, quality factor, coercivity, remanence and saturation flux
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density of (Ni0.38Cu0.12Zn0.50)Fe2O4 ferrites prepared by solid state reaction technique
with the variation of sintering temperature and the addition of different wt% of
PbO:SiO2, PbO:B2O3 and Bi2O3 to lower the sintering temperature of

the above

mentioned ferrites. The density and initial permeability increased whereas the resistivity
and quality factor decrease with the increase in sintering temperature. The behavior of
other factors was also discussed with the variation of additatives’ concentration.
Ahmed et al. [48] observed the average lattice parameter, X-ary density, porosity,
magnetic susceptibility, effective magnetic moment, Curie temperature, exchange
interaction constant and Seebeck coefficient of Ni1-yZnyCu0.3Fe1.7O4 ferrites for 0.0 ≤ y ≤
0.6 with the step increment of 0.1, prepared by solid state reaction method. The lattice
parameter and porosity increased whereas X-ray density, Curie temperature and exchange
interaction constant decreased with the increase in zinc concentration. The behavior of
other parameters were also discussed.
Su et al. [49] noted molding density, sintering density, initial permeability, quality
factor,

grain

size,

Curie

temperature

and

saturation

magnetization

of

(NiO)0.29(CuO)0.08(ZnO)0.62(Fe2O3)1.01 ferrites prepared by solid state reaction method
with the variation of calcining temperature and heating rate. It was observed that molding
density, sintering density, initial permeability, grain size and saturation magnetization
increased whereas Curie temperature decreased with the rise in calcining temperature.
Initial permeability, quality factor and grain size also decreased with the increase in
heating rate.
Shrotri et al. [50] stated scanning electron micrographs, bulk density, dc electrical
resistivity, loss factor, Curie temperature and magnetization of Ni0.8-xCuxZn0.2Fe2O4
ferrites prepared by soft chemical route at 80 oC for x range from 0 to 0.4 with step
increment of 0.1. The studies revealed that bulk density, dc electrical resistivity, initial
permeability and loss factor increased with the optimum copper concentration of x = 0.2.
Curie temperature decreased with the increase in copper concentration.
Mangalaraja et al. [51] measured scanning electron micrographs, bulk density,
porosity, dielectric constant and dielectric loss factor of Ni0.8Zn0.2Fe2O4 ferrites prepared
by microwave-assisted flash combustion technique in the range of sintering temperature
of 1150 oC to 1350 oC with the step increment of 100 oC. It was observed that bulk
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density increased whereas porosity decreased with the increase in sintering temperature.
Dielectric constant and dielectric loss factor both decreased with the increase in
frequency.
Mangalaraja et al. [52] prepared Ni0.8Zn0.2Fe2O4 ferrites by microwave-assisted
flash combustion technique at sintering temperature of 1150 oC, 1250 oC and 1350 oC. He
measured saturation magnetization, coercivity, remanent flux density, maximum flux
density, dc electrical resistivity, activation energy, sintered density, porosity, grain size,
ac resistivity, dielectric constant and dielectric loss factor for the sintered samples. It was
noted that sintered density, grain size, saturation magnetization, remanent flux density
and maximum flux density increased whereas coercivity, activation energy and porosity
decreased with the rise in sintering temperature.
El-Sayed [53] reported lattice constant, FTIRS, bulk density, X-ray density,
apparent porosity and diameter shrinkage of Ni1-yZnyFe2O4 ferrites for 0.1 ≤ y ≤ 0.9 with
the step increment of 0.2 prepared by usual ceramic technology and sintered at 1250 oC in
static air atmosphere. It was noted that lattice constant and porosity increased whereas
bulk density, X-ray density and diameter shrinkage decreased with the increase in zinc
concentration.
Murthy et al. [54] measured lattice constant, Néel temperature, Debye
temperature, magnetic moment and Yafet-Kittel angles of ZnxNi1-xFe2O4 ferrites using
neutron diffraction in the range of 0 ≤ x ≤ 0.75 prepared by the usual ceramic sintering
process with the step increment of 0.25. It was noted that lattice parameter and Y-K
angles increased whereas Néel temperature decreased with the rise in zinc concentration.
Magnetic moment increased with the increase in zinc concentration up to 0.3 and
decreased for further increase in zinc concentration.
Srivastava et al. [55] prepared ZnxFe3-xO4 ferrites by standard solid state reaction
technique in the range of 0 ≤ x ≤ 0.8 with the step increment of 0.2. He measured lattice
constant, bulk density, X-ray density, Curie temperature, saturation magnetization,
magnetization per gram and Yafet-Kittel angles. It was found that lattice constant, bulk
density and Y-K angles increased whereas Curie temperature decreased with the increase
in zinc concentration. The behavior of observed characteristic frequencies for domain
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oscillations and the calculated resonance frequencies for domain rotation of the sintered
samples was also observed.
After going through the literature, research work was focused on Ni1-xZnxFe2O4,
Cu1-xZnxFe2O4 and Ni0.8-xCuxZn0.2Fe2O4 ferrites. These are the most versatile soft
magnetic materials, most suitable for high frequency applications with low magnetic
coercivity, high electrical resistivity and low eddy current loss [56]. The structural
stability of the ferrites is essential in all applications. High electrical resistivity and good
magnetic properties make these ferrites excellent core material for power transformers in
electronics, magnetic recording media, computers memory chips, antenna rods, loading
coils, microwave devices and telecommunication applications [11]. The knowledge of
cation distribution and spin alignment is essential to understand the magnetic properties
of these spinel ferrites. The interesting physical and chemical properties of ferro-spinels
depend upon their ability to distribute the cations among the available tetrahedral (A) and
octahedral (B) sites. When ferrites are sufficiently diluted with non-magnetic atoms, they
can show a wide range of magnetic structure: ferromagnetic order, cluster spin glass, etc
[28]. Ni has important magnetic properties whereas addition of Cu lowers the firing
temperature and increases the density [32]. Zinc content exerts important influences on
the product microstructure and properties [56]. Due to these potential applications,
interest in the above mentioned ferrites has been developed and work started in this field.
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CHAPTER 3

Experimental Techniques

Experimental Techniques
In order to investigate different properties of ferrites, some specific techniques
have been used. Each technique gives different information, some about chemical and
physical properties, and others about structure, morphology and geometry. That is why a
system should be equipped with more than one technique to obtain maximum
information. The different techniques/experiments chosen in this work are given below:
(1)

X-rays diffraction

(2)

DC Electrical resistivity measurements

(3)

Scanning Electron Microscope (SEM)

(4)

Energy Dispersive Spectroscopy (EDX)

(5)

LCR Meter

(6)

Vibrating Sample Magnetometer (VSM)
From X-rays diffraction data, structural related parameters such as lattice constant,

X-ray density and porosity were calculated. DC electrical resistivity data were used to
calculate the activation energy and drift mobility. Dielectric constant and dielectric loss
factor were determined by LCR Meter Bridge. M-H loop sketched by VSM provided
information about remanence magnetization, saturation magnetization, coercivity and
Yafet-Kittel angles. The short description of these techniques is given in this chapter.

3.1 X- Rays Diffraction
To study the crystalline structure of solids, X-rays diffraction is a versatile and
non-destructive technique that provides detailed information about the materials. A
crystal lattice is a regularly arranged three-dimensional distribution (cubic, rhombic, etc.)
of atoms in space. They are fashioned in such a way that they form a series of parallel
planes separated from one another by a distance d (inter-planar or inter-atomic distance)
which varies according to the nature of the material. For a crystal, planes are found in a
number of different orientations each with its own specific d-spacing.
X-rays are electromagnetic radiations having wavelength in the range of 0.5 to 2.5
Å. This wavelength of X-rays is comparable to the interatomic spacing in solids [1].
Radiations of longer wavelength cannot resolve the structure on an atomic scale and
radiations of much smaller wavelength are diffracted incontinently through small angles.
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X-rays can be produced either by the deceleration of fast moving electrons in the metal
target or by the inelastic excitation of the core electrons in the atoms of target. The first
process gives broad continuous spectrum while second gives the characteristic X-rays [2].

3.1.1 Bragg’s Law
Bragg’s law states that when a radiation falls on a series of parallel planes equally
spaced at a distance d. Then the path difference is 2dsinθ for the reflected rays where θ is
measured from the plane. For constructive interference, the path difference is nλ, where λ
is the wavelength and n is an integer. Condition for constructive interference is
2dsinθ = nλ (n = 1, 2 ...)

(3.1)

This is called Bragg’s equation [3]. This equation shows that reflection can only occur
when λ ≤ 2d. This is why we can’t use visible light [2]. For X-rays analysis of three
dimensional crystal structures, three techniques are used which are based on Bragg’s law.
A

C

A

C

θ
d

D

B

θθ

E

B

Figure 3.1: Interference of X-rays beam at scattering rows of atoms in a crystal.

There are following three methods used for the diffraction of X-rays.
(i) Laue method
(ii) Rotating-Crystal method
(iii) Powder method
Our samples are in powder form, therefore we will discuss only the powder method. \
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3.1.2 Powder Method
The powder method is most reliable to find the crystal structure of powdered
specimen, especially when single crystal of reasonable large size is not available. This
method is convenient to find the crystal structure and grain size as single crystals are not
required [2].
In this method, the specimen to be examined is reduced to a very fine powder and
then put in a rectangular plate of aluminum or glass. A beam of monochromatic X-rays is
incident on the finely powdered specimen. Each particle of the powder is a tiny crystal
oriented at random with respect to the incident beam.

2θ
θ
(a)

(b)

Figure 3.2. Formation of a diffracted cone of radiations in powder method.

Consider one particular reflection. Some of the particles of the powdered specimen
will be so oriented that their (hkl) planes make the correct Bragg’s angle for reflection.
Fig. 3.2 (a) shows one plane in this set and the diffracted beam is formed. If this plane is
rotated about the incident beam in such a way that θ is kept constant, then the reflected
beam will travel over the surface of a cone as shown in Fig. 3.2 (b). This rotation does
not actually occur in the powder method, but the presence of large number of crystal
particles having all possible orientations is equivalent to this orientation, as some of the
particles have (hkl) planes satisfy Bragg’s angle with the incident beam. From the
measured position of a given diffraction line on the film, knowing θ and λ, we can
calculate the interplanner spacing d.
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3.1.3 Diffractometer Method
It is the most efficient way for high-resolution data analysis. A monochromatic
beam of X-rays is incident upon fine powdered specimen. As all planes are present in the
specimen, hence for a given wavelength λ, the diffraction from a plane (hkl) occurs at a
specific angle θ. This diffracted beam is observed by X-rays detector. The first
diffrectometer was designed and used by Bragg for crystallography in 1912 [1].

3.1.4 Measurement and Verification of the Structure
This facility was availed from the Department of Chemistry, Quaid-i-Azan
University Islamabad on PANalytical diffractometer for the determination of lattice
constant and

crystal structure of the prepared compounds. The sample was used in

powdered form, the powder was placed in a plate shape (20 × 18 mm2) sample holder
(35 × 50 mm2) made of aluminum. The powder of each sample was placed one by one.
The monochromatic beam of X-rays CuKα (λ=1.5406 Å) radiations was generated at a
point and the intensity of the diffracted beam was detected with a counter. The X-rays
pattern was obtained for each composition by changing the angle 2θ from 10o to 80o at a
step size of 0.04

o

per second. Collimators are incorporated within the path of beam to

produce a well-defined and focused beam. Utilization of a filter provides nearly
monochromatic beam.

3.2 Electrical Properties
Electrical properties include resistivity, activation energy and drift mobility.
Resistivity is one of the most important characteristics of the matter especially of metals,
semiconductors, and insulators. There are many factors which affect the resistivity of
matter. Among these factors, temperature is the condition to which the specimen is
subjected at the time of resistivity measurements. The electrical resistivity of a metal
increases with the rise of temperature. But the electrical resistivity of semiconductors and
insulators decreases as the temperature increases. The resistivity of the material is given
by,
ρ=

RA
L

(3.2)
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Where R is resistance of the material at a specific temperature, A is the cross-sectional
area of the sample and L is the distance between two potential probes of the sample. The
resistance to flow of conduction electron is due to the following reasons [4].
(1)

The vibration of lattice ions due to the increase in temperature is the major cause
of resistance. This temperature dependent resistivity is called thermal resistivity.

(2)

Imperfections and dislocations in a crystal lattice are also responsible of
resistivity which is lower than that due to lattice vibrations.

3.2.1 DC Electrical Resistivity of Ferrites
Ferrites play a useful role in many technological applications because of their high
electrical resistivity. Electrical properties of ferrites depend upon the chemical
composition as well as on the various heat treatments during the course of preparation.
These properties are also influenced by the method of preparation [5]. The variation in dc
electrical resistivity can be explained on the basis of Verwey hopping mechanism [6].
According to it, the electrical conduction in ferrites is due to the hopping of electrons
between the ions of same element but of different valence states present at the octahedral
sites. The conduction in ferrites is the result of hopping of electrons between Fe3+ and
Fe2+ ions present at octahedral sites [7]. Generally, the electrical resistivity of ferrites
decreases with the increase of temperature. This shows that ferrites have semiconductor
like behavior [8]. Ferrites have very high resistivity which is one of the considerations for
microwave applications [9]. For ferrites, resistivity vary from 10-2 ohm-cm to 1011 ohmcm at room temperature depending on chemical composition of the material [3].

3.2.2 Methods of DC Electrical Resistivity Measurement
The most common methods used to determine the electrical resistivity are as
follows,
(1)

Two probe method

(2)

Four probe method
Two probe method is an easy method. This method is used to measure the high

resistivity of the materials because the small error in resistivity does not matter. Four
probe method is more accurate and is used to measure the low resistivity. The primary
consideration in using these methods is that of obtaining a minimum amount of contact

38

resistance between the electrodes and the samples. Due to high resistivity of ferrite
samples, two probe method is used in ferrites, therefore we shall discuss in detail only
two probe method.

3.2.3 Two Probe Method
In this method, the amount of current that flows through a sample with the
variation of voltage is measured. Depending on the resistance of the sample, various
types of current measuring instruments might be used as ammeter, millimeter,
micrometer, galvanometer or electrometer. The shape of the sample in two probe method
may be that of disc, cylindrical, cube, or parallelepiped. Electrodes are located
symmetrically with respect to each other on opposite sides of the sample. If
measurements are to be made on a low resistance sample, it is preferable to make use of
an ammeter. When measurements are being made on high resistance samples, a high
sensitivity galvanometer may be used in place of ammeter. An electrometer may be used
to measure current of 10-14 ampere.

3.2.4 Development of DC Resistivity Apparatus
To measure the electrical properties such as resistivity, conductivity, mobility,
activation energy at high temperature range, a resistivity apparatus was developed in
Thermal Physics Laboratory, Quaid-i-Azam University, Islamabad. The main
components of this apparatus are
1)

High voltage supply (up to 40V)

2)

An element heater

3)

A thermocouple

4)

A temperature controller (to measure temperature)

5)

A traic control (to control the current)

6)

Digital multimeter

7)

A sample holder

3.2.5 DC Power Supply
Ferrites are insulators with resistance in the range (106-108Ω). In order to measure
the resistivity of the ferrites, a large voltage source is required. The DC power supply
having model Hewlett-Packard Harrison 6522A DC power supply was used to provide

39

the current to the heater. The power supply has the capacity of 0-100mA current. It has
input voltage of 110 V and output voltage 0-2000 V.

V

Sample

A
Heater

220 V
Traic Control

Figure 3.3: Block diagram representing the resistivity apparatus setup designed and assembled in
Thermal Physics Laboratory.

3.2.6 Heating Arrangement
An element heater was used to heat the sample. The heater is clamped inside a
hollow ceramic pot. The wire of the heater having resistance 462 Ω can draw a maximum
current of 500 mA. The maximum temperature of 350 0C can be attained from this heater.

3.2.7 Temperature Measuring Instrument
A thermocouple was connected with a temperature measuring instrument
manufactured by the Swiftech Taiwan of model SG-900 to measure temperature of the
samples. This meter can measure the temperature in the range -200 0C to 1200 0C.

3.2.8 Thermocouple
The thermocouple is an example of device, which converts the temperature into
electro motive force. It is used as a thermometer widespread because it is easily
constructed and has a very little effect on the temperature of a small object. The
thermocouple device consists of two dissimilar conductors joined at their ends. Any two
types of metals can be used to make a thermocouple; a number of standard types are used
because they possess predictable output voltages and large temperature gradient. K-type
thermocouple is the ‘general purpose’ thermocouple. It is low cost and owing to its
popularity, it is available in a wide variety of probes. Its error measurements are ± 1 K.
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3.2.9 Traic Control
A traic control was introduced in series with the heater to control heating. This
was done because we want to heat the sample at a slow rate.

3.3 Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) is a type of electron microscope that is
used to produce high-resolution three dimensional images of a specimen surface and to
observe the surface structure of the specimen.Low energy secondary electrons (<50 ev)
created near the specimen surface by impengement of a finely focused electron beam
offer the best image forming qualities [10].
In Scanning Electron Microscope, electrons are thermionically emitted from the
cathode surface made of tungsten or lanthanum hexaboride and are accelerated towards
the anode. Electrons can be emitted through field emission. Tungsten is used as it has the
highest melting point and lowest vapour pressure of all metals, thereby favorable for
electron emission at highest temperature. The energy of electron beam ranges from a few
hundred eV to 100 keV, is focused by one or two condenser lenses into a beam with a
spot size of 1 nm to 5 nm. The beam is passed through a pair of scanning coils in the
objective lens, which deflects the beam horizontally and vertically so that it scans in a
raster fashion over a rectangular area of the specimen surface. When the primary electron
beam strikes the sample surface, the electrons lose their energy by repeated scattering and
absorption with the specimen and the beam extends from less than 100 nm to around 5
µm on the specimen surface. The energy exchange between the electron beam and the
sample under observation, results in the emission of electrons and electromagnetic
radiations which are used to produce an image. The resolution of scanning electron
microscope ranges from 1 nm to 20 nm.
An electron microscope is a scientific instrument that uses a beam of highly
energetic electrons to examine objects on a very fine scale. A focused beam of electrons
is used in electron microscope to obtain much higher magnification than that of a
conventional microscope. An ordinary microscope can magnify the image of an object up
to 100 times whereas the electron microscope can magnify the image up to 1000 times.
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This large magnification is due to the fact that the wavelength of a high-speed electron is
much lower than that of visible light, and so much higher resolution is possible.

Figure 3.4: Block diagram of Scanning Electron Microscope

A beam of electrons is emitted from the electron source and is accelerated towards the
specimen using a positive electrical potential. This beam is confined and focused by
metal apertures and magnetic lenses into a thin, focused and monochromatic light. Then
the beam is focused on the sample with the help of magnetic lens. The interactions occur
inside the irradiated sample that affect the electron beam. Ultimately, we see the
magnified image.

3.4 Energy Dispersive X-Ray Spectroscopy (EDS)
Energy dispersive X-ray spectroscopy (EDS) is a technique used for the
compositional analysis of a material. It characterizes a sample through the interactions
between electromagnetic radiation and matter and analyzing the X-rays emitted by matter
in this particular case. As each element of the periodic table has a unique electronic
structure so it has a specific response to electromagnetic waves. In this technique, the
spectroscopic data are plotted as a graph of counts vs energy.
A beam of electrons or photons is bombarded to the sample which is to be
characterized. When an atom is at rest within the sample, it contains ground state
electrons in discrete energy levels around the nucleus. The incident beam may excite an
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electron from the inner shell, and results in the formation of an electron-hole within the
atom’s electronic structure. An electron from an outer shell then fills the hole, and the
excess energy of that electron is released in the form of an X-ray. The X-rays released in
this way, create spectral lines that are highly specific to individual elements. In this
manner, the X-rays emission data are analyzed to characterize the sample.
Electron probe microanalysis combines structural and compositional analysis in
one operation. Microanalysis provides information about the specimen composition on a
microscopic scale. This provides the possibility of local analysis of a small region on the
specimen surface. Elemental compositions can be mapped for homogeneity and
heterogeneity at the micrometer scale. For example, EDS can provide analysis of
individual inclusions in steel and other alloys, and can be used as a semi-quantitative
method in nuclear applications.

3.5 LCR Meter
LCR meter is a device to measure the resistance, capacitance, inductance,
impedance, loss factor etc. It is very important to measure the impedance of electrical and
electronic devices. Several schemes of LCR measurements have been reported in the
literature, but the bridge method is the earliest and most accurate method to measure the
impedance [11]. Its accuracy basically depends upon the accuracy of the known values of
various elements constituting the bridge. In these ac bridges, the balance is achieved by
varying two parameters which involve many steps.
The quasi-balance bridge-form need adjustment of only one variable which
requires few steps. In principle, it yields one parameter of unknown complex impedance
(magnitude or real part). The second parameter (angle or imaginary part) is obtained by
adjusting another variable element for a different quasi-balance condition, without
disturbing the setting of the first variable element needed for the initial quasi-balance.
In an automatic LCR meter bridge method, the bridge circuit employs a fixed
standard resister beside the unknown impedance, and a multiplying digital-to-analog
converter (MDAC) that works as a resistive potentiometer. Two independent quasibalances are obtained in the bridge by varying the potentiometer settings. Parameters of
the unknown impedance are calculated by potentiometer settings and the unknown value
of standard resistance. The quasi-balance condition is observed by the zero out-put of a
43

phase-sensitive detector (PSD), which easily permits the implementation of the automatic
balance using a microcontroller. The automatic LCR meter bridge method uses the fixed
standard resistor instead of a variable standard resistor, which has greater accuracy in
measurement. The potentiometer is used for both quasi-balance conditions without any
change in the circuit configuration which have greater convenience for both manual and
automatic balancing.
The bridge is made by unknown impedance (Z), a known standard resistance (Rs),
and a sensitive potentiometer of total resistance (Rp) as shown in Fig 3.4 (a). The
individual bridge elements would be xRp, (1-x)Rp, Z and Rs, where x is the position of the
variable point of the potentiometer. The bridge is excited by a sinusoidal voltage Vs at the
desired frequency ω, Vd is the potential difference between the variable point of the
potentiometer and the node formed by the resistance Rs and the impedance Z, is taken as
the output of the bridge. The quasi-balance is achieved by varying the position x of the
potentiometer [12].
As an example, we take the case of measuring the capacitor parameters.
nVs

(1- n)Vs
Z

Vz

(1-x)Vs
Vs

mVs

(1-m)Vs
Vz

Vd

Vd

(for n)

Vd

(for n)

xVs
Rs

VR

VR

Figure 3.5 (a)

Figure 3.5 (b)

Figure 3.5 (a) Bridge network used for measurement of impedance (b) Phaser diagram for quasibalance conditions with capacitive impedance.

To measure the capacitive impedance the first quasi-balance (m) is obtained when Vd is
in quadrature with Vz, the voltage across the capacitor. The second quasi-balance (n) is
obtained with Vs. According to the phaser diagram of Fig. 3.4 (b), the admittance (y) is
taken as

Y = Gp + jωCp
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(3.3)

Here

ωCp =

And

Cp =

1
Rs

n−m 1
1− n 1− m

(3.4)

1 m
Rs 1 − m

(3.5)

The loss factor (tanδ) of the capacitor is achieved as
tanδ = m

1− n
n−m

(3.6)

3.6 Vibrating Sample Magnetometer (VSM)
The M-H loop at room temperature (Magnetization versus applied magnetic field)
is obtained by the Faraday’s law of electromagnetic induction i.e induced electromotive
force generated by change in flux.
Sample Holder

Synchronous Motor

Magnet

Reference Coil

Limiter
Pre.
Amp.

Phase Shifter

Line Filter

Phase Loop

Low Pass Filter

High Pass Filter

ATT

AMP

Phase Sensitive Detector

Operational Control
Low Pass Filter
Mag. Power Sup.

Output
M Callibrator
Y-Axis

Magnetizing Force
Sample
Search Coil
Pole Tip

X-Axis

Electromahnetic Coil

Figure 3.6: Block diagram representing the Vibrating Sample Magnetometer (VSM) apparatus.

To obtain the M-H loop, we have used the VSM of model 735 of Lake Shore Company
Ltd. USA with the courtesy of Mr. Umar Shafique at Ghulam Ishaq Khan Institute, Topi,
District Sawabi, Pakistan for the measurement of magnetization due to the change in
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applied field. This is a type of B-H curve tracer in which a magnetic sample is placed
between the large magnetic coils. When current is passed through the coils, a very strong
magnetic field of about 10 kOe is generated between the coils in which the magnetic
sample is placed. The sample is vibrated with the help of a sample holder at a frequency
of 30 Hz. The magnetization is measured directly from the magnitude of the
electromotive force induced in the coil in proximity with the sample.
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CHAPTER 4

Fabrication and Characterization
of the Samples

Fabrication and Characterization of the
Samples
The commonly used approach for the fabrication of ferrite materials in bulk is the
solid-state reaction technique. This technique is simple and more convenient than other
techniques e.g sol-gel, co-precipitation etc. [1]. It can be adopted without much chemical
knowledge. The main disadvantage of this technique is that the final materials have
additional undesirable phases. Important steps in this technique are calcination and
sintering. Temperature and time for calcination and sintering vary for individual systems.
We prepared our samples following the reported procedure as given below.
Ferrites are usually formed from the powders of Iron (III) oxide and metal (II) oxides
such as NiO, ZnO, CuO etc by a chemical reaction called calcination. Then the product is
milled to particles smaller than 2 µm to achieve Weiss domains in the size of single
particle. Afterwards, the powder is palletized with the help of polyvinyl binder, dried and
sintered.
Grinding and mixing of the oxides have much importance for the homogenization
of the desired phase. In sintering, the pellet of the material must be fired at maximum
high temperature without melting [1]. However, solid-state reaction is often very slow. It
is performed at very high temperatures (>1100 0C), where reacting atoms can diffuse
through solid materials to the reaction more easily. The ferrites prepared through solid
state reaction methods are in bulk form and their size is in micrometer range (10-6 m).

4.1 Sample Preparation
Normally ferrites are fabricated using the following steps
(i) Starting material
At the initial stage, powder of ferric oxide Fe2O3 and metal dioxide with general
formula MO are mixed. Metal carbonates can also be used. Carbondioxide is separated in
the gaseous form during firing and metal carbonates are converted into metal oxide.
(i) Grinding
Good mixing and small particle size is achieved by prolong wet grinding of the
powder mixture in ball mills, which decreases the porosity of the final product. After
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grinding, water is removed and ferrites are shaped into blocks and dried. Mixing and
grinding can also be done in an electric grinder or with the help of agate motor and pestle.
(iii) Presintering
Presintering is done in air and the temperature is increased up to about 1000 oC
for up to about 20 hours. At this stage, the partial formation of ferrite takes place:
MO + Fe2O3 → MFe2O4

(4.1)

This step produces a uniform final product and reduces the shrinkage that takes place in
final sintering.
(iv) Grinding
At this stage, the material is ground again to promote the mixing of some
unreacted oxides and to reduce the particle size.
(v) Pressing
In this step, dry powder of the material is mixed with the water solution of an
organic binder to its final shape by exerting the uniaxial pressure of 1 to 10 tons/in2. Most
likely shapes are cylindrical and toroidal.
(iv) Sintering
It is the final and critical stage. The heating and cooling cycle extends about over 8
hours. The temperature during sintering varies from 1100 oC to 1400 oC. During
sintering, interdiffusion takes place between adjacent particles and they stick together.
The porosity is reduced by the diffusion of vacancies to the surface. Strict control of the
furnace temperature and atmosphere is crucial as these variables have marked effects on
the magnetic properties of the product material. Iron and some other ions can exist in
more than one valency state.Fe3+ will change to Fe2+ and Ni2+, Mn2+ to Ni3+, Mn3+ ions
[2].

4.2 Preparation of Ni1-xZnxFe2O4, Cu1-xZnxFe2O4 and
Ni0.8-xCuxZn0.2Fe2O4 ferrites
The following three series of soft ferrites have been prepared using reagents of
analytical grade.
(i)

Ni1-xZnxFe2O4

x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0

(4.2)

(ii)

Cu1-xZnxFe2O4

x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0

(4.3)

(iii)

Ni0.8-xCuxZn0.2Fe2O4

x = 0.0, 0.2, 0.4, 0.6, 0.8

(4.4)

48

The samples were prepared by mixing NiO (99%), ZnO (99%), CuO (99%) and
Fe2O3 (99.5%) in their equimolar amounts according to their molecular weight without
further purification. The individual mass for each constituent was calculated by taking
molecular weight of the respective oxides. The chemical reaction for these is as follows
And

NiO + ZnO + Fe2O3 → Ni1-xZnxFe2O4

(4.5)

CuO + ZnO + Fe2O3 → Cu1-xZnxFe2O4

(4.6)

NiO + CuO + ZnO + Fe2O3 → Ni0.8-xCuxZn0.2Fe2O4

(4.7)

In case of Ni1-xZnxFe2O4 ferrites, the powders of these oxides with specific composition
were mixed and ground in the agate mortar and pestle for two hours. Before and after the
grinding of each sample, mortar and pestle were cleaned with acetone. The samples in
powder form were put in the alumna crucibles and calcined in the box furnace at 970 oC
for 5 hours followed by furnace cooling. Again each sample was ground in the agate
mortar and pestle for one hour. Then all the samples were pelletized in the form of small
disc shape of thickness varying from 2mm to 3mm and diameter 11 mm with the help of
polyvinyl binder by exerting the uniaxial pressure of 80 kg/cm2 for one to two minutes.
These pellets were placed in alumna crucibles in the box furnace. Pellets were sintered at
temperature of 1180 oC for 5 hours followed by furnace cooling.
After sintering, X-rays diffraction measurement of the materials were carried out to
confirm the formation of required structure of the product materials.Same procedure was
adopted for Cu1-xZnxFe2O4 ferrites with the difference that calcination was done at 970 oC
for 9 hours. The pellets were sintered at the temperature of 1130 oC for 4 hours. In case of
Ni0.8-xCuxZn0.2Fe2O4ferrites, calcination was done at 950 oC for 9 hours.
The samples were pelletized with the help of polyvinyl binder by exerting the uniaxial
pressure of 120 kg/cm2 for one to two minutes. The pellets were sintered at the
temperature of 1150 oC for 4 hours. Calcination involves the reaction between the
reactants and the reduction of oxides whereas the sintering provides the final product
with final structure.

4.3 Structural Properties by X-Rays Diffraction
To find the crystal structure, we need to determine the lattice constant. It is related
to the interplaner spacing for the hkl planes in the cubic structure as
dhkl

h2 + k 2 + l 2 = a
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(4.8)

Where h, k, l are the Miller indices of the crystal planes, dhkl is the interplaner spacing
distance and a, is the lattice constant
The value of a, for each composition may be obtained by combining the equations 3.1
and 4.10 [2]
a=

λ h2 + k 2 + l 2
2 sin θ

(4.9)

Bragg’s condition demands that a proper combination of θ and λ is found for efficient
reflection. The powder X-rays diffraction technique is adopted to find the crystal
structure of the prepared samples in the angle dispersive mode [3]. The X-rays diffraction
pattern of all the samples were carried out on PANalytical diffractometer equipped with
Cu-Kα (λ=1.5406Å) radiations.
Strong diffraction peaks from the planes 220, 311, 400, 511 and 440 and the weak
diffraction peaks from the planes 222, 400, 422 and 440 are very sensitive to cation
distribution at tetrahedral as well as octahedral sites. Ladgaonkar and Narasimhan [4, 5]
stated that intensities of the 220, 440, and 511 planes are more sensitive to the cations on
tetrahedral, octahedral and the oxygen ions parameters respectively. Ni2+ and Cu2+ ions
have strong preference for the B site whereas Zn2+ ions have preference for A site.
Generally in spinel ferrites, the peak intensity for all planes depends upon the
concentration of magnetic ions in the lattice. The decrease in X-rays broadening
decreases with the increase in sintering temperature attributes the grain growth of
crystallites at higher temperatures [6, 7]. It is quoted by some others authors [8, 9] that
the lattice constant increases with the rise in zinc concentration. Considering the cation
distribution, it is easy to understand that Zn2+ ions are highly diffusible and very sensitive
to heat treatment with regard to their site occupancy in the spinel lattice. Some other
researchers have also done the XRD studies of Ni-Zn [10-15] and Cu-Zn [16, 17] ferrites.

4.3.1 Lattice Constant
A parameter defining the unit cell of a crystal lattice, is the length of one of the
edges of the cell or an angle between edges. It is also known as lattice parameters or
lattice constant. Lattice constant refers to the constant distance between the lattice points.
It is calculated using Eq. 4.9. Lattice in three dimensions generally has three lattice
constants, referred as a, b, c. However, in cubic crystal structures, all of the constants are
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equal and we only refer to a. Similarly, in hexagonal crystal structures, a and b are equal
and we only refer to a and c constants. The length of the basis vectors a, b, c must be
given in Å and the angles α, β, γ in degrees. Any variation in the dielectric constant with
the change in composition depends upon the difference in the ionic radii of the
constituent elements.

4.3.2 Sintered Density
It is defined as the ratio of the mass to volume of the sintered pellet of each
composition. Mathematically, it is written as
ds =

m
πr 2 h

(4.10)

Here ds is the sintered density, m is the mass, r is the radius and h is the width of the
sample. Variation in sintered density depends upon the difference in the ionic radii of the
constituent elements.

4.3.3 X-Ray Density
The X-ray density of the samples was calculated using the relation given by Smit
and Wijn [18]
dx =

8M
Naa3

(4.11)

Where dx is the X-rays density, M is the molecular weight of the samples, Na is the
Avogadro’s number and ‘a’ is the lattice constant. As there are 8 molecules in the unit
cell so 8 is included in the formula. X-rays density depends upon the molecular weight of
the composition as well as the lattice constant of the composition.

4.3.4 Porosity
The porosity of the samples was calculated from the relation [16]
P = 1-

ds
dx

(4.12)

The change in porosity with the variation in composition may be due to the creation of
more oxygen vacancies and less creation of cations as Zn is doped in the samples [19].
The X-ray density of each sample is greater than the corresponding sintered density. This
may be due to the existence of pores in the samples.
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4.4 Electrical Properties
Electrical properties include resistivity, activation energy and drift mobility. The
resistivity is defined as the resistance of unit length of a substance with a uniform unit
cross-section. It is also called the specific resistance. It is measured in Ω-m or Ω-cm. If
we have a uniform conducting rod of length L, area of cross-section A, and voltage V,
applied across its ends and the current I, is passing through it, then the resistance R, of
this conductor is written as
R=

V
I

(4.13)

And the resistivity of the rod is written as
ρ=

RA
L

(4.14)

Materials show resistance to the flow of conduction electrons due to the following
reasons [20].
(1)

The vibrations of lattice ions increase with the increase in temperature. This

temperature dependent resistivity is called thermal resistivity.
(2)

Imperfections and dislocations in a crystal lattice also increase the resistivity

which is lower than that of the resistivity due to lattice vibrations.

4.4.1 DC Electrical Resistivity Measurement
DC electrical resistivity varies with the variation in composition. The change in
d.c. electrical resistivity can be explained on the basis of Verwey’s hopping mechanism
[21]. According to Verwey, the electrical conduction in ferrites is due to the hopping of
electrons between the ions of same element present in different valence state at
octahedral (B) site. In other words, the conduction in ferrites is mainly due to the hopping
of electrons between Fe3+ and Fe2+ ions present at B-site [22]. Beside this, the presence of
Ni3+ ions, if any, at the octahedral sites may also make a small contribution to the
conductivity. The occurrence of small percentage of Fe2+ and Ni3+ ions in these ferrites
may result either due to sintering [23]or the electron exchange between Fe3+ and Ni2+
ions as given below:
Fe3+ + Ni2+ → Fe2+ + Ni3+
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(4.15)

As both Fe2+ and Ni3+ ions have a strong preference for occupying the octahedral sites
[24], therefore, they participate in the conduction process and hence the resistivity
decreases.

4.4.2 Temperature Dependent of Resistivity
Ferrites are insulator but they show semiconductor like behavior with the rise of
temperature. Their resistivity varies with temperature according to Arrhenius equation
[25]
ρ = ρ∞ e

∆E
k BT

(4.16)

Here ρ is the resistivity at a particular temperature, ρ ∞ is the resistivity extrapolated to T
= ∞, T is the absolute temperature, kB is the Boltzmann constant and ∆E is the activation
energy, which is the energy needed to release an electron from the ion for a jump to
neighboring ion, giving rise to the electrical conductivity.
The influence of the increase in temperature on the resistivity is that it changes the
mobility of the carriers which gives rise to the hopping of charge carriers between the
equivalent lattice sites. As a result, the conductivity increases and hence the resistivity
decreases with the increase in temperature. In few cases, a change in slope in Arrhanius
plot is found in the straight line, which points two parallel conductivity mechanisms with
different activation energy.

4.4.3 Sintering Conditions and Resistivity
The dc-electrical resistivity of the prepared samples decreases with the increase in
sintering temperature or the increase in sintering time. This decrease in dc electrical
resistivity with the increase in sintering temperature or sintering time is attributed to the
presence of increased divalent iron ions that are produced during sintering. The
increasing value of sintered density and average grain size with the increase in sintering
temperature also lowers the resistivity [26]. The volatilization of zinc with the increase in
sintering temperature is another factor that increases the presence of Fe2+ contents, which
decreases the resistivity [27].

4.4.4 Activation Energy
In ferrites, electrical energy is defined as the energy needed to release an electron
from the ion for a jump to the neighboring ion, so giving rise to the electrical
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conductivity. It is calculated using Eq. 4.16. The activation energy decreases with the
increase in temperature. This is due to the increase in concentration of Fe2+ ion with the
rise in temperature. Fe2+ ions cause more diffusion of electrons and leads to the reduction
in activation energy.

4.4.5 Drift Mobility
In a semiconductor, the average velocity of excess of the minority carriers per unit
electric field is known as drift velocity. In general, the mobility of holes and electrons are
different. Mobility of electrons is greater than that of holes.
Drift mobility (µd) of ferrites is calculated using the following relation [28].
µd =

1
ηeρ

(4.17)

Here e is the charge on an electron, ρ is the resistivity and η is the concentration of charge
carriers that can be calculated from the relation [29].
η=

N a d s PFe
M

(4.18)

Here M is the molecular weight, Na and ds have been defined above, PFe is the number of
iron atoms in the chemical formula of the ferrites.
The increasing trend of mobility with temperature shows the hopping of charge carriers
from one site to another with the rise in the temperature [19].

4.4.6 Conductivity Mechanism in Ferrites
The temperature dependent mobility affects the conductivity in ferrites whereas
the carrier concentration is almost unaffected by the temperature variation. Band type
conduction occurs in semiconductors, but in ferrites, the cations are surrounded by closed
pack oxygen anions. There is a little direct overlap of the anion charge clouds or orbital.
The isolated electron model is more appropriate than the collective electron band model.
These factors lead to the hopping electron model. An appropriate conductivity in ferrites
is found to be due to the exchange of 3 d electrons from Fe3+ to Fe2+.

4.4.7 Theories and Models
Many models have been suggested to account for the electrical properties of
ferrites; few of them are as follows,
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4.4.8 Hopping Model of Electrons
The conduction in Ni-Zn ferrites results mainly from the hopping of electrons
between Fe3+ and Fe2+ ions present at octahedral (B) site [22]. The presence of small
percentage of Fe2+ ions in ferrites may either be due to the sintering process [23] or
electron exchange between Ni2+ and Fe3+ ions as
Ni2+ + Fe3+ → Ni3+ + Fe2+

(4.19)

As Fe2+ and Ni3+ ions have strong preference for the B-site [24], they can readily
participate in the conduction process. For the equilibrium lattice, there is little overlap
between the wave functions of ions on adjacent octahedral sites, with the result that the
electrons / holes are not free to move through the crystal but are mixed at the metal ions.
In the presence of lattice vibrations, ions occasionally come close for transfer to occur
with maximum probability. The conduction is by the lattice vibration and the carrier
mobility shows a temperature dependence characterized by activation energy. The
activation energy does not belong to the energy picture of electrons but to the crystal
lattice around the site of electrons. The temperature dependence of conductivity arises
only due to mobility and not due to number of charge carriers in the sample.

4.4.9 Small Polaron Model
In the solid state physics, a polaron is formed when a moving charge particle
(electron or hole) in a crystal with some ionic character polarizes the lattice around it.
The resulting lattice polarization acts as a potential well that hinders the movement of the
charge carriers and consequently decreases its mobility.
A small polaron is created when an electron carrier becomes trapped at a given site
due to the displacement of adjacent atoms or ions. The entire defect (carrier + distortion)
is transferred by an activated hopping mechanism. Small polaron formation can take
place in materials whose conduction electrons belong to incomplete inner (d or f) shell,
which tends to form extremely narrow bands due to small electron overlap. The migration
of small polaron requires hopping of both the electron and polarized atomic configuration
from one site to an adjacent one. If the hopping electron becomes localized due to
interaction with phonon, then a small polaron is formed and the conduction is due to
hopping motion of small polaron.
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4. 5 Scanning Electron Micrographs
Scanning electron microscopy is used for inspecting morphology of specimens at
very high magnifications. During SEM inspection, a beam of electrons is focused on a
spot volume of the specimen, resulting the transfer of energy to the spot. These
bombarding electrons also referred to as primary electrons, dislodge electrons from the
specimen. The dislodged electrons, also known as secondary electrons, are attracted and
collected by a positively biased grid or detector, and then translated into a signal. To
produce the SEM image, the electron beam is swept across the area being inspected,
producing many such signals. These signals are then amplified, analyzed, and translated
into images of the topography being inspected.

4. 5.1 Grain Size in Sintering
In the sintering process, the grain size of the material increases or decreases as
1. Grain size increase is due to the following reasons.
(i) When we add more zinc, more zinc will evaporate due to its low melting point. When
zinc volatiles, the associated oxygen ions become unsaturated and combine with Fe3+
ions to form Fe2+ ions. As a result, the grain size increases with the increase in zinc
concentration.
(ii) Sintering of ceramics is assisted by a liquid phase of zinc which draws the
particles together due to capillary forces and enable more densification and grain
growth as the melting point of zinc is 470oC and boiling point is 970oC.
(iii)Zinc ions segregate on the grain boundary region and repel other segregants which
may be more detrimental to the grain growth.
2. Grain size decreases due to the reaction condition, which favoured the formation of
new nuclei preventing further growth of particles. Hence preparation condition plays
an effective role to control the particle size. Preparation condition give rise to
different rate of ferrite formation for different concentrations of Zn, favouring the
variation of particle size.

4. 6 Dielectric Properties
The dielectric properties i.e dielectric constant and dielectric loss factor were
determined using LCR meter bridge. For this purpose silver paint was applied on both
sides of the pellets to make good ohmic contacts with conducting wires. Capacitance of
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the pellets was determined from the LCR meter and then dielectric constant was
calculated using the formula
έ=

Ct
εo A

(4.20)

Where C is the capacitance of the pellet in farad, t is the thickness of the pellet in meters,
A is the cross-sectional area of the flat surface of the pellet and εo is the constant of
permittivity for free space [30].

4.6.1 Dielectric Constant
The property of a dielectric which determines the electrostatic energy stored per
unit volume for unit potential gradient. It tells the degree to which a medium can resist
the flow of charge. It describes a material's ability to store charge when used as a
capacitor dielectric. It is also defined as the ratio of the charge that would be stored with
free space as the dielectric to that stored with the material in question as the dielectric.
Dielectric constant depends upon the polarization produced in the material. First we shall
discuss polarization and its kinds.

4.6.2 Polarization
It is defined as the induced dipole moment per unit volume [31]. When an electric
field is applied to a solid material consisting of positive and negative charges, the
negative charges are displaced in the direction of the field while the positive charges are
displaced opposite to that of the direction of the field. The displacement of the two types
of charge creates a local dipole in the solid. This type of displacement of positive and
negative charges by the application of an external electric field produces polarization.
Polarization is of following four types.

4.6.2.1 Electronic or Induced Polarization (PE)
A dielectric consists of a large number of atoms. If a dielectric material consists of
only one atom, its nucleus is at the center while the electrons are revolving around the
nucleus. On the application of the external electric field, its nucleus moves away from the
field while the electrons move towards the field.
As a result, a displacement is produced between the nucleus and the electrons. This
displacement creates induced dipole moment and hence polarization. The polarization
produced due to the displacement of electrons is known as electronic Polarization.
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4.6.2.2 Atomic or Ionic Polarization (PI)
When an electric field is applied to an ionic crystal, the polarization produces in it
due to the displacement of negative ions towards the field while the positive ions move
away from the field. This kind of polarization is known as atomic or ionic polarization
[32].

4.6.2.3 Dipolar or Orientation Polarization (Po)
Dipolar polarization is produced only in polar molecules such as H2O, HCl,
nitrobenzene etc. On the application of an electric field to a polar molecule, the dipoles
experience a torque and try to align parallel to the applied field, which results to the
rotation of the dipoles and produces polarization [32].

4.6.2.4 Interfacial or Space Charge Polarization
If a dielectric medium is placed between two electrodes. In the absence of electric
field, the positive and negative charges are not separated and there are fixed number of
charges. On the application of an external electric field, the charges are separated. As a
result, the positive charges are gathered near the negative electrode. In this way a dipole
moment is induced due to the displacement of ions. This induced dipole moment per unit
volume is known as interfacial polarization.
The space charge polarization occurs at very low frequencies less than 102 Hz. It
refers to the diffusion of metal ions over several interatomic spacing. It also appears in
machines having frequencies between 50 to 60 Hz. It is one of the slowest process as
compared to other types of polarizations. It is very small and is negligible as compared to
other types of polarizations [32].
The orientation polarization appears in the polar molecules under the application
of ac field. Its mechanism is faster than space charge polarization but slower than the
ionic and electronic polarizations. Its frequency range is less than 107 Hz. It occurs
between microwave and radiowave frequency range at room temperature in many liquid
dielectrics. In some polymeric liquids, its molecules have a limited rotation even at low
frequencies.
The ionic polarization exists in ionic molecules having frequency less than 1013
Hz. Ionic polarization cannot appear in optical frequencies (~1015 Hz) because the ionic
molecules require time of about 100 times greater than the frequency of the applied field.
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Ionic polarization is faster than space charge and orientation polarization but slower than
the electronic polarization. Electronic polarization is the fastest polarization and appears
immediately after the supply is switched on. It occurs even at optical frequencies.

4.6.3 Composition Dependence of Dielectric Constant
Dielectric constant (έ) in ferrites is contributed by several structural and micro
structural factors. It has been observed that in Ni-Zn ferrites, dielectric constant increases
with the increase in Zn concentration. Zinc ions occupy tetrahedral (A) sites whereas Ni
ions prefer to go to octahedral (B) sites [33]. Fe ions which exist in 2+ as well as in 3+
states, occupy both A and B sites [33, 34]. When Zn is added in place of Ni2+ ions, some
of the Fe3+ ions are converted to Fe2+ ions to maintain the charge neutrality. As a result,
hopping between Fe3+ and Fe2+ ions increases hence the resistance of grains decreases.
This increases the probability of electrons to reach the grain boundary. Consequently,
polarization and dielectric constant both increase [35].

4.6.4 Temperature Dependence of Dielectric Constant
Dielectric constant increases with temperature at all frequencies. At lower
frequencies (~1 kHz), the increase in dielectric constant is very large with the increase in
temperature while at higher frequencies (~1 MHz) this increase is very small. In fact, the
dielectric constant of a material depends upon four kinds of polarizations i.e dipolar,
interfacial, electronic and ionic. Dipolar and interfacial polarizations are important at
lower frequencies [36]. Both the polarizations depend upon the variation in temperature.
The interfacial polarization increases with the increase in temperature. This increase in
polarization is due to the creation of crystal defects. The dipolar polarization decreases
with the rise in temperature. The rapid increase in dielectric constant with the rise in
temperature at lower frequencies shows that the effect of temperature is more pronounced
on the interfacial than on the dipolar polarization. At higher frequencies, electronic and
ionic polarizations are the main partners and their temperature dependence is important.
A constant and low value of dielectric constant at higher frequencies is therefore
understandable.

4.6.5 Frequency Dependence of Dielectric Constant
The variation of dielectric constant depends upon the variation of polarization with
the change in frequency. The value of ε ′ is very high at lower frequencies. It decreases
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with the increase in frequency. At very high frequency, its value is so small that it
becomes independent of frequency.
The variation in dielectric constant may be explained on the basis of Maxwell and
Wagner two-layers model [37, 38]. According to this model, space charge polarization is
produced due to the inhomogeneous structure of the dielectric material i.e dielectric
material is made of higher conductivity phases (grains) in the insulating matrix (grain
boundaries) [39]. An external applied ac electric field produces localized accumulation of
charge at the boundary of the grains [40]. If the resistivity of the grain boundary is high
enough, the electrons are piled up at the grain boundaries and produces polarization. The
assembly of space charge carriers in a dielectric takes a finite time to line up their axes
parallel to an alternating electric field. If the frequency of the field reversal increases,
very small number of charge carriers can reach the grain boundary, as a result charge
carriers cannot keep up with the field and the alternation of their direction lags behind
that of the field [40]. This decrease in charge carriers at the grain boundaries results in the
reduction of polarization at grain boundaries and hence the decrease in dielectric constant
of the material. As the frequency of the field continue to increase, at some stage the space
charge carriers will start to move before the field reverses and make no contribution to
the polarization of the dielectric.
Rabinkin and Novikova [41] pointed out that polarization in ferrites is a similar
process to that of conduction. The electron exchange between Fe2+ ↔ Fe3+ results the
local displacement of electrons in the direction of the applied field, determines the
polarization. Polarization decreases with the increase in frequency and then reaches a
constant value. It is due to the fact that beyond a certain frequency of external field, the
electron exchange Fe2+ ↔ Fe3+ cannot follow the alternating field.
Dielectric constant έ has large value at lower frequency. It is because of the
predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects,
interfacial dislocation pile ups, voids etc [39, 40]. The decreasing trend in έ with the
increase in frequency is natural due to the fact that any species contributing to
polarizability is found to show lagging behind the applied field at higher frequencies [42].
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4.6.6 Sintering Conditions Dependence of Dielectric Constant
The value of dielectric constant is found to increase with increase in sintering
temperature/sintering time. The observed dielectric behavior can be explained on the
basis of the assumption that the mechanism of dielectric polarization is similar as that of
conduction [41]. The electronic exchange between Fe2+ and Fe3+ is due to the local
displacement of electrons in the direction of electric field determines the polarization in
ferrites. As discussed earlier, the increase in sintering temperature brings an increase in
Fe2+ concentration and is responsible for the increase in polarization. Higher value of
dielectric constant is expected for the sample sintered at 1300 oC as the number of Fe2+
ions available for the polarization is greater. The increase in grain size with the increase
in sintering temperature is also responsible for the increase in dielectric constant [43].
With the increase in sintering temperatures / sintering time, the probability of
evaporation of elements other than Zn is negligible. As a result, associated oxygen bonds
become unsaturated. These bonds associate with neighboring Fe3+ ions and convert them
in to Fe2+ ions. The Zn loss increases with the increase in sintering temperature or
sintering time due to volatization [44] which increases Fe2+ concentration. As Fe2+ ions
are easily polarized as compared to Fe3+ ions, the dielectric constant increases with the
increase in sintering temperature as quoted [42].

4.6.7 Dielectric Loss Factor
Loss factor decreases with the increase in frequency. Values of tan δ depend on a
number of factors such as stoichiometry, Fe2+ content and structural homogeneity, which
in turn depend on the composition and sintering time of the samples [45]. Decrease in tan
δ may be due to the fact that hopping frequency of the charge carrier doesn’t follow the
change of polarity of the external ac field beyond a certain frequency. The initial decrease
of tan δ with an increase in frequency may also be explained on the basis of Koops’
phenomenological mode [39]. The peaking nature occurs when the jump frequency of the
electrons between Fe2+ and Fe3+ is equal to the frequency of the applied field.
Resonance peak appearance can be explained as follows. If an ion has two equilibrium
positions A and B of equal potential energies separated by a potential barrier. The ion has
same probability of jumping from A to B and from B to A. The frequency with which the
ion exchanges its position between these two states is called the natural frequency of
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jump between these two states. When an external alternating electric field of natural
frequency is applied, maximum electrical energy is transferred to the oscillating ions and
power loss increases highly, resulting in resonance. Therefore peaks appear as stated
[35].

4.7 AC Conductivity
The ac conductivity of these samples was calculated from the values of dielectric
constant and dielectric loss factor using the relation [46]
σac = ωεoέ tanδ

(4.21)

Where σac is the ac conductivity, ω is the angular frequency, εo is the permitivity of free
space, έ is the dielectric constant and tanδ is the dielectric loss factor of the samples.
Hopping of electrons between Fe2+ and Fe3+ ions on octahedral sites is responsible for
conduction in ferrites. Hole hopping between Ni2+ and Ni3+ ions on B site also contribute
to the conduction in ferrites.

AC conductivity σac increases with the increase in

frequency. The frequency dependent σac can be explained on the basis of MaxwellWagner two layers model. At lower frequency, the grain boundaries are more active,
hence the hopping frequency of electrons between Fe3+ and Fe2+ ions is less. At higher
frequencies, the conductive grains become more active by promoting the hopping of
electrons between Fe3+ and Fe2+ ions therefore increasing the hopping frequency [47]. So
we observe the increase in ac conductivity with the increase in frequency.

4.8 Magnetic Properties
The lack of retraceability of the magnetization curve is known as hysteresis. It is
concerned to the existence of magnetic domains in the material. Once the magnetic
domains are aligned in certain direction, it takes some energy to turn back to its original
position. This property of ferromagnetic materials is helpful as a magnetic memory. The
M-H loop is obtained by measuring the induced electromotive force produced due to the
change of flux.

4.8.1 Hysteresis (M-H) Loop
A piece of iron can be magnetized by placing it in a solenoid and passing current
through it. If we increase the value of current gradually, the magnetizing field H also
increases. As a result, the magnetization M produced in the specimen also increases. A
graph between M and H is shown in the figure.
62

Fig. 4.1 Hysteresis for M-H loop

At the starting point O, H and M both are zero. When we increase H, M also increases
but not very uniformly till we reach the point A. Beyond the point A, if H is further
increased, the value of M remains constant. Here all the moments are aligned in a single
direction and the specimen is in a saturation state. Now if H is decreased, the value of M
also decreases but at a much slower rate. When H is zero, the value of M is not zero but
has a finite value equal to OB. This is called the remanence or retentivity of the magnetic
material. On further increasing the value of H in the reverse direction, the value of M
decreases and become zero. Here the value of magnetizimg field H becomes equal to OC.
It is the coercivity of the magnetic material. If the value of H is further increased, again
we get the saturation state at point D. Now if we start to increase the value of H in the
forward direction, we reach the point E. Here M has a finite value OE in the reverse
direction. On increasing the value of H in the positive direction, we again reach the
saturation state at point A. From the graph, we see that the magnetization M does not
become zero although the magnetizing field H is brought to zero i.e the value of M
always lags behind H. This lagging of magnetization behind the magnetizing force when
a piece of iron is taken through a cycle of magnetization is called Hysteresis. The graph
showing the variation of M and H of an iron piece to form a cycle is called the Hysteresis
loop. M-H loop shows the energy dissipation of a ferromagnetic material in the presence
of an ac field.
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4.8.2 Magnetization
It is the property of some magnetic material, which describes the extent it is
affected by a magnetic field, and also determines the magnetic field that the material
itself creates. Magnetization is the amount of magnetic moment per unit volume. The
origin of the magnetic moments that creates the magnetization is the microscopic electric
currents produced due to the motion of electrons in atoms, or the spin of the electrons. In
ferromagnetic materials, magnetization can exist even without an external magnetic field
also called the spontaneous magnetization. In other types of materials, magnetization is
induced only when an external magnetic field is applied. This is created in the material
due to the alignment of atomic dipoles. When all the atomic dipoles are aligned in one
direction, then we have the maximum magnetization which is also known as saturation
magnetization.

4.8.3 Saturation Magnetization
It is defined as the maximum possible magnetization of a material. We can find the
saturation magnetization of a ferrite system by knowing
(i) The moment on each ion.
(ii) The distribution of ions between A and B sites.
(iii) The exchange interaction between A and B sites is negative.
In reality, AB, AA, and BB interactions all tend to be negative, but they can’t all
be negative simultaneously. AB interactions are usually the strongest so that all the A
moments are parallel to one another but antiparallel to B moments [2].
Nickel ferrites have the inverse structure with all the Ni2+ ions in B sites and the
Fe3+ ions are evenly divided between A and B site. The moments of the Fe3+ ions in A
and B sites cancel each other and the net moment is only due to the Ni2+ ions.
Zinc ferrites have the normal structure with Zn2+ ions of zero magnetic moment in
the A sites producing no AB interaction. The weakest BB interaction play the role and the
Fe3+ ions on B sites have antiparallel moments providing no net moment [2].
In case of Ni-Zn ferrites, saturation magnetization increases with the increase in
zinc concentration up to the certain value, after which it decreases with the further
increase in zinc concentration.
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Increasing trend of saturation magnetization can be explained on the basis of Néel
two sub-lattice model [48, 49] whereas the decreasing trend suggests that there are
triangular type spin arrangements on B site which cannot be explained by Néel’s two sublattice model. The cation distribution for nickel ferrites have inverse spinel structure that
can be written as
( Fe 3+ )A[ Ni 2+ Fe 3+ ]B O42−

(4.22)

When non-magnetic divalent Zn2+ ions are substituted, they tend to occupy tetrahedral
sites by transferring Fe3+ ions to octahedral sites due to their favoritism by polarization
effect. However, site preference of cations also depends upon their electronic
configurations. Zn2+ ions show marked preference for tetrahedral sites where their free
electrons respectively can form a covalent bond with the free electrons of the oxygen ion.
This forms four bonds oriented towards the corners of a tetrahedron. Ni2+ ions have
marked preference for an octahedral environment due to the favorable fit of the charge
distribution of these ions in the crystal field at an octahedral site [18]. In view of the
above considerations the cation distribution can be written as
( Zn x2+ Fe13−+x )A[ Ni12−+x Fe13++x ]B O42−

(4.23)

As zinc (non-magnetic) ions prefer to go into tetrahedral lattice and transfer some iron
ions of large magnetic moment to octahedral site resulting an increase in saturation
magnetization. The decreasing trend is due to the fact that after a certain amount of zinc
concentration, there start fluctuations in the number of ratio of zinc and ferric ions on the
tetrahedral sites surrounding various octahedral sites i.e. fluctuations in the tetrahedraloctahedral interactions [18]. This shows the weakening of A-B interaction whereas B-B
interaction changes from ferromagnetic to antiferromagnetic state. Satyamurthy et al [53]
& Yafet and Kittel [51] have also observed similar kind of weakening A-B interaction in
two sub-lattices due to Zn substitution in mixed ferrites. The remanence magnetization
and magnetic moment also have similar trends.

4.8.4 Remanence (Retentivity)
It is the measure of the remaining magnetic field M of a magnetic material when
the magnetizing force H is reduced to zero after the magnetic material is being saturated.
It depends upon the degree of magnetization of the material before H is dropped to zero.
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4.8.5 Coercivity
It is the measure of the reverse magnetic field required to demagnetize the material
after being saturated.

4.8.6 Néel’s Theory
Néel [52] assumed that a ferromagnetic crystal lattice could be split into two
sublattices such as A (tetrahedral) and B (octahedral) sites. He supposed the existence of
only one type of magnetic ions in the material of which a fraction λ appeared on A-sites
and the rest fraction µ on B-sites. Thus
λ+µ=1

(4.24)

The remaining lattice sites were assumed to have ions of zero magnetic moment. A-ion as
well as B-ion have neighbours of both A and B types, there are several interactions
between magnetic ions as A-A, B-B, A-B, and B-A. It is supposed that A-B and B-A
interactions are identical and predominant over A-A or B-B interactions and favour the
alignment of the magnetic moment of each A-ion more [53].
Néel defined the interactions within the material from the Weiss molecular field
viewpoint as
H = Ho + Hm

(4.25)

Where Ho is the external applied field and Hm is the internal field arises due to the
interaction of other atoms or ions in the material. When the molecular field concept is
applied to a ferromagnetic material we have
HA = HAA + HAB

(4. 26)

HB = HBB + HBA

(4. 27)

Here molecular field HA on A-site is equal to the sum of the molecular field HAA due to
neighbouring A-ions and HAB due to neighbouring

B-sites.

The molecular field

components can be written.
HAA = γAAMA,

HAB = γABMB,

(4. 28)

A similar definition holds for molecular field HB, acting on B-ions. Molecular field
components can also be written as
HBB = γBBMB,

HBA = γBAMA,

(4. 29)

Here γ’s are molecular field coefficients and MA and MB are magnetic moments of A and
B sublattices. For unidentical sublattices
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γAB = γBA,

but

γAA ≠ γBB

(4. 30)

In the presence of the applied magnetic field Ha, the total magnetic field on a sublattice a,
can be written as
Ha = Ho + HA

(4. 31)

= Ho + γAAMA + γABMB

(4. 32)

And
Hb = Ho + HB

(4. 33)

= Ho + γBBMB + γABMA

(4. 34)

4.8.7 Magnetic Moment
A property possessed by a permanent magnet or current carrying coil is used to
measure the magnetic strength. It is torque, experienced when a magnet is placed in a
magnetic field of unit size with its axis perpendicular to the magnetic field. One of the
simplest examples of magnetic moments is that of the current-carrying loop, carrying
current I and of area A. Magnetic moment can be calculated as [18]
nB =

Mol.wt. × M s
5585d s

(4. 35)

Where nB is the magnetic moment of the samples, Ms is the saturation magnetization and
ds the sintered density of the samples. Magnetic moment may have different value from
that of theoretical value. There are at least three causes for the deviations of the magnetic
moment from the theoretical values.
The ion distribution may not remain the same. For such ferrites, the saturation

(i)

magnetization is greater for quenching than after slow cooling.
In addition to spin moment, the ions may have an orbital moment which is not

(ii)

completely quenched.
(iii)

The angle between octahedral sublattices B1 and B2 is known as Yafet-Kittel
angle may occur.
An interesting case is that of mixed Ni-Zn ferrites as given in Eq.4.23 in which the

non-magnetic zinc ions prefer to go to the tetrahedral so with the increase in zinc
concentration. For the small concentration of zinc, the case remains true. For larger
concentration of zinc, the deviations are found. The magnetic moment of the few
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remaining Fe3+ ions on the A-site are no longer able to align all the moments of the B
ions antiparallel to themselves as it is opposed by the negative B-B exchange interaction
which remains unaffected. At this stage, the B lattice will divide itself into two
sublattices, the magnetizations of which make an angle with each other varying from 0 o
to 180 o. It is due to the fact that the ions within one sublattice interact less strongly with
each other than with those in the other sublattices [18]. At 4.2 K , the average magnetic
moment of ions on the octahedral sites is twice as large as that of ions on tetrahedral sites.

4.8.8 Yafet-Kittel angles
The Yafet-Kittel (Y-K) angles have been calculated using the formula [48]
nB = (6 + x) cos αY-K – 5(1 - x)

(4. 36)

Where x represents the substituting element. In case of Ni-Zn ferrites, Y-K angles are due
to the canted behavior of ions on the octahedral lattice sites. According to three lattice
model [54], octahedral B-lattice site can be further subdivided into two sublattices B1 and
B2. One of these two sublattices remains linear while the other sublattice become canted
to the first sublattice. In this way, the two sublattices B1 and B2 show the triangular spin
arrangement. This triangular spin arrangement becomes more prominent with the change
of composition and we get the increase in Y-K angles.
The values of Y-K angles for Ni1-xZnxFe2O4 ferrites with x = 0.0 is zero which indicates
that magnetization can be explained with Néel’s two lattice theory. The values of Y-K
angles increases with the increase in Zn concentration for x ≥ 0.2. The non-zero Y-K
angles suggest that the magnetization behavior cannot be explained on Néel two sublattice model due to the presence of spin canting on B sites. The rise in Y-K angles with
the increase in zinc shows that triangular spin is favoured in B-site that increase the B-B
interaction and consequently decreases the A-B interaction. This shows that in the present
system of ferrites, randomness increases as Zn is substituted in these Cu ferrites and
shows a significant departure from Néel collinear model.
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CHAPTER 5

Effect of Zinc Substitution on
Structural, Electrical and
Magnetic Properties of
Ni-Zn Ferrites

Effect of Zinc Substitution on Structural, Electrical
and Magnetic Properties of Ni-Zn Ferrites
The Ni1-XZnXFe2O4 ferrites have been prepared by the standard solid state reaction
technique with the variation of zinc substitution from 0.0 to 1.0 and step increment of 0.2
using reagents of analytical grade. This variation of zinc substitution has a significant
influence on the structural, electrical and magnetic properties such as grain size, lattice
constant, sintered density, X-rays density, porosity, dc electrical resistivity, activation
energy, drift mobility, dielectric constant, dielectric loss factor, ac conductivity,
remanence magnetization, saturation magnetization, magnetic moment, coercivity and
Yafet-Kittel angles. Lattice parameters varied from 8.337 Ǻ to 8.490 Ǻ with the increase
in zinc concentration from 0.0 to 1.0. Dielectric constant changed from 13 to 1465600
with the increase in frequency from 80 Hz to 1 MHz. All the samples follow the
Maxwell-Wagner’s interfacial polarization. AC conductivity (ln σac) increases from 10.045 (S/m) to -3.781 (S/m) with the increase in zinc concentration from 0.0 to 1.0 at the
frequency of 1 k Hz. Saturation magnetization increases with the increase in zinc
concentration up to x = 0.4 and after that it decreases with the increase in zinc
concentration. Remanence magnetization and magnetic moment almost have the similar
trend as that of saturation magnetization. Yafet-Kittel angles increase with the increase in
zinc concentration. The possible reasons, responsible for the change in substitution of the
above mentioned properties have been discussed.

5.1 SEM and X-Rays Diffraction Studies
(i)

Representative micrographs for Ni1-xZnxFe2O4 ferrite system are shown in Fig.

5.1. The surface morphology of all the samples as seen from the SEM consists of grains
varying from 2.36 µm to 6.16 µm. The grain size increases with the rise in Zn substitution
up to x = 0.8. When we add more zinc, more zinc will evaporate due to its low melting
point of zinc is 470oC. When zinc volatiles, the associated oxygen ions become
unsaturated and combine with Fe3+ ions to form Fe2+ ions. As a result, the grain size
increases with the increase in zinc concentration. Some cavities have been observed on
the surface as seen in micrographs which may be due to the evaporation of zinc ions from
the sample surface.
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NiFe2O4

Ni0.8Zn0.2Fe2O4

Ni0.6Zn0.4Fe2O4

Ni0.4Zn0.6Fe2O4

Ni0.2Zn0.8Fe2O4

ZnFe2O4

Fig. 5.1 SEM micrographs of Ni1-xZnxFe2O4 ferrites in the range 0.0 ≤ x ≤ 1.0
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X-rays powder diffraction of the samples were carried out at room temperature using
PANalytical diffractometer system with CuKα (λ = 1.5406Ǻ) radiations to check the

2θ (Degrees)
Fig. 5.2. X-ray diffraction patterns for Ni1-xZnxFe2O4 ferrites

formation of the required product and structural related properties. The indexed XRD
patterns for all the samples corresponding to the system Ni1-xZnxFe2O4 are shown in
Fig.5.2 [1]. These patterns confirm the formation of single phase spinel structure. The
lattice constant a, was calculated by indexing the XRD patterns using Eq. 4.9[1]. It is
noticed from Table 5.1 that a, increases with the increase of Zn concentration. It is due to
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the fact that ionic radius of Zn (0.74Ǻ) is larger than that of Ni (0.69Ǻ) as quoted by
others [2, 3]. Our results of lattice parameters matched well with the observations quoted
by Islam et. al [4].
The sintered density (ds) was calculated from Eq.4.10. It increased for the sintered
materials from 3.47 g/cm3 to 4.70 g/cm3 as shown in Table 5.1. This increase in sintered
density is due to the difference in ionic radii between Ni and Zn. Similar behavior has
been reported by others [5-9].
The X-rays density (dx) of the samples was found through relation 4.11 given by
Smit and Wijn [10]. It decreased from 5.375 g/cm3 to 5.235 g/cm3 as given in Table 5.1.
X-rays density depends upon the lattice constant which increased with the increase in Zn
concentration, so the corresponding X-rays density decreased with the increase in Zn
concentration. Similar trend has been reported by Ghazanfar et.al.[9].
Table 5.1
Lattice constant(a), sintered density(ds), X-ray density(dx), porosity(P), grain size and correlation
coefficient (R) of Ni1-xZnxFe2O4 ferrites.

Parameters

x=0

x = 0.2

x = 0.4

x = 0.6

x = 0.8

x = 1.0

a(Ǻ)

8.337

8.368

8.398

8.430

8.461

8.490

ds(g/cm )

3.470

3.715

3.962

4.209

4.454

4.703

dx(g/cm3)

5.375

5.346

5.319

5.288

5.260

5.235

P(fraction)

0.354

0.305

0.255

0.204

0.153

0.102

Grain Size (µm)

2.36

3.15

3.22

3.46

6.16

3.79

R

0.995

0.994

0.999

0.996

0.995

0.998

3

The porosity (P) of the samples was determined from Eq. 4.12. It decreased from
0.354 to 0.102 which should be expected because of the reasons stated above. Another
reason of the decrease in porosity may be due to the creation of more oxygen vacancies
as Zn is substituted in the samples and as a result less cations are created [11]. It is
observed that X-rays density of each sample is larger than the corresponding sintered
density. This may be due to the existence of pores in the samples. Similar kind of results
have been reported by Ghazanfar et.al.[9].
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5.2 Electrical Properties
The dc electrical resistivity (ρ) for all these samples was measured by two probe
method using Eq. 4.14, because of the high resistivity of the ferrites. The relationship
between resistivity and temperature may be expressed through Eq. 4.16 [10].

6

Resistivity ρ (Ω-cm)X10 at 300 K

10

8

6

4

2

0
0.0

0.2

0.4

0.6

0.8

1.0

x(Zn)

Fig. 5.3 Resistivity with the variation of zinc concentration (x) in Ni1-xZnxFe2O4.
The errors are within 5%.

The dc electrical resistivity of the samples was measured in the temperature range
300-540 K and was found to decrease from 1.629×106 Ω-cm to 0.003×106 Ω-cm with the
increase in Zn concentration from 0.0 to 1.0 at 360 K as shown in Fig. 5.3. This decrease
in resistivity is due to the fact that Zn has smaller value of resistivity (5.92×10-6 Ω-cm) as
compared to that of Ni (7.0×10-6 Ω-cm) [12]. The decrease in resistivity may also be due
to the presence of Fe2+ ions as Zn is added, which are produced during sintering [4].
Another reason for decrease in ρ on increasing Zn may be due to the fact that Zn ions
prefer the occupation of tetrahedral (A) sites and Ni ions prefer the occupation of
octahedral (B) sites, while Fe ions partially occupy the A and B sites. On increasing Zn
substitution (at A sites), Ni ion concentration (at B sites) will decrease. This leads to the
migration of some Fe ions from A sites to B sites to substitute the reduction in Ni ions
concentration at B sites. As a result, the number of ferrous and ferric ions at the B sites
(which are responsible for electrical conduction in ferrites) increases.
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x(0.0)
x(0.2)
x(0.4)
x(0.6)
x(0.8)
x(1.0)
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3.2

3.4

-1

1000/T(K )

Fig. 5. 4 Graph of temperature dependent resistivity along with zinc concentration (x) in
Ni1-xZnxFe2O4. The errors are within 5%.

Consequently, resistivity decreases on increasing Zn ion substitution. Therefore, ρ
decreases by increasing Zn contents [13, 14]. Similar trend but with different magnitude
of resistivity have been reported by Ghazanfar et al. [15].
Temperature dependent dc electrical resistivity measured in the temperature range
of 300 to 540 K is given in Fig. 5.4. It follows the Arrhenius plot which confirms the
single phase of the sintered ferrites in the measured range of temperature. This graph
shows that by increasing temperature, conductivity of Ni-Zn ferrites increases and hence
resistivity decreases which confirms that the sintered ferrites have semiconductor like
behavior [16].
Activation energy of the samples in the measured temperature range was
determined from the slope of the linear plots of dc electrical resistivity using Eq. 4.16 and
is shown in Fig. 5.5. The value of activation energy decreases from 0.388 to 0.217 eV as
the Zn concentration is increased from 0.0 to 1.0. The decrease in activation energy may
be attributed to the creation of small number of oxygen vacancies [16]. It may also be
justified due to the decrease in resistivity with the increase in Zn concentration because
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Fig. 5.5 Plot of activation energy with the variation of zinc concentration (x) in Ni1-xZnxFe2O4.
The errors are within 5%.

activation energy behaves in the same way as that of dc electrical resistivity [14]. Drift
mobility (µd) of the samples has been calculated using Eqs. 4.17 and 4.18 [17,18]. There
is increase in drift mobility from 1.390 x 10-10 (cm2 / V-s) to 9.270 x 10-8 (cm2 / V-s) at
360 K with concentration of Zn varying from 0.0 to 1.0 as is evident from Fig. 5.6. It can
be seen that samples having higher resistivity have low mobility and vice versa [16].
To examine the temperature dependence of mobility a graph between mobility (µd)
and 1000/T is shown in Fig. 5.7. It is noticed from the graph that by increasing
temperature, mobility also increases. It may be due to the hopping of charge carriers from
one site to another as the temperature increases. Our results of drift mobility have a
similar trend as reported by Ghazanfar et.al [15], though the results differ in magnitude
because of dissimilar compositions and impure Fe2O3 containing small percentage of
SiO2.
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Fig. 5.6 Drift mobility as a function of zinc concentration (x) in Ni1-xZnxFe2O4 at 360 K.
The errors are within 5%.
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Fig. 5.7 Variation of drift mobility with inverse of temperature in Ni1-xZnxFe2O4.
The errors are within the spot size.
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5.3 Dielectric Properties
The dielectric properties include dielectric constant, dielectric loss factor and ac
conductivity.
The dielectric constant (έ ) was determined from the relation 4.20. Dielectric constant in
ferrites is contributed by several structural and micro structural factors. Compositional
variation of dielectric constant at 100 kHz frequency is shown in Fig. 5.8. It was observed
that dielectric constant increased with the increase in Zn concentration. In Ni-Zn ferrites,
4
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3.0x10

4

2.5x10

4

ε'

2.0x10

4

1.5x10

4

1.0x10
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5.0x10

0.0
0.0

0.2

0.4

0.6

0.8

1.0

x (Zn)

Fig. 5.8 Dielectric constant as a function of zinc concentration (x) in Ni1-xZnxFe2O4.
The errors are within 5%.

zinc ions occupy tetrahedral (A) sites whereas nickel ions prefer to go to octahedral (B)
sites. Fe ions which exist in 2+ as well as in 3+ states, occupy both A and B sites. When
Zn is added in place of Ni2+ ions, some of the Fe3+ ions are converted to Fe2+ ions to
maintain the charge neutrality. As a result, hopping between Fe3+ and Fe2+ ions increases.
This increases the probability of electrons to reach the grain boundary. Consequently,
polarization and dielectric constant increase [19].
Variation of dielectric constant (έ) with frequency is shown in Fig. 5.9. This
variation of dielectric constant with frequency can be explained by Maxwell-Wagner [20,
21] two layers model of interfacial polarization with Koop’s phenomenological theory
80

[22]. According to that, ferrites are formed by large number of well conducting grains
separated by thin poorly conducting intermediate grain boundaries.
Dielectric constant decreases with the increase of frequency and ultimately, it
reaches a constant value. It is by virtue of decrease in polarization with the increase in
frequency as explained in section 4.6.5. Shaikh et al [23] have quoted a similar kind of
trend for

x(0.0)
x(0.2)
x(0.4)
x(0.6)
x(0.8)
x(1.0)
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Log f

Fig. 5.9 Variation of dielectric constant with frequency in Ni1-xZnxFe2O4.
The errors are within the spot size.

dielectric constant with the change in frequency. Rabinkin and Novikova [24] pointed out
that polarization in ferrites is similar to that of conduction. The electronic exchange
between Fe2+ and Fe3+ is due to the local movement of electrons in the direction of
electric field which determines the polarization in ferrites. Polarization decreases with the
rise in frequency and then attains a constant value. It is because of the fact that beyond a
certain value of frequency of external field, the electron exchange Fe2+ ↔ Fe3+ cannot
follow the alternating field [25].
Dielectric constant έ has large value at lower frequency. It is because of the
predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects,
interfacial dislocation pile ups, voids etc [20, 26]. The decreasing trend in έ with the
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increase in frequency is natural due to the fact that any species contributing to
polarizability is found to show lagging behind the applied field at higher frequencies [25].
The loss factor decreases from 19.82 to 0.481 with the increase in frequency from
80 Hz to 1 M Hz as shown in Fig. 5.10. The values of tan δ depend on a number of
factors such as stoichiometry, Fe2+ content and structural homogeneity, which in turn
depend on the composition and sintering temperature of the samples [27].
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Fig. 5.10 Loss factor as a function of frequency in Ni1-xZnxFe2O4.
The errors are within the spot size.

The initial decrease of tan δ with an increase in frequency may also be explained
on the basis of Koops’ phenomenological model [22]. None of the samples exhibit the
loss peak. The peaking nature occurs when the jump frequency of the electrons between
Fe2+ and Fe3+ is equal to the frequency of the applied field. All the samples show
dispersion in tanδ at lower frequencies. It can be concluded that the frequency at which
maximum in tan δ occurs in these samples is outside the frequency range studied [25].
The ac conductivity of the sintered samples was calculated from the values of
dielectric constant and dielectric loss factor using the relation 4.21 [28]. It is observed
from Fig. 5.11 that σac increases with the increase in Zn concentration and with the
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decrease in Ni concentration [29]. In Ni1-xZnxFe2O4 system, the conduction depends upon
the concentration of Zn ions on A site to the concentration of Ni ions on B site [30].
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Fig. 5.11 AC conductivity as a function of zinc concentration at different frequencies in
Ni1-xZnxFe2O4 ferrites. The errors are within 5%.

Hopping of electrons between Fe2+ and Fe3+ ions on octahedral site is responsible
for conduction in ferrites. Hole hopping between Ni2+ and Ni3+ ions on B site also
contributes to the conduction in ferrites. On the substitution of zinc in place of nickel, the
hopping of electrons between Fe2+ and Fe3+ ions on octahedral site increases resulting the
increase in ac conductivity.
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Fig. 5.12 AC conductivity as a function of frequency along with various concentrations of zinc in
Ni1-xZnxFe2O4 ferrites . The errors are within 5%.
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Frequency dependent σac is shown in Fig.5.12. It is noted that σac increases with
the increase in frequency. It can be explained on the basis of Maxwell-Wagner two layers
model as elaborated above. At lower frequency, the grain boundaries are more active,
hence the hopping frequency of electrons between Fe3+ and Fe2+ ions is less. At higher
frequencies, the conductive grains become more active by promoting the hopping of
electrons between Fe3+ and Fe2+ ions therefore increasing the hopping frequency [30]. So
we observe the increase in conductivity with the increase in frequency.

5.4 Magnetic properties
The orbital motion of the electron around the nucleus and the spin motion around
its axis in the atom produce the magnetic field associated with that particular atom. When
magnetic field is applied, materials react in a specific way. According to the magnetic
behavior, the materials are classified as: ferromagnetic, antiferromagnetic, ferrimagnetic,
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Fig. 5.13 Combined M-H Loop of some of the compositions in Ni1-xZnxFe2O4 ferrites.

Paramagnetic and diamagnetic. To measure the magnetic properties of the prepared
materials, we draw the M-H loop of the specimen for each composition. From the M-H
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loop of a given material, we can find saturation magnetization, remanent magnetization,
magnetic moment, coercivity, Yafet-Kittel angles etc. The M-H loops of some
compositions are given in Fig. 5.13.
The M-H loops of different compositions given in Fig. 5.13 show that saturation
magnetization of the sintered ferrites. Magnetic moment can be calculated through
Eq.4.35 [10]. The trend of saturation magnetization Ms and magnetic moment nB are
shown in Fig. 5.14 and Fig. 5.15. Saturation magnetization increases up to x = 0.4 and
then decrease with the increase in Zn concentration. Similar reports about saturation
magnetization have been quoted by others [31, 32, 33]. Increasing trend of saturation
magnetization can be explained on the basis of Néel two sub-lattice model [34, 35]
whereas the decreasing trend is due to the canting behavior of the cations on B-sites.
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Fig. 5.14 Saturation magnetization as a function of zinc concentration (x) in Ni1-xZnxFe2O4 ferrites.
The errors are within 5%.

This can be further explained as follows. The cation distribution for nickel ferrites have
inverse spinel structure that can be written as
( Fe 3+ )A[ Ni 2+ Fe 3+ ]B O42−

(5.1)

When non-magnetic divalent Zn2+ ions are substituted, they tend to occupy tetrahedral
sites by transferring Fe3+ ions to octahedral sites due to their favoritism by polarization
effect. However, site preference of cations also depends upon their electronic
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configurations. Zn2+ ions show marked preference for tetrahedral site where their free
electrons can form a covalent bond with the free electrons of the oxygen ions. This forms
four bonds oriented towards the corners of a tetrahedron. Ni2+ ions, have marked
preference for an octahedral environment due to the favorable fit of the charge
distribution of these ions in the crystal field at an octahedral site [10].
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Fig. 5.15 Magnetic moment with the variation of zinc concentration in Ni1-xZnxFe2O4 ferrites.
The errors are within 5%.

In view of the above considerations the cation distribution can be written as given in Eq.
4.23. As zinc (non-magnetic) ions prefer to go into tetrahedral lattice and transfer some
iron ions of large magnetic moment to octahedral site resulting an increase in saturation
magnetization. The decreasing trend is due to the fact that after a certain amount of zinc
concentration, there start fluctuations in the number of ratio of zinc and ferric ions on the
tetrahedral sites surrounding the various octahedral sites i.e. fluctuations in the
tetrahedral-octahedral interactions [10]. This shows the weakening of A-B interaction
whereas B-B interaction changes from ferromagnetic to antiferromagnetic state.
Satyamurthy et al & Yafet and Kittel have also observed similar kind of weakening A-B
interaction in two sub-lattices due to Zn substitution in mixed ferrites. The magnetic
moment also has a similar trend.
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Coercivity in Ni-Zn ferrites is shown in Fig. 5.16. It decreases with the increase in
Zn concentration. This is due to the reason that Hc decreases with the decrease in
magnetocrystalline anisotropy.
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Fig. 5.16 Graph of coercivity versus zinc concentration in Ni1-xZnxFe2O4 ferrites.
The errors are within 5%.

The magnetocrystalline anisotropy constant (K1) is negative for both Ni and Zn
ferrites. The absolute value of K1 is larger for Ni ferrites than that of Zn ferrites. The total
anisotropy is equal to the sum of their individual anisotropies. So K1 and hence coercivity
decreases with the increase in Zn concentration [31].
The Yafet-Kittel (Y-K) angles have been calculated using the formula given in Eq.
4.36 [35]. The value of Y-K angles is zero for the samples with x = 0.0, which indicates
that magnetization can be explained with Néel’s two lattice theory. The value of Y-K
angles increases with the increase in Zn concentration for x ≥ 0.2. The non-zero Y-K
angles suggest that the magnetization behavior cannot be explained on Néel two sublattice model due to the presence of spin canting on B sites. The rise in Y-K angles with
the increase in zinc shows that triangular spin is favoured in B-site that decreases the A-B
interaction as given in Fig. 5.17.
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Fig. 5.17 Yafet-Kittel angles versus zinc concentration in Ni1-xZnxFe2O4 ferrites.
The errors are within 5%.

5.5 Summary and Conclusions
On the basis of observations and experiments, it is concluded that the substitution
of Zn in the Ni1-xZnxFe2O4 ferrites produces appreciable changes in its structural,
electrical and magnetic properties. Grain size increased and reached the maximum limit
of 6.16 µm. Unit cell parameters ‘a’ varied from 8.337Ǻ to 8.490 Ǻ. Porosity decreased
much and reached up to 10.2%. The resistivity varied from 1.629×106 to 3.0 ×103 (Ω-cm)
at temperature of 360 K and activation energy had a significant variation from 0.388 to
0.217 eV. The dielectric constant has much better results and reached up to 31580 with
the increase in Zn concentration at a frequency of 100 k Hz. Loss factor remained in the
range of 9.057 to 0.456 with the variation in frequency from 80 Hz to 1 M Hz. This study
reveals the wide range of variation in Zn concentration as well as frequency variation that
are not reported earlier. The value of ac conductivity (lnσac) increased from - 7.987 (S/m)
to - 0.020 (S/m) with the increase in zinc concentration from 0.0 to 1.0 at the frequency
of 1M Hz. All the samples followed the Maxwell Wagner polarization.

Saturation

magnetization varied from 196.459 emu/g to 0.330 emu/g. Coercivity decreased from
72.000 Oe to 11.730 Oe with the increase in zinc concentration. This may be due to the
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non magnetic behavior of zinc. The value of Yafet-Kittel angles increased from zero to
89.975 (o) with the increase in Zn concentration which is due to the canted behavior of
ions in octahedral site.
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CHAPTER 6

Preparation and
Characterization of
Cu1-xZnxFe2O4 system

Preparation and Characterization of
Cu1-xZnxFe2O4 System
Copper-zinc ferrites bearing chemical formula Cu1-xZnxFe2O4 for x ranging from
0.0 to 1.0 with the step increment of 0.2 were prepared by the standard solid state
technique. The variation of Zn substitution has a significant effect on the structural,
electrical and magnetic properties. The sintered materials have been characterized by
their grain size, sintered density, lattice constant, X-ray density, porosity, temperature
dependent resistivity, temperature dependent drift mobility, dielectric constant, loss
factor, saturation magnetization, magnetic moment and Y-K angles. Lattice constant ‘a’
increased from 8.370Å to 8.520Å. Dielectric constant decreased up to 311 with the
increase in frequency from 80 Hz to 1 MHz at room temperature. All the samples follow
the Maxwell-Wagner’s interfacial polarization. Saturation magnetization, magnetic
moment and Yafet-Kittel angles were also determined. The possible reasons responsible
for the change in density related, electrical and magnetic properties with the increase in
Zn concentration have been undertaken.

6.1 SEM and X-Rays Studies
Representative micrographs showing the grain size and surface morphology for
Cu1-xZnxFe2O4 ferrites are given in Fig. 6.1. Surface morphology of all the samples as
seen from the scanning electron microscope shows the decrease in grain size from 26.75
µm to 3.25 µm with the increase in zinc concentration from 0.0 to 1.0. Grain size
decreases due to the reaction condition, which favoured the formation of new nuclei
preventing further growth of particles. Hence preparation condition plays an effective
role to control the particle size. Preparation condition gives rise to different rate of ferrite
formation for different concentrations of Zn, favouring the variation of particle size.
The sintered density (ds) was measured using the relation 4.10. It increased from
3.634 g/cm3 to 4.834 g/cm3 as tabulated in Table 6.1. This increase in sintered density is
due to the difference in ionic radii between Cu and Zn as reported by others [1-4].
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CuFe2O4

Cu0.8Zn0.2Fe2O4

Cu0.6Zn0.4Fe2O4

Cu0.4Zn0.6Fe2O4

Cu0.2Zn0.8Fe2O4

ZnFe2O4

Figure 6.1. Scanning Electron Micrographs of Cu1-xZnxFe2O4 ferrites in the range of
0≤x≤1

92

2θ (Degrees)
Figure.6.2 X-ray diffraction patterns of Cu1-xZnxFe2O4 ferrites.
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X-rays powder diffraction of the samples were carried out at room temperature
using PANalytical diffractometer system with CuKα (λ = 1.5406Ǻ) radiations to check
the formation of the required product and structural related properties. The indexed XRD
patterns for all the samples corresponding to the system Cu1-xZnxFe2O4 are shown in
Fig.6.2 [5]. These patterns confirm the formation of single phase of spinel structure.
Lattice constant a, calculated by Eq. 4.9 is tabulated in Table 6.1. It was noted that
the lattice constant increased from 8.370 Ǻ to 8.520 Ǻ with the increase in Zn
concentration from 0.0 to 1.0 for the present system. This is due to the fact that the ionic
radius of Zn (0.74 Ǻ) is larger than that of Cu (0.73 Ǻ) [6].
The X-rays density (dx) of the samples was determined using the relation 4.11
given by Smit and Wijn [7] and is given in Table 6.1. It decreased from 5.422 g/cm3 to
5.179 g/cm3. As X-rays density depends upon the lattice constant. It can be seen from
Table 6.1
Lattice constant (a), sintered density (ds), X-ray density (dx), porosity (P), grain size and correlation
coefficient (R) of Cu1-xZnxFe2O4 ferrites

Parameters

x=0

x = 0.2

x = 0.4

x = 0.6

x = 0.8

x = 1.0

a(Ǻ)

8.370

8.395

8.400

8.403

8.420

8.520

ds(g/cm3)

3.634

4.282

4.362

4.489

4.768

4.834

dx(g/cm3)

5.422

5.380

5.380

5.380

5.358

5.179

P(fraction)

0.330

0.204

0.189

0.166

0.11

0.067

Grain Size (µm)

14.22

26.75

20.20

14.83

9.30

3.25

R

0.997

0.999

0.998

0.999

0.999

0.996

Table 6.1 that lattice constant increased with the increase in Zn concentration, so the
corresponding X-rays density decreased with the increase in Zn concentration.
The porosity (P) of the samples was calculated using Eq. 4.12. It decreased from
0.330 to 0.067. The decrease in porosity may be due to the creation of more oxygen
vacancies and less creation of cations as Zn is doped in the samples as quoted by Abbas
et al.[8]. It was observed that X-rays density of each sample is greater than the
corresponding sintered density. This may be due to the existence of pores in the samples.
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6.2 Electrical Properties
DC electrical resistivity (ρ) of the sintered ferrites was calculated through Eq. 4.14
by two probe method, because of the high resistivity of these ferrites. It was found that
resistivity increased with the increase in Zn concentration from 0.0 to 1.0 as shown in
Fig. 6.3. This increase in resistivity is due to the fact that Zn has higher value of
resistivity (5.92×10-6 Ω-cm) as compared to that of Cu (1.7×10-6 Ω-cm) [9]. The
temperature variation of dc electrical resistivity measured in the temperature range of 320
to 520 K was calculated using Eq. 4.16 as shown in Fig. 6.3. It follows the Arrhenius plot
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Figure 6.3. Temperature dependent resistivity along with x (Zn) for Cu1-xZnxFe2O4
ferrites. The errors are within 5%.

which confirmd the single phase of the sintered ferrites in the measured range of
temperature. This graph shows that by increasing temperature, conductivity of Cu-Zn
ferrites increases and hence resistivity decreases which confirms the semiconductor like
behavior of sintered ferrites [10].
Drift mobility (µd) of the samples has been calculated using relations 4.17 and 4.18
[11, 12]. The temperature variation of drift mobility measured in the temperature range of
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320 to 520 K was also calculated and graph between mobility (µd) and 1000/T is shown
in Fig.6.4. It has been noted from the graph that mobility increases with the increase in
temperature. It may be due to the hopping of charge carriers from one site to another with
the rise in temperature [10].
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Figure 6.4. Variation of drift mobility with inverse of temperature for Cu1-xZnxFe2O4
Ferrites. The errors are within the spot size.

6.3 Dielectric Properties
The dielectric constant (έ) was found through the relation 4.20. In ferrites, it is
contributed by several structural and microstructural factors including compositional
variation and sintering conditions. Variation of dielectric constant (έ) with frequency is
shown in Fig. 6.5. The value of έ is much higher at lower frequencies. It decreases with
the increase of frequency. At very high frequencies, its value becomes so small that it is
independent of frequency [13]. The variation in dielectric constant may be explained on
the basis of space charge polarization which is produced due to the presence of higher
conductivity phases (grains) in the insulating matrix (grain boundaries) of a dielectric
produces localized accumulation of charge under the influence of an electric field [14].
The assembly of space charge carriers in a dielectric takes a finite time to line up their
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axes parallel to an alternating electric field. If the frequency of the field reversal
increases, a point is reached where the space charge carriers cannot keep up with the field
and the alternation of their direction lags behind that of the field [14]. This results in a
reduction of dielectric constant of the material. Shaikh et al. [15] have quoted a similar
kind of trend for the dielectric constant with the change in frequency. According to
Maxwell and Wagner two-layer model [16, 17], space charge polarization is because of
inhomogeneous dielectric structure of the material. It is formed by large well conducting
grains separated by thin poorly conducting intermediate grain boundaries.
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Figure 6.5. Plot of dielectric constant with frequency for Cu1-xZnxFe2O4 ferrites.
The errors are within the spot size.

Rabinkin and Novikova [18] pointed out that polarization in ferrites is a similar process
to that of conduction. The electron exchange between Fe2+ ↔ Fe3+ results the local
displacement of electrons in the direction of applied field that determines the
polarization. Polarization decreases with the increase in value of frequency and then
reaches a constant value. It is due to the fact that beyond a certain frequency of external
field, the electron exchange Fe2+ ↔ Fe3+ cannot follow the alternating field.
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Dielectric constant έ has large value at lower frequency. It is because of the
predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects,
interfacial dislocation pile ups, voids etc [17, 19]. The decreasing trend in έ with the
increase in frequency is natural due to the fact that any species contributing to
polarizability is found lagging behind the applied field at higher frequencies [20].
Loss factor decreases from 12.264 to 0.427 with the increase in frequency from 80 Hz to
1 M Hz as shown in Fig. 6.6. The values of tan δ depend on a number of factors such as
14

x(0.0)
x(0.2)
x(0.4)
x(0.6)
x(0.8)
x(1.0)

12
10

tan δ

8
6
4
2
0
2

3

4

5

6

Log f

Figure 6.6. Graph of loss factor with frequency for Cu1-xZnxFe2O4 ferrites.
The errors are within the spot size.

stoichiometry, Fe2+ content and structural homogeneity, which in turn depend on the
composition and sintering temperature of the samples [21]. The initial decrease of tan δ
with an increase in frequency may also be explained on the basis of Koops’
phenomenological model [22]. None of the samples exhibit the loss peak in our range of
frequency. The peaking nature occurs when the jump frequency of the electrons between
Fe2+ and Fe3+ is equal to the frequency of the applied field. It can be concluded that the
frequency at which maximum in tan δ occurs in these samples is outside the frequency
range studied [20].
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6.4 Magnetic Properties
The orbital motion of the electrons around the nucleus and their spin motion
around their axes in the atom produce the magnetic field associated with that particular
atom. When magnetic field is applied, materials react in a certain way. To determine the
magnetic properties of the prepared materials, we draw the M-H loop of the specimen for
each composition. From the M-H loop of a given material, we can find saturation
magnetization, remanent magnetization, magnetic moment, coercivity, Yafet-Kittel
angles etc. The M-H loops of some compositions are given in Fig.6.7.
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Figure 6.7 Combined graph of M-H loop for Cu1-xZnxFe2O4 ferrites with different concentrations of
zinc.

The combined M-H loops of the sintered ferrites given in Fig. 6.7 show that
saturation magnetization increases up to x = 0.2 followed by the decrease with the
increase in zinc concentration.
Magnetic moment was calculated through Eq. 4.35 [7]. Saturation magnetization
(Ms) measured from M-H loop is displayed in Fig. 6.8 whereas that of magnetic moment
(nB) is shown in Fig. 6.9. Both of them increase up to x = 0.2 and then decrease with the
increase in Zn concentration. Similar reports about saturation magnetization have been
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quoted by others [23-25]. The increasing trend of saturation magnetization suggests that
there is collinear spin arrangement with x up to 0.2 [26, 27] and the variation in magnetic
properties can be explained on the basis of Néel two sub-lattice model [28].
250

200

Ms (emu/g)

150

100

50

0
0.0

0.2

0.4

0.6

0.8

1.0

x (Zn)

Figure 6.8. Zinc dependent variation of saturation magnetization for Cu1-xZnxFe2O4 ferrites.
The errors are within 5%.

The net magnetization for collinear spin arrangement can be expressed as
M(T) = MB(T) – MA(T)

(6.1)

Where MA and MB are the magnetic moment of A and B sites respectively. The
substitution of zinc on A site will transfer some Fe3+ ions from A to B site. This will
increase the number of Fe3+ ions on B site and consequently the magnetization of B site
will increase. At the same time, the magnetization of A site will decrease due to the
decrease of Fe3+ ions on A site. The net magnetization will increase with increasing Zn
content up to x = 0.2.
The decreasing trend is due to the non-collinear spin arrangements of cations on
the octahedral site in the samples that cannot be explained on the basis of the Néel’s two
sub-lattice model. It is due to the fact that for all the samples (x > 0.2), the cations have
canting behavior. This suggests that there are triangular type spin arrangements on B site
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weakening the A-B interaction. This weakening of A-B interaction produces the
reduction of resultant saturation magnetization after x exceeds 0.2 [28].
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Figure 6.9. Plot of magnetic moment with zinc concentration for Cu1-xZnxFe2O4 ferrites.
The errors are within 5%.

Coercivity in Cu-Zn ferrites is shown in Fig. 6.10. It decreases with the increase in
Zn concentration. It is important to note that the porosity of the sintered samples also
decreases with the increase in Zn concentration. According to Smit and Wijn [11], Hc
decreases with the decrease in porosity.
The Yafet-Kittel (Y-K) angles have been calculated using Eq. 4.36 [29]. The trend
of Y-K angles is represented in Fig. 6.11. It increases exponentially with the increase in
Zn concentration for x ≥ 0.2. The non-zero Y-K angles suggest that the magnetization
behavior cannot be explained on Néel two sub-lattice model due to the presence of spin
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Figure. 6.10 Graph of coercivity versus zinc concentration at different frequencies in Ni1-xZnxFe2O4
ferrites. The errors are within 5%.
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Figure 6.11. Y-K angles for Cu1-xZnxFe2O4 ferrites with the change in zinc concentration.
The errors are within 5%.
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canting on B sites, which increases the B-B interaction and consequently decreases the AB interaction. This shows that for the present system of ferrites, canting behavior
increases with the increase in Zn concentration.

6.5 Summary and Conclusions
The substitution of Zn in the Cu1-xZnxFe2O4 ferrites causes significant changes in
structural, electrical and magnetic properties. Unit cell parameter ‘a’ increases linearly
with the increase in Zn concentration due to the larger ionic radius of Zn as compared to
that of Cu. Sintered density increases with the increase in Zn concentration. This is due to
the ionic difference between Cu and Zn. X-ray density and porosity both decrease with
the increase in Zn concentration. Temperature dependent dc electrical resistivity
decreases with the increase in temperature ensuring the semiconductor like behavior of
the samples. Dielectric constant and dielectric loss factor both have decreasing trend with
the increase in frequency. This decrease has been explained on the basis of space charge
polarization resulting from the electron displacement in the direction of electric field.
Saturation magnetization and magnetic moment both increased with the increase in Zn
concentration up to x = 0.2 and then decreased with the increase in Zn concentration.
Coercivity decreases with the increase in zinc concentration. This is due to the decrease
in porosity of the samples. Yafet-Kittel angles have zero value up to x = 0.2 and then
increased with the increase in Zn concentration. This is due to the canting behavior of the
compounds.
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CHAPTER 7
Fabrication and
Physical
Characterization of
Ni0.8-xCuxZn0.2Fe2O4
Ferrites

Fabrication and physical characterization of
Ni0.8-xCuxZn0.2Fe2O4 ferrites
The Ni0.8-xCuxZn0.2Fe2O4 ferrites for x = 0.0 to 0.8 with the step increment of 0.2
have been prepared by the standard solid state reaction technique using reagents of
analytical grade. The variation of copper substitution has a significant influence on the
structural, electrical and magnetic properties such as grain size, lattice cxonstant, sintered
density, X-rays density, porosity, dc electrical resistivity, activation energy, drift
mobility, dielectric constant, dielectric loss factor, saturation magnetization, magnetic
moment, and Yafet-Kittel angles. Lattice constant varied from 8.341Ǻ to 8.390Ǻ.
Dielectric constant increased from 28 to 26547 at the frequency of 10 kHz with the rise in
copper concentration from 0.0 to 0.8. All the samples follow the Maxwell-Wagner’s
interfacial polarization. Saturation magnetization decreased from 70.725 emu/g to 65.436
emu/g. The possible reasons, responsible for the substitution dependence of main
structural, electrical and magnetic properties have been discussed.
The purpose of this research is to investigate the role of Cu substitution on
structural, electrical and magnetic properties on Ni-Zn ferrites. The successful
experimental approach will open a new gateway for improving devices based on NiCuZn
ferrites, which are used in the surface mount devices (SMD) and multilayer chip
inductors (MLCI) due to their high electrical resistivity and soft magnetic properties at
high frequencies. These devices are used in electronic applications such as
telecommunication. The efficiency of these devices is strongly dependent on the
structural, electrical and magnetic properties of the materials. The systematic research is
still necessary for a more comprehensive understanding and properties of such materials.

7.1 SEM and X-Rays Diffraction Studies
Surface morphology for Ni0.8-xCuxZn0.2Fe2O4 ferrites from the scanning electron
micrographs is shown in Fig. 7.1. The grain size increased from 6.091 µm to 61.273 µm
with the rise in Cu substitution as quoted by others [1-2]. This increase in grain size may
be attributed to the higher atomic mobility of Cu ions as reported by Dimri et al. [1].
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Ni0.8Cu0.0Zn0.2Fe2O4

Ni0.6Cu0.2Zn0.2Fe2O4

Ni0.4Cu0.4Zn0.2Fe2O4

Ni0.2Cu0.6Zn0.2Fe2O4

Ni0.0Cu0.8Zn0.2Fe2O4
Figure 7.1 SEM of Ni0.8-xCuxZ0.2Fe2O4 ferrites in the range 0.0 ≤ x ≤ 0.8
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X-rays powder diffraction of the samples were carried out at room temperature
using PANalytical diffractometer system with CuKα (λ = 1.5406Ǻ) radiations to check
the formation of the required phase of final product and its structural related properties.
The indexed XRD patterns for all the samples corresponding to the system Ni1-xZnxFe2O4
are shown in Fig.7.2 [3]. These patterns confirm the formation of single phase spinel
structure.

2 θ (Degrees)
Figure 7.2 X-rays diffraction patterns for Ni0.8-xCuxZ0.2Fe2O4 ferrites
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The lattice constant a, was calculated by indexing the XRD patterns [3] using Eq.
4.9 and is given in Table 7.1. It was noted that the lattice constant increased from 8.341Ǻ
to 8.390Ǻ with the increase in Cu concentration from 0.0 to 0.8 for the present system.
This is due to the fact that the ionic radius of Cu (0.73Ǻ) is greater than that of Ni (0.69Ǻ)
as quoted by Rahman and Hoque [4, 5].
The sintered density (ds) was determined using relation 4.10. It increased from
4.187 g/cm3 to 4.705 g/cm3 as given in Table 7.1. This increase in sintered density is due
to the ionic difference between Ni and Cu [6-9]. This may also be due to higher density
of copper (8.96 g / cm3) than that of nickel (8.90 g / cm3).
The X-rays density (dx) of the samples was calculated using the relation 4.11 given
by Smit and Wijn [10]. It decreased from 5.396 g/cm3 to 5.392 g/cm3. As X-rays density
is inversely proportional to the lattice constant. It can be seen from Table 7.1 that lattice
constant increased with the increase in Cu concentration so the corresponding X-rays
density decreased with the increase in Cu concentration.
Table 7.1
Grain Size, lattice constant (a), sintered density (ds), X-ray density (dx), porosity (P), resistivity (ρ),
correlation coefficient (R), activation energy (∆E) and drift mobility ( µd) of Ni0.8-xCuxZn0.2Fe2O4
ferrites.

Parameters

X=0

X=0.2

X=0.4

X=0.6

X=0.8

Grain Size (µm)
a(Ǻ)

6.091
8.341

13.272
8.361

28.818
8.365

52.118
8.375

61.273
8.390

ds(g/cm3)

4.187

4.320

4.561

4.656

4.705

dx(g/cm3)

5.396

5.396

5.395

5.393

5.392

P(fraction)

0.224

0.199

0.155

0.140

0.112

ρ x10 Ω-cm) at 305 K

18.74

9.16

2.60

0.83

0.72

R

0.999

0.999

0.998

0.999

0.999

∆E (eV)

0.343

0.337

0.331

0.321

0.311

µd (cm2/ V-s)x10-10 at 305 K

0.156

0.311

1.040

3.205

3.651

6(

The porosity (P) of the samples was calculated using Eq. 4.12. It decreased from
0.224 to 0.112 as given in Table 7.1. As the sintering density increased and X-rays
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density decreased with the increase in Cu concentration, results the decrease in porosity
with the increase in Cu concentration. Another reason is that the decrease in porosity may
be due to the creation of more oxygen vacancies as Cu is doped in the samples and as a
result less cations are created [11]. It was also observed that X-rays density of each
sample is greater than the corresponding sintered density. This may be due to the
existence of pores in the samples.

7.2 Electrical Properties
The dc electrical resistivity (ρ) for all these samples was calculated through Eq. 4.14
by two probe method due to the high resistivity of the ferrites. The relationship between
resistivity and temperature may be expressed as Eq. 4.16 [10].
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Figure 7.3 Temperature dependent resistivity along with x (Cu) in Ni0.8-xCuxZ0.2Fe2O4.
The errors are within the spot size.

DC electrical resistivity of the said system was found to decrease from 18.74×106
Ω-cm to 0.72×106 Ω-cm at 305 K with the increase in Cu concentration from 0.0 to 0.8 as
written in Table 7.1. This decrease in resistivity is due to the fact that Cu has smaller
value of resistivity (1.7×10-6 Ω-cm) as compared to that of Ni (7.0×10-6 Ω-cm) [12]. The
decrease in resistivity may be due to the hopping of electrons between Fe2+↔ Fe3+ on
tetrahedral sites that increases the conduction as Cu is added, which are produced during
110

sintering [13]. The decrease in resistivity may also be due to Cu2+→Cu+ transition with
the variation of Cu content in NiCu ferrite [14].
Temperature dependent dc resistivity measured in the temperature range of 305 to
603 K given in Fig. 7.3 follows Arrhenius plot. This graph shows that by increasing
temperature, conductivity of Ni-Zn ferrites increases and hence resistivity decreases. This
confirms the semiconductor like behavior of the sintered ferrites [13].
Activation energy of the samples was determined from the slope of the linear plots
Fig. 7.3 of dc electrical resistivity using Eq. 4.16 [10] and is written in Table 7.1. The
value of activation energy decreased from 0.343 eV to 0.311 eV as the Cu concentration
is increased from 0.0 to 0.8. The decrease in activation energy may be attributed to the
creation of small number of oxygen vacancies [13]. It may also be justified due to the
decrease in resistivity with the increase in Cu concentration because activation energy
behaves in the similar way as that of dc electrical resistivity as reported by others [13,
15]. The decreasing trend of activation energy with the increase in Cu concentration may

2

µd(cm / V-s)x10

-7

also be due to the dominant role of Cu in conductivity.
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Figure 7.4 Temperature dependent drift mobility along with x (Cu) in Ni0.8-xCuxZ0.2Fe2O4
ferrites. The errors are within the spot size.

Drift mobility (µd) of the samples has been calculated using relations 4.17 and 4.18
[16, 17]. There is increase in drift mobility from 0.156 x 10-10 (cm2 / V-s) to 3.651 x 10-10
(cm2 / V-s) at 305 K with the increase in Cu concentration from 0.0 to 0.8 as shown in
Table 7.1. It can be noted that samples having higher resistivity have low mobility and
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vice versa [13]. To examine the temperature dependence of mobility a graph between
mobility (µd) and 1000/T is shown in Fig. 7.4. It is noticed from the graph that by
increasing temperature, mobility also increases. It may be due to the hopping of charge
carriers from one site to another as the temperature increases [13].

7.3 Dielectric Properties
The dielectric constant was calculated through Eq. 4.20. In ferrites, it is
contributed by several structural and micro structural factors. Compositional variation of
dielectric constant at 10 kHz frequency is shown in Fig. 7.5. It was observed that
dielectric constant increased with the increase in Cu concentration. It is due to the fact
that resistivity decreases with the increase in Cu concentration which increases the
probability of electrons reaching the grain boundary. This increases the polarization and
hence the dielectric constant increases [18].
Variation of dielectric constant (έ) with frequency is shown in Fig. 7.6. The value
of έ is much higher at lower frequencies. It decreases with the increase in frequency. It
decreases rapidly up to 1 kHz, followed by slow decrease up to 10 kHz, and nearly
constant above 10 kHz [18].
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Figure 7.5 Dielectric constant as a function of x (Cu) at 10 k Hz in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are within 5%.
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At very high frequencies, its value is so small that it becomes independent of
frequency as prescribed [19]. The variation in dielectric constant may be explained on the
basis of space charge polarization. According to Maxwell and Wagner two-layer model
[20, 21], the space charge polarization is produced in a dielectric material due to the
presence of higher conductivity phases (grains) in the insulating matrix (grain
boundaries). When an external electric field is applied, the electrons reach the grain
boundary through hopping. If the resistance of the grain boundary is high, the electrons
pile up at the grain boundaries and produces polarization.
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Figure 7.6 Plot of dielectric constant with frequency in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are within the spot size.

This is called space charge polarization [18]. The assembly of space charge carriers in a
dielectric takes a finite time to line up their axes parallel to the alternating electric field. If
the frequency of the field reversal increases, a point is reached where the space charge
carriers cannot keep up with the field and the alternation of their direction lags behind
that of the field as said by Chanda et al.[22]. This results in a reduction of dielectric
constant of the material. Shaikh et al. [23] have quoted a similar kind of trend for
dielectric constant with the change in frequency. Rabinkin and Novikova [24] pointed out
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that polarization in ferrites is a similar process to that of conduction. The electron
exchange between Fe2+ ↔ Fe3+ results the local displacement of electrons in the direction
of applied field that determines the polarization. Polarization decreases with the increase
in value of frequency and then reaches a constant value. It is due to the fact that beyond a
certain frequency of external field, the electron exchange Fe2+ ↔ Fe3+ cannot follow the
alternating field.
Dielectric constant έ has large value at lower frequency. It is because of the
predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects,
interfacial dislocation pile ups, voids etc [21, 25]. The decreasing trend in έ with the
increase in frequency is natural due to the fact that any species contributing to
polarizability is found lagging behind the applied field at higher frequencies [26].
The loss factor depends upon various factors such as stoichiometry, density, grain
size, Fe2+ content and structural homogeneity, which in turn depend on the composition
and processing temperature [27]. The value of loss factor decreased from 19.82 to 0.481
with the increase in frequency from 80 Hz to 1 M Hz given in Fig. 7.7. The loss tangent
decreases initially with increasing frequency followed by the appearance of a resonance
peak. The initial decrease in tan δ with an increase in frequency may be explained on the
basis of Koops’ phenomenological model [28].
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Figure 7.7 Variation of loss factor with frequency in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are the spot size.
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In our measured range of frequency, peaks are observed for the samples with x = 0.4, 0.6
and 0.8. The peaking nature occurs when the jump frequency of the electrons between
Fe2+ and Fe3+ is equal to the frequency of the applied field.
Resonance peak appearance can be explained as follows. If an ion has two
equilibrium positions A and B of equal potential energies separated by a potential barrier.
The ion has same probability of jumping from A to B and from B to A. The frequency
with which the ion exchanges its position between these two states is called the natural
frequency of jump between these two states. When an external alternating electric field of
natural frequency is applied, maximum electrical energy is transferred to the oscillating
ions and power loss increases highly, resulting in resonance peak [18].
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Figure 7.8 Saturation magnetization as function of x (Cu) in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are within 1%.

7.4 Magnetic Properties
Magnetic moment can be calculated by Eq. 4.35 [6]. The values of saturation
magnetization Ms and magnetic moment nB given in Fig. 7.8. Saturation magnetization
decreased from 70.725 emu/g to 65.436 emu/g with the increase in Cu concentration.
This is due to the fact that Copper has lower value of magnetic moment than that of
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nickel [29]. The magnetic moment has the similar trend and it decreases from 0.713
emu/g to 0.597 emu/g as shown in Fig. 8.9.
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Figure 7.9 Plot of magnetic moment as function of x (Cu) in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are within the spot size.

The Yafet-Kittel (Y-K) angles have been calculated by Eq. 4.36 [9]. The value of
Y-K angles increases 17.795 o to 76.420 o with the increase in Cu concentration that can
be seen in Fig. 7.10. The non-zero Y-K angles suggest that the magnetization behavior
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Figure 7.10 Graph of Yafet-Kittel angles as a function of x(Cu) in Ni0.8-xCuxZ0.2Fe2O4 ferrites.
The errors are within the spot size.
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cannot be explained on Néel two sub-lattice model due to the presence of spin canting on
B sites which increases B-B interaction and consequently decreases the A-B interaction
[30].

7.5 Summery and Conclusion
The substitution of Cu in the Ni0.8-xCuxZn0.2Fe2O4 ferrites causes appreciable changes
in its structural and electrical properties. Lattice constant, sintered density and drift
mobility increase whereas X-ray density, porosity, resistivity and activation energy
decrease with the increase in Cu concentration. DC electrical resistivity decreases with
the increase in temperature which confirms the semiconductor like behavior of the
sintered materials. Drift mobility increases with the increase in temperature. It is due to
the hopping of charge carriers from one site to another as the temperature increases.
Dielectric constant increases with the increase in copper concentration. This is due to the
good conductivity of copper than that of nickel. Dielectric constant and dielectric loss
factor both decrease with the increase in frequency followed by the resonance peaks in
samples with large values of copper concentration than that of nickel. The decreasing
trend is explained on the basis of space charge polarization resulting from the electron
displacement in the direction of the electric field when an external field is applied. The
saturation magnetization and magnetic moment decrease whereas Y-K angles increase
with the increase in copper concentration. This shows that canting trend of ions increases
with the increase in copper concentration.
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Thesis Summary and Conclusions
Conventional solid state reaction technique has been adopted to prepare
Ni1-xZnxFe2O4, Cu1-xZnxFe2O4 and Ni0.8-xCuxZn0.2Fe2O4ferrites. This technique is simple
and can be used with little chemical knowledge. The substitution of Zn ions brought
appreciable changes in the structural, electrical and magnetic properties of Ni1-xZnxFe2O4,
Cu1-xZnxFe2O4 ferrites, whereas the variation of Cu substitution played a crusial role in
the properties of Ni0.8-xCuxZn0.2Fe2O4ferrites. The grain size increased with the increase
in Zn and Cu concentration in Ni-Zn and Ni-Cu-Zn ferrites respectively. This is due to
the liquid phase of Zn and Cu ions as their melting points are less than that of nickel and
iron ions. The grain growth was due to the presence of capillary forces between the
particles. The grain size decreased with the rise in Zn concentration in Cu1-xZnxFe2O4
ferrites. The decrease in size was due to the formation of new nuclei preventing further
growth of grains. The indexed X-rays diffraction patterns revealed the spinel structure for
the sintered ferrites. The lattice constant increased with the increase in Zn concentration
in case of Ni-Zn, Cu-Zn ferrites whereas it increased with the increase in Cu
concentration in case of Ni-Cu-Zn ferrites. This was due to the larger ionic radius of Zn
(0.74Å) than that of Ni (0.69Å) and Cu (0.73Å). The sintered density increased with the
increase in Zn concentration in case of Ni-Zn, Cu-Zn ferrites whereas it increased with
the increase in Cu concentration in case of Ni-Cu-Zn ferrites. This was due to the
difference in ionic radii of nickel, copper and zinc. The X-rays density decreased with the
increase in Zn concentration in case of Ni-Zn, Cu-Zn ferrites whereas it decreased with
the increase in Cu concentration in case of Ni-Cu-Zn ferrites. Porosity decreased with the
increase in Zn concentration in case of Ni-Zn, Cu-Zn ferrites whereas it decreased with
the increase in Cu concentration in case of Ni-Cu-Zn ferrites. It might be due to the
creation of more oxygen vacancies as Zn was substituted in the samples.
DC electrical resistivity decreased in Ni-Zn, Ni-Cu-Zn ferrites and increased in
Cu-Zn ferrites with the increase in x concentration. It was due to the greater value of
resistivity for Ni (7.0 x 10-6 Ω cm) and Zn (5.92 x 10-6 Ω cm) than that of Cu (1.7 x 10-6
Ω cm) ferrites.

120

DC electrical resistivity decreased with increase in temperature ensuring the
semiconductor like behavior of the samples. Activation energy calculated from the dc
electrical resistivity had the similar trend as that of resistivity for all the compositions.
The drift mobility was also determined from the resistivity measurements. It has been
observed that drift mobility is inversely proportional to the resistivity.
The dielectric constant increased with the increase of Zn concentration in Ni-Zn ferrites.
In these ferrites, iron ions which exist in both 2+ and 3+ states, can occupy A as well as B
sites. When Zn is substituted in place of Ni2+ ions, some of the Fe3+ ions are converted to
Fe2+ ions to maintain the charge neutrality. As a result, the hopping of electrons between
Fe3+ and Fe2+ ions increases. This increases the probability of electrons to reach the grain
boundary. As a result, the polarization and hence the dielectric constant increases with
the increase of Zn concentration. In case of Ni-Cu-Zn ferrites, it increases with the
increase in Cu concentration. This is due to the fact that resistivity decreases with the
increase in Cu concentration which increases the probability of electrons to reach the
grain boundaries, as a result, the polarization and hence the dielectric constant increases.
The dielectric constant decreases with the increase in frequency for all the samples. The
value of έ is much higher at lower frequencies. At very high frequencies, its value is so
small that it becomes independent of frequency. Dielectric constant έ has large value at
lower frequencies. It is because of the predominance of species like Fe2+ ions, oxygen
vacancies, grain boundary defects, interfacial dislocation pile ups, voids etc. The
decreasing trend is natural due to the fact that any species contributing to polarizability is
found lagging behind the applied field at higher frequencies..
The value of loss factor decreased with the increase in frequency from 80 Hz to 1
M Hz. The loss tangent decreased initially with increasing frequency followed by the
appearance of a resonance peak in some of the compositions. The initial decrease in tan δ
with an increase in frequency may be explained on the basis of Koops’ phenomenological
model. The peaking nature occurs when the jump frequency of the electrons between Fe2+
and Fe3+ is equal to the frequency of the applied field.
AC conductivity σac of Ni1-xZnxFe2O4 ferrites increased with the increase in
frequency. The frequency dependent σac can be explained on the basis of MaxwellWagner two layers model. At lower frequency, the grain boundaries are more active,
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hence the hopping frequency of electrons between Fe3+ and Fe2+ ions is less. At higher
frequencies, the conductive grains become more active by promoting the hopping of
electrons between Fe3+ and Fe2+ ions therefore increasing the hopping frequency.
In case of Ni-Zn ferrites, saturation magnetization increased up to x = 0.4 and then
decreased with the increase in Zn concentration. Increasing trend of saturation
magnetization can be explained on the basis of Néel two sub-lattice model, whereas the
decreasing trend suggests that there are triangular type spin arrangements on B site which
cannot be explained by Néel’s two sub-lattice model.
Coercivity decreased with the increase in Zn concentration in case of Ni-Zn ferrites. This
is due to the reason that Hc decreases with the decrease in magnetocrystalline anisotropy
(K1). The absolute value of K1 is larger for Ni ferrites than that of Zn ferrites.
The Yafet-Kittel angles increased with the increase in zinc concentration in Ni-Zn
and Cu-Zn ferrites whereas it increases with the increase in Cu concentration in Ni-CuZn ferrites. This shows that triangular spin is favoured in B-site that decreases the A-B
interaction.
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Future Work:
Further work can be done as suggested below
1. Variation of magnetic properties from 4 K to room temperature.
2. Variation of dielectric constant as a function of temperature.
3. Initial permeability with the variation of temperature.
4. Change in magnetic properties above room temperature.
5. Susceptibility measurements with the rise in temperature.
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Abstract
Copper–zinc ferrites bearing chemical formula Cu1−x Znx Fe2 O4 for x ranging from 0.0 to 1.0 with the step increment of 0.2 were prepared by
the standard solid-state technique. The variation of Zn substitution has a significant effect on the structural, electrical and magnetic properties.
Lattice parameters ‘a’ increased from 8.370 to 8.520 Å. Dielectric constant decreased up to 311 with the increase in frequency from 80 Hz to
1 MHz at room temperature. All the samples follow the Maxwell–Wagner’s interfacial polarization. Saturation magnetization, magnetic moment
and Yafet–Kittel angles were also determined. The possible reasons responsible for the change in density related, electrical and magnetic properties
with the increase in Zn concentration are undertaken.
© 2007 Elsevier B.V. All rights reserved.
PACS: 75.50.Gg; 61.66.Fn; 64.70.Kb; 75.50.−y; 77.84.Bw; 81.05.Je, Mh
Keywords: Ceramics; Oxide materials; Solid-state reaction; Crystal structure; Magnetic measurements; Cu–Zn ferrites

1. Introduction
Soft ferrites have been widely used for different kinds of
magnetic devices such as inductors, transformers and magnetic
heads for high frequency as their electrical resistivity is higher
than those of soft magnetic alloys. Different substitutions have
been incorporated to get desired electrical and magnetic properties. The useful frequency range is fixed by the onset of resonance
phenomenon for which either the permeability starts to decrease
at a critical frequency or the losses rise rapidly. Therefore, the
knowledge of frequency dependence is necessary. Investigations
have been done for magnetic spectra of different ferrites in a
wide range of frequencies. Knowledge of magnetic spectra of
ferrites provides information whether the ferrites are useful in a
given range of frequency as presented by others [1–3]. Recently,
Ni–Zn ferrites of high permeability and high frequency have
been used at large scale to produce all kinds of broadband elements. Gonchar and Andreev [4] have reported that Ni–Cu–Zn
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ferrites with less content of Zn could obtain high Curie temperature, but the initial permeability of Ni–Cu–Zn ferrites reached
only up to 2000. Copper based ferrites have interesting electrical and magnetic properties. Our purpose of investigation is
to study further the effect of different amounts of Cu on the
magnetic properties of ferrites. Applications of Cu, Ni, and Co
based ferrites are well known, especially where these elements
are partially substituted by zinc and cadmium which prefer the
tetrahedral position in spinel lattice and strongly affect the magnetic properties of ferrospinels as demonstrated [5]. It is well
known that Zn content exerts important influence on microstructure and properties of ferrites. Hence the compositional variation
in the ferrites has been brought about by varying the zinc concentration.
To our knowledge, much research work has been done on ferrites, but little on Cu–Zn ferrites by standard solid-state reaction
technique with so many parameters. The systematic research
is still necessary for a more comprehensive understanding and
properties of such materials.
The successful experimental approach will open a new
gateway for improving devices based on Cu–Zn ferrites. The efficiency of these devices is strongly dependent on the structural,
electrical and magnetic properties of the materials.

M. Ajmal, A. Maqsood / Journal of Alloys and Compounds 460 (2008) 54–59

55

In this paper, Cu1−x Znx Fe2 O4 ferrites are prepared and are
characterized by their lattice parameters, sintered density, X-ray
density, porosity, grain size, temperature dependent resistivity,
correlation coefficient, temperature dependent drift mobility,
dielectric constant, loss factor, saturation magnetization, magnetic moment and Y–K angles.
2. Experimental techniques
Samples of Cu1−x Znx Fe2 O4 ferrites with (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0)
have been prepared by the standard solid-state technique using reagents of analytical grade. The samples were prepared by mixing CuO (99%), ZnO (99%),
and Fe2 O3 (95%) in their respective stoichiometric ratio. Each sample with specific composition was ground in the agate mortar and pestle for 2 h. The samples
were calcined in the muffle furnace at 970 ◦ C for 9 h followed by furnace cooling.
Again each sample was ground for 1 h. Then all the samples were pelletized with
the help of polyvinyl binder by exerting the uniaxial pressure of 80 kg/cm2 for
1–2 min. Samples were sintered in the muffle furnace at temperature of 1130 ◦ C
for 4 h followed by furnace cooling.
X-rays diffraction of the samples were carried out at room temperature using
PANalytical diffractometer system with Cu K␣ (λ = 1.5406 Å) radiation. JEOL
2000CX scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) and wavelength dispersive spectroscopy (WDS) is used to
examine the micro structural features such as grain size and porosity. The line
intercept method is used to measure the grain size. Samples are examined in
Nikon optical microscope. For the purpose of more accuracy, at least 10 grains
are measured at different sections of each sample.
As ferrites have very high resistivity so two probe method was adopted
to measure the electrical resistivity of the samples in the temperature range
320–520 K. Dielectric constant and dielectric loss factor of the samples were
measured using a WAYNE KERR 4275 LCR Meter Bridge in the frequency
range of 80 Hz to 1 MHz at room temperature.
Lake Shore 735 vibrating sample magnetometer (VSM) was used to measure
the magnetic properties.

3. Results and discussion
Soft ferrite system Cu1−x Znx Fe2 O4 is indexed using information from XRD patterns which are shown in Fig. 1 [6]. Indexed
patterns confirmed the formation of single phase spinel structure. Lattice parameters a, sintered density ρs , X-ray density
ρx and porosity P as a function of Zn concentration are given
in Table 1. It is noted that the lattice parameters increase from
8.370 to 8.520 Å with the increase in Zn concentration from 0.0
to 1.0 for the present system. This is due to the fact that the
ionic radius of Zn (0.74 Å) is larger than that of Cu (0.73 Å) as
quoted earlier [5]. The sintered density ρs increases from 3.634
to 4.834 g/cm3 . This increase in sintered density is due to the difTable 1
Lattice constant (a), sintered density(ρs ), X-ray density(ρx ), porosity (P), grain
size and correlation coefficient (R) of Cu1−x Znx Fe2 O4 ferrites
Parameters

x=0

x = 0.2

x = 0.4

x = 0.6

x = 0.8

x = 1.0

a (Å)
ρs (g/cm3 )
ρx (g/cm3 )
P (fraction)
Grain size (m)
R

8.370
3.634
5.422
0.330
14.22
0.997

8.395
4.282
5.380
0.204
26.75
0.999

8.400
4.362
5.380
0.189
20.20
0.998

8.403
4.489
5.380
0.166
14.83
0.999

8.420
4.768
5.358
0.11
9.30
0.999

8.520
4.834
5.179
0.067
3.25
0.996

The value of x was confirmed by electron microprobe analysis (EMPA) measurements.

Fig. 1. X-ray diffraction patterns of Cu1−x Znx Fe2 O4 ferrites.

ference in ionic radii between Cu and Zn as reported by others
[7–10].
The X-ray density of the samples was determined using the
relation given by Smit and Wijn [11]:
ρx =

8M
Na a 3

(1)

where M is the molecular weight of the samples, Na the Avogadro’s number and ‘a’ is the lattice parameters. As there are
eight molecules in the unit cell so 8 is included in the formula. It
decreased from 5.422 to 5.179 g/cm3 . As X-ray density depends
upon the lattice parameters. It can be seen from Table 1 that lattice parameters increase with the increase in Zn concentration
so the corresponding X-ray density decreases with the increase
in Zn concentration.
The porosity decreases from 0.330 to 0.067. The decrease in
porosity may be due to the creation of more oxygen vacancies
and less creation of cations as Zn is doped in the samples as
quoted [12]. It is observed that X-ray density of each sample
is greater than the corresponding sintered density. This may be
due to the existence of pores in the samples.
Representative micrographs for Cu1−x Znx Fe2 O4 ferrite system are shown in Fig. 2. Surface morphology of all the samples
as seen from the scanning electron microscope consists of grains
varying from 26.75 to 3.25 m. The decrease in grain size may
be due to the surface tension in the samples.
DC electrical resistivity (ρ) measured in the temperature
range of 320–520 K is given in Fig. 3 follows Arrhenius plot.
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Fig. 2. SEM micrographs of Cu1−x Znx Fe2 O4 ferrites in the range of 0 ≤ x ≤ 1.

This graph shows that by increasing temperature, conductivity
of Cu–Zn ferrites increases and hence resistivity decreases. This
confirms the semi-conductor like behavior of these ferrites. The
curie temperature of our samples is greater than our range of
measured temperature.
Drift mobility (μd ) of the samples has been calculated using
the following relation [13]:
μd =

1
ηeρ

(2)

where e is the charge on an electron, ρ is the resistivity of the
sample and η is the concentration of charge carrier that can be
calculated from the relation as quoted [14]:
η=

Fig. 3. Temperature dependent resistivity along with x (Zn) for Cu1−x Znx Fe2 O4
ferrites.

Na ρs PFe
M

(3)

Here M is the molecular weight, Na and ρs are defined above and
PFe is the number of iron atoms in the chemical formula of the
ferrites. A graph between mobility (μd ) and 1000/T is shown in
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Fig. 4. Variation of drift mobility with inverse of temperature for
Cu1−x Znx Fe2 O4 ferrites.

Fig. 4. It is noted from the graph that mobility increases with the
increase in temperature. It may be due to the hopping of charge
carriers from one site to another with the rise in temperature as
stated [15].
Variation of dielectric constant (έ) with frequency is shown
in Fig. 5. The value of έ is much higher at lower frequencies. It
decreases with the increase of frequency. At very high frequencies, its value becomes so small that it becomes independent of
frequency as prescribed [16]. The variation in dielectric constant
may be explained on the basis of space charge polarization
which is produced due to the presence of higher conductivity
phases (grains) in the insulating matrix (grain boundaries) of
a dielectric produces localized accumulation of charge under
the influence of an electric field as demonstrated [17]. The
assembly of space charge carriers in a dielectric takes a finite
time to line up their axes parallel to an alternating electric field.
If the frequency of the field reversal increases, a point is reached
where the space charge carriers cannot keep up with the field and
the alternation of their direction lags behind that of the field as
said [17]. This results in a reduction of dielectric constant of the
material. Shaikh et al. [18] have quoted a similar kind of trend
for dielectric constant with the change in frequency. According
to Maxwell and Wagner two-layer model [19,20], space charge
polarization is because of inhomogeneous dielectric structure of

Fig. 6. Graph of loss factor with frequency for Cu1−x Znx Fe2 O4 ferrites.

the material. It is formed by large well conducting grains separated by thin poorly conducting intermediate grain boundaries.
Rabinkin and Novikova [21] pointed out that polarization in
ferrites is a similar process to that of conduction. The electron
exchange between Fe2+ ↔ Fe3+ results the local displacement
of electrons in the direction of applied field that determines the
polarization. Polarization decreases with the increase in value of
frequency and then reaches a constant value. It is due to the fact
that beyond a certain frequency of external field, the electron
exchange Fe2+ ↔ Fe3+ cannot follow the alternating field.
Dielectric constant έ has large value at lower frequency. It
is because of the predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects, interfacial dislocation
pile ups, voids etc [20,22]. The decreasing trend in έ with the
increase in frequency is natural due to the fact that any species
contributing to polarizability is found lagging behind the applied
field at higher frequencies [23].
Loss factor decreases from 12.264 to 0.427 with the increase
in frequency from 80 Hz to 1 MHz as shown in Fig. 6. The values
of tan δ depend on a number of factors such as stoichiometry,
Fe2+ content and structural homogeneity, which in turn depend
on the composition and sintering temperature of the samples
[24]. The initial decrease of tan δ with an increase in frequency
may also be explained on the basis of Koops’ phenomenological
model [25]. None of the samples exhibit the loss peak in our
range of frequency. The peaking nature occurs when the jump
frequency of the electrons between Fe2+ and Fe3+ is equal to
the frequency of the applied field. It can be concluded that the
frequency at which maximum in tan δ occurs in these samples
is outside the frequency range studied [23].
Magnetic moment can be calculated as [11]:
nB =

Fig. 5. Plot of dielectric constant with frequency for Cu1−x Znx Fe2 O4 ferrites.
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Mol. wt. × Ms
5585ds

(4)

where nB is the magnetic moment of the samples expressed in
Bohr magnetons. Ms is the saturation magnetization and ds is
the sintered density of the samples.
The values of Ms are displayed in Fig. 7 whereas that of
(nB ) are shown in Fig. 8. Both of them increase up to x = 0.2
and then decrease with the increase in Zn concentration. Simi-
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Fig. 7. Zinc dependent variation of saturation
Cu1−x Znx Fe2 O4 ferrites. The errors are within 5%.

magnetization

for

lar reports about saturation magnetization have been quoted by
others [26–28]. The increasing trend suggests that the variation
in magnetic properties can be explained on the basis of Néel two
sub-lattice model [29]. The decreasing trend is due to the nonzero Y–K angles in the samples that cannot be explained on the
basis of the Néel’s two sub-lattice model. It is due to the fact that
for all the samples (x > 0.2) the Y–K angles are non-zero. This
suggests that there are triangular type spin arrangements on B
sites which weaken A–B interaction. So it results in a reduction
of the resultant saturation magnetization, as x exceeds 0.2 [30].
Satyamurthy et al. and Yafet and Kittel have also observed the
similar kind of weakening A–B interaction in two sub-lattices
due to Zn substitution in mixed ferrites.
The Yafet–Kittel (Y–K) angles have been calculated using
the formula [29]:
nB = (6 + x) cos αY −K − 5 (1 − x)

(5)

where x represents Zn concentration. The values of Y–K
angles are represented in Fig. 9. It increases exponentially
with the increase in Zn concentration for x ≥ 0.2. The non-zero
Y–K angles suggest that the magnetization behavior cannot be
explained on Néel two sub-lattice model due to the presence of

Fig. 9. Y–K angles for Cu1−x Znx Fe2 O4 ferrites with the change in zinc concentration. The errors are within 5%.

spin canting on B sites, which increases the B–B interaction and
consequently decreases the A–B interaction. These results are
also in good agreement with the observation of A–B interaction
in the two sub-lattice due to Zn substitution in mixed Zn ferrites
by others [29]. This shows that in the present system of ferrites,
randomness increases as Zn is substituted in these Cu ferrites
and shows a significant departure from Néel collinear model.
4. Conclusions
The substitution of Zn in the Cu1−x Znx Fe2 O4 ferrites causes
appreciable changes in its structural, electrical and magnetic
properties. Unit cell parameters ‘a’ increases linearly with the
increase in Zn concentration due to the larger ionic radius of
Zn as compared to that of Cu. Sintered density increases with
the increase in Zn concentration. This is due to the ionic difference between Cu and Zn. X-ray density and porosity both
decrease with the increase in Zn concentration. Temperature
dependent dc electrical resistivity decreases with the increase in
temperature ensuring the semiconductor nature of the samples.
Dielectric constant and dielectric loss factor both have decreasing trend with the increase in frequency. This decrease has been
explained on the basis of space charge polarization resulting
from the electron displacement. Saturation magnetization and
magnetic moment both increased with the increase in Zn concentration up to x = 0.2 and then decreased with the increase
in Zn concentration. Yafet–Kittel angles have zero value up to
x = 0.2 and then increased with the increase in Zn concentration.
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Abstract
AC conductivity, density related and magnetic properties are reported for Ni1 − xZnxFe2O4 ferrites with the variation of zinc concentration
prepared by the standard solid state reaction technique. X-ray powder diffraction patterns confirmed the spinel structure of the prepared
compounds. AC conductivity (lnσac) increases from −10.045 (S/m) to −3.781 (S/m) with the increase in zinc concentration from 0.0 to 1.0 at the
frequency of 1 kHz. Lattice parameters, sintered density and grain size increase whereas X-ray density and porosity decrease with the increase in
zinc concentration. Saturation magnetization increases with the increase in zinc concentration up to x = 0.4 and after that it decreases with the
increase in zinc concentration. Remanence magnetization and magnetic moment almost have the similar trend as that of saturation magnetization.
Yafet–Kittel angles increase with the increase in zinc concentration. The possible reasons responsible for these changes are undertaken.
© 2007 Elsevier B.V. All rights reserved.
PACS: 81.05.Je, Mh; 78.20.Ci; 61.72.Mm; 75.50.-y; 81.20.Ev; 61.72.Ff
Keywords: Ceramics; Dielectrics; Grain boundaries; Magnetic materials; Sintering; X-ray techniques

1. Introduction

2. Experimental techniques

Nickel–zinc ferrites have much technological importance due
to their high frequency applications. Their properties strongly
depend upon their composition and microstructure which in turn
are sensitive to the processing method used to synthesize them.
Selection of an appropriate process is therefore crucial to obtain
good quality ferrites [1]. Zhang et al. [2] prepared Zn1 − xNixFe2O4
ferrites by sol–gel auto-combustion method and discussed the
structural and magnetic properties with the variation of nickel in
zinc ferrites. Sindhu et al. [3] discussed the AC conductivity of
Ni1 − xZnxFe2O4 ferrites with the variation of composition and
frequency.
The purpose of this manuscript is to focus upon the AC
conductivity and magnetic properties with the variation in zinc
substitution in Ni1 − xZnxFe2O4 ferrites.

Samples of Ni1 − xZnxFe2O4 ferrites have been prepared by the
standard solid state reaction technique using reagents of analytical
grade. The samples were prepared by mixing NiO (99%), ZnO
(99%), and Fe2O3 (95%) in their respective stoichiometric ratios.
Each sample with specific composition was ground in the agate
mortar and pestle for 2 h. The samples were calcined in the muffle
furnace at 970 °C for 5 h followed by furnace cooling. Again each
sample was ground for 1 h. Then all the samples were pelletized
into cylindrical shape of diameter 11 mm and width of about 3 mm
with the help of polyvinyl binder by exerting the uniaxial pressure
of 80 kg/cm2 for 1 to 2 min. Samples were sintered at temperature
of 1180 °C for 5 h followed by furnace cooling.
X-rays powder diffraction of the samples was carried out at
room temperature using PANalytical diffractometer system with
CuKα (λ = 1.5406 Ǻ) radiation. JEOL 2000CX scanning electron
microscope equipped with energy dispersive spectroscopy (EDS)
is used to check the stoichiometric composition and grain size of
the final compounds. Electron Micro Probe Analysis (EMPA)
confirmed that the actual composition is the same as the nominal
one.
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Silver paint was applied on the flat surfaces of the pellets and
air-dried to have good ohmic contacts for the dielectric measurements. The capacitance C of the samples was measured using
a WAYNE KERR 4275 LCR Meter Bridge in the frequency range
of 80 Hz to 1 MHz at room temperature from which the dielectric
constant was calculated. The dielectric loss factor (tan δ) was also
measured using LCR Meter Bridge. Dielectric constant and
dielectric loss factor were used to calculate the ac conductivity
(σac) of the samples.
Lake Shore 735 Vibrating Sample Magnetometer was used
to measure the magnetic properties of the prepared compounds.
Small volume of the prepared compositions was applied on the
sample holder in the magnetic field of the coils of VSM. The
M–H loops showing the variation of magnetization with the
applied magnetic field was obtained. The information got from
VSM were used to calculate the magnetic properties.
3. Results and discussion
The indexed XRD patterns of all the samples corresponding to
Ni1 − xZnxFe2O4 ferrites confirmed the formation of single phase of spinel
structure. The dielectric constant and dielectric loss factor of the sintered
materials were also measured. The value of dielectric constant (έ) is much
higher at lower frequencies. It decreases with the increase in frequency.
The observed variation in έ can be explained on the basis of space-charge
polarization. According to Maxwell–Wagner two-layer model [4,5], the
space-charge polarization is due to the inhomogeneous structure of
dielectric material. It is formed by large well conducting grains separated
by thin poorly conducting grain boundaries [6]. The electrons reach the
grain boundary through hopping. If the resistance of the grain boundary is
large, the electrons pile up at the grain boundary and produce polarization.
When the frequency of the applied field is increased, the probability of the
electrons to reach the grain boundary decreases. This decreases the
polarization and hence the dielectric constant with the increase in
frequency [7].
The AC conductivity of these samples was calculated from the
values of dielectric constant and dielectric loss factor using the relation
[8]
rac ¼xeo eVtand

ð1Þ

Where σac is the AC conductivity, ω is the angular frequency, εo is the
permittivity of free space, έ is the dielectric constant and tanδ is the

Table 1
Lattice parameters (a), sintered density (ρs), X-ray density (ρx), porosity (P),
ave. grain size, remanence magnetization (Mr), saturation magnetization (Ms),
magnetic moment (nB) and Yafet-Kittel angles (°) of Ni1 – xZnxFe2O4 ferrites
Parameters

x = 0.2

x = 0.4

x = 0.6

x = 0.8

x = 1.0

dielectric loss factor of the samples. It is observed that σac increases with
the increase in Zn concentration and with the decrease in Ni concentration
[9]. Hopping of electrons between Fe2+ and Fe3+ ions on octahedral sites
is responsible for conduction in ferrites. Hole hopping between Ni2+
and Ni3+ ions on B site also contributes the conduction in ferrites. In
Ni1 − xZnxFe2O4 system, the conduction depends upon the concentration of Zn ions on A site to the concentration of Ni ions on B site [3].
Frequency dependent σac is shown in Fig. 1. It is noted that σac
increases with the increase in frequency. The frequency dependent σac
can be explained on the basis of Maxwell–Wagner two lattice model as
elaborated above. At lower frequency, the grain boundaries are more
active, hence the hopping frequency of electrons between Fe3+ and
Fe2+ ions is less. At higher frequencies, the conductive grains become
more active by promoting the hopping of electrons between Fe3+ and
Fe2+ ions therefore increasing the hopping frequency [3]. So we
observe the increase in conductivity with the increase in frequency.
Lattice parameters a, sintered density ρs, X-ray density ρx and
porosity P as a function of Zn concentration are shown in Table 1. It is
noted that the lattice constant increases with the increase in Zn
concentration. This may be due to the greater ionic radius of Zn
(0.74 Å) as that of Ni (0.69 Å) [10,11]. Sintered density increases from
3.470 to 4.703 g/cm3. This increase is due to the ionic difference
between Ni and Zn [12,13]. X-ray density decreases with the rise in
zinc concentration. Since X-ray density depends upon the lattice
constant which increases with the increase in Zn concentration, so the
corresponding X-ray density decreases [14]. Porosity decreases from
0.354 to 0.102. The decrease in porosity may be due to the creation of
more oxygen vacancies with the substitution of Zn ions in the samples
and virtually less cations are created [15]. The average grain size
increases from 2.36 μm to 7.03 μm with the increase in zinc concentration. This is due to the fact that sintering of ceramics is assisted
by a liquid phase of zinc which draws the particles together due to
capillary forces and enables more densification and grain growth due to
the low melting point of zinc (470 °C).
Magnetic moment can be calculated as [16]
nB ¼

Fig. 1. Graph of AC conductivity as a function of frequency in Ni1 − xZnxFe2O4
ferrites for various concentrations of zinc.

x=0

°)
a (A
8.337
8.368
8.398
8.430 8.461 8.490
3.470
3.715
3.962
4.209 4.454 4.703
ρs (g/cm3)
ρx (g/cm3)
5.375
5.346
5.319
5.288 5.260 5.235
P (fraction)
0.354
0.305
0.255
0.204 0.153 0.102
Ave. grain size (μm)
2.36
3.19
4.23
4.94
6.16
7.03
Mr (emu/g)
24.853 25.69
27.210 26.280 0.321 0.003
Ms (emu/g)
125.990 176.813 196.459 158.204 1.206 0.330
1.524
1.964
1.925
1.523 0.011 0.003
nB (emu/g)
Y–K angles (°)
0
15.865 39.683 57.738 81.447 89.975

Mol:wt:  Ms
5585ds

ð2Þ

Where nB is the magnetic moment of the samples, Ms is the saturation
magnetization and ds the sintered density of the samples. The values of
saturation magnetization Ms, remanence magnetization Mr and
magnetic moment nB are tabulated in Table 1.
Saturation magnetization increases up to x = 0.4 and then decrease
with the increase in Zn concentration. Similar reports about saturation
magnetization have been quoted by others [2,17,18]. Increasing trend
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The Yafet–Kittel (Y–K) angles have been calculated using the
formula [19]
nB ¼ ð6 þ xÞcosaY–K  5ð1  xÞ

ð5Þ

Where x represents Zn concentration. The value of Y–K angles for
samples with x = 0.0 is zero which indicates that magnetization can be
explained with Néel's two lattice theory. The values of Y–K angles
increases with the increase in Zn concentration for x ≥ 0.2. The non-zero
Y–K angles suggest that the magnetization behavior cannot be explained
on Néel two sub-lattice model due to the presence of spin canting on B
sites. The rise in Y–K angles with the increase in zinc shows that
triangular spin is favored in B site that decreases the A–B interaction.
Fig. 2. Plot of coercivity as a function of zinc concentration in Ni1 − xZnxFe2O4
ferrites.

of saturation magnetization can be explained on the basis of Néel two
sub-lattice model [19,20] whereas the decreasing trend suggests that
there are triangular type spin arrangements on B site which cannot be
explained by Néel's two sub-lattice model. The cation distribution for
nickel ferrites have inverse spinel structure that can be written as
ðFe3þ ÞA ½Ni2þ Fe3þ B O2−
4

ð3Þ

When non-magnetic divalent Zn2+ ions are substituted, they tend to
occupy tetrahedral sites by transferring Fe3+ ions to octahedral sites due
to their favoritism by polarization effect. However, site preference of
cations also depends upon their electronic configurations. Zn2+ ions
show marked preference for tetrahedral sites where their free electrons
respectively can form a covalent bond with the free electrons of the
oxygen ion. This forms four bonds oriented towards the corners of a
tetrahedron. Ni2+ ions have marked preference for an octahedral
environment due to the favorable fit of the charge distribution of these
ions in the crystal field at an octahedral site [16]. In view of the above
considerations the cation distribution can be written as
2þ
3þ
2−
ðZnx 2þ Fe3þ
1−x ÞA ½Ni1−x Fe1þx B O4

ð4Þ

As zinc (non-magnetic) ions prefer to go into tetrahedral lattice and
transfer some iron ions of large magnetic moment to octahedral site
resulting an increase in saturation magnetization. The decreasing trend
is due to the fact that after a certain amount of zinc concentration, there
start fluctuations in the number of ratio of zinc and ferric ions on the
tetrahedral sites surrounding the various octahedral sites i.e. fluctuations in the tetrahedral–octahedral interactions [16]. This shows the
weakening of A–B interaction whereas B–B interaction changes from
ferromagnetic to antiferromagnetic state. Satyamurthy et al. and Yafet
and Kittel have also observed the similar kind of weakening A–B
interaction in two sub-lattices due to Zn substitution in mixed ferrites.
The remanence magnetization and magnetic moment also have the
similar trends. Coercivity in Ni–Zn ferrites is shown in Fig. 2. It
decreases with the increase in Zn concentration. This is due to the
reason that Hc decreases with the decrease in magnetocrystalline
anisotropy. The magnetocrystalline anisotropy constant (K1) is
negative for both Ni and Zn ferrites. The absolute value of K1 is larger
for Ni ferrites than that of Zn ferrites. The total anisotropy is equal to
the sum of their individual anisotropies. So K1 and hence coercivity
decreases with the increase in Zn concentration [2].

4. Conclusions
The value of AC conductivity (lnσac) increased from − 7.987
(S/m) to − 0.020 (S/m) with the increase in zinc concentration
from 0.0 to 1.0 at the frequency of 1 MHz. All the samples
followed the Maxwell–Wagner polarization. Saturation magnetization varied from 196.459 emu/g to 0.330 emu/g. Coercivity
decreased from 72.000 to 11.730 Oe with the increase in zinc
concentration. This may be due to the non-magnetic behavior of
zinc. The value of Yafet–Kittel angles increased from zero to
89.975 (°) with the increase in Zn concentration which is due to
the canted behavior of ions in octahedral site.
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Abstract
Nickel–zinc ferrites having the chemical formula Ni1−x Znx Fe2 O4 for x ranging from 0.0 to 1.0 with the step increment of 0.2 have been
prepared by the standard solid state reaction technique. X-ray powder diffraction patterns confirm the spinel structure for the prepared compounds.
Lattice parameters increase from 8.337 to 8.490 Å and DC electrical resistivity varied from 1.629 × 106 to 0.003 × 106  cm with the rise of x.
Dielectric constant changed from 1,465,600 to 13 with the variation of frequency from 80 Hz to 1 MHz, respectively. All the samples follow the
Maxwell–Wagner’s interfacial polarization. The effect of density related and DC electrical properties are undertaken in terms of concentration of
zinc.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Activation energy; DC electrical resistivity; Density; Dielectric constant; Drift mobility; Lattice parameters; Loss factor; Soft ferrites; X-ray diffraction

1. Introduction
Nickel–zinc ferrites are magnetic materials of much technological importance due to high electrical resistivity, low
magnetic coercivity and low eddy current losses. These properties depend upon the composition, microstructure and heat
treatment of the samples. Zinc plays an important role in the
microstructure, electrical and magnetic properties of Ni–Zn ferrites [1]. The sintering conditions and impurity levels present
in these materials also change their properties. To obtain good
quality ferrites, it is essential to adopt an appropriate process
of their preparation [2]. It is very important to understand the
sintering process, microstructure development and the related
electromagnetic properties of Ni–Zn ferrites. The nickel ferrites, NiFe2 O4 crystallizes in a partially inverse spinel structure
2+ 3+
represented as (Fe3+
1−δ )A [Niδ Fe1+δ ]B O4 . Here, δ depends upon
the thermal history [3]. There have been few reports [4,5] on
Ni–Zn ferrites describing the structure and electrical properties.
The systematic research is still necessary for a more comprehensive understanding and properties of such materials. This
research is undertaken to investigate the substitution of Zn in
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the Ni1−x Znx Fe2 O4 system and check the effect on the physical
properties.
This paper describes the preparation of Ni1−x Znx Fe2 O4 ferrite system with (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) by the standard
solid state method. The crystal structure and the density related
parameters of the samples are determined from the data collected through XRD. Consequent changes due to variation in
Zn concentration on grain size, lattice parameters, sintered density, X-ray density, porosity, DC electrical resistivity, activation
energy, drift mobility, dielectric constant, and loss factor, have
been discussed.

2. Experimental techniques
Samples of Ni1−x Znx Fe2 O4 ferrites have been prepared by
the standard solid state reaction technique using reagents of analytical grade. The samples were prepared by mixing NiO (99%),
ZnO (99%), and Fe2 O3 (95%) in their respective stoichiometric
ratio. Each sample with specific composition was ground in the
agate mortar and pestle for 2 h. Before and after the grinding of
each sample, mortar and pestle were cleaned with acetone. The
samples were calcined in the muffle furnace at 970 ◦ C for 5 h
followed by furnace cooling. Again each sample was ground in
the agate mortar and pestle for 1 h. Then, all the samples were
pelletized with the help of polyvinyl binder by exerting the uni-
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axial pressure of 80 kg/cm2 for 1–2 min. Samples were sintered
in the muffle furnace at temperature of 1180 ◦ C for 5 h followed
by furnace cooling.
The samples were shaped into small cylinders and the sintered
density (ρs ) was measured using the relation:
ρs =

m
πr 2 h

(1)

Here, m is the mass, r the radius and h is the width of the sample.
X-rays powder diffraction of the samples were carried out
at room temperature using PAN-alytical diffractometer system
with Cu K␣ (λ = 1.5406 Å) radiation to check the formation of
the required product and structural related properties.
The lattice constant a, was calculated by indexing the XRD
pattern [6].
The X-ray density (ρx ) of the samples was calculated using
the relation given by Smit and Wijn [7]:
ρx =

8M
Na a 3

(2)

where M is the molecular weight of the samples, Na the Avogadro’s number and ‘a’ is the lattice parameter. As there are 8
molecules in the unit cell, so 8 is included in the formula.
The porosity (P) of the samples was calculated as:
P =1−

ρs
ρx

(3)

where ρs and ρx are defined above.
Mechanical and physical properties depend upon the
microstructure of the samples. These studies for the materials are
essential in order to understand the relationship between their
processing parameters as well as the behavior when used in practical applications. In the present study, JEOL 2000CX scanning
electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) and wavelength dispersive spectroscopy
(WDS) has been used to examine the microstructural features
such as grain size and surface morphology. The line intercept
method [8] is used to measure the grain size. For the purpose
of more accuracy, at least 10 grains were measured at different sections of each sample. EMPA confirmed that the actual
composition is the same as the nominal one.
The DC electrical resistivity (ρ) for all these samples was
measured by two-probe method, because of the high resistivity of these ferrites. The relationship between resistivity and
temperature may be expressed [7] as:
ρ = ρ∞ eE/kB T

(4)

Here, ρ∞ is the resistivity extrapolated to T = ∞, T the absolute
temperature, kB the Boltzman constant and E is the activation energy. The DC electrical resistivity of the samples was
measured in the temperature range 300–540 K. To measure
the temperature variation of resistivity, a simple apparatus was
developed in the laboratory which consists of a sample holder,
kept in a furnace that maintained the desired temperature with
the help of a temperature controller. The variation in temperature
was also noted with the help of pt-100 thermometer.
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Drift mobility (μd ) of the samples has been calculated using
the following relation [9]:
μd =

1
ηeρ

(5)

Here, e is the charge on an electron, ρ the DC electrical resistivity and η is the concentration of charge carriers that can be
calculated from the relation [10]:
η=

Na ρs PFe
M

(6)

Here, M is the molecular weight, Na and ρs have been defined
above and PFe is the number of iron atoms in the chemical
formula of the ferrites.
The dielectric constant (έ) was determined from the relation:
έ =

Cd
εo A

(7)

where C is the capacitance of the pellet in Farad, d the thickness
of the pellet in meters, A the cross-sectional area of the flat
surface of the pellet and εo is the constant of permittivity for
free space. Air-dried silver paint was applied on the flat surfaces
to form electrodes for dielectric measurements. The capacitance
C of the samples was measured using a WANE KERR 4275 LCR
Meter Bridge in the frequency range of 80 Hz–1 MHz at room
temperature from which the dielectric constant was calculated
using Eq. (7). The dielectric loss factor (tan δ) was measured
directly using the LCR Meter Bridge.
These measurements were taken at the frequency ranges from
80 Hz to 1 MHz.
The accuracy in the measurements of έ and tan δ was found
to be better than 99.98%.
3. Results and discussion
3.1. XRD studies
The indexed XRD patterns for all the samples corresponding
to the system Ni1−x Znx Fe2 O4 are shown in Fig. 1. These patterns
confirm the formation of single phase of spinel structure.
Lattice parameters a, and X-ray density ρx were obtained
from the XRD data and the sintered density ρs was measured
for each sample as stated above. The porosity along with the
lattice parameters as a function of Zn concentration are shown
in Fig. 2. It is noticed that a increases with the increase of Zn in
the lattice, because of the fact that ionic radius of Zn (0.74 Å) is
larger than that of Ni (0.69 Å) as quoted by others [11,12]. The
porosity of the samples decreases with the increase of Zn. Our
results of lattice parameters matched well with the observations
quoted by Islam et al. [5].
3.1.1. Sintered density
The sintered density ρs was calculated by Eq. (1). It increased
for these materials from 3.47 to 4.70 g/cm3 . This increase in
sintered density is due to the ionic radii difference between Ni
and Zn. Similar behavior has been reported by others [13–17].
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Fig. 3. Variation of sintered density and X-ray density with x (Zn) in
Ni1−x Znx Fe2 O4 .

3.1.3. Porosity
Fractional porosity of the corresponding materials is calculated from Eq. (3). It decreased from 0.354 to 0.102 which should
be expected because of the reasons stated above. Another reason of the decrease in porosity may be due to the creation of
more oxygen vacancies as Zn is substituted in the samples and
as a result less cations are created [18]. It is observed that X-ray
density of each sample is larger than the corresponding sintered
density. This may be due to the existence of pores in the samples.
The variation of lattice parameters and fractional porosity as a
function of Zn is shown in Fig. 2. Fig. 3 shows the variation of
sintered and X-ray densities along with the variation of Zn in the
lattice. Similar kind of results have been reported by Ghazanfar
et al. [17].
Fig. 1. X-ray diffraction patterns for Ni1−x Znx Fe2 O4 ferrites.

3.1.2. X-ray density
X-ray density ρx was calculated using Eq. (2). It decreased
from 5.375 to 5.235 g/cm3 . As X-ray density depends upon
the lattice parameters and these parameters increased with the
increase in Zn concentration so the corresponding X-ray density
decreased with the increase in Zn concentration. Similar trend
has been reported by Ghazanfar et al. [17].

3.2. Morphology (SEM)
Representative micrographs for Ni1−x Znx Fe2 O4 ferrite system are shown in Fig. 4. The surface morphology of all the
samples as seen from the SEM consists of grains varying from
2.36 to 6.16 m. The grain size increases with the rise in Zn
substitution up to x = 0.8. This may be due to the larger ionic
radius of Zn (0.74 Å) compared to Ni (0.69 Å). The decrease in
grain size at maximum substitution of Zn may be due to surface
tension. Some cavities have been observed on the surface as seen
in micrographs.
3.3. DC electrical resistivity

Fig. 2. Variation of lattice parameters and porosity with x (Zn) in
Ni1−x Znx Fe2 O4 .

DC electrical resistivity of the said system was found
to decrease from 1.629 × 106 to 0.003 × 106  cm with the
increase in Zn concentration from 0.0 to 1.0 at 360 K as tabulated in Table 1. This decrease in resistivity is due to the fact
that Zn has smaller value of resistivity (5.92 × 10−6  cm) as
compared to that of Ni (7.0 × 10−6  cm) [19]. The decrease in
resistivity may also be due to the presence of Fe2+ ions as Zn is
added, which are produced during sintering [5]. Another reason
for decrease in ρ on increasing Zn is due to the reason that Zn
ions prefer the occupation of tetrahedral (A) sites and Ni ions
prefer the occupation of octahedral (B) sites, while Fe ions partially occupy the A and B sites. On increasing Zn ion substitution
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Fig. 4. SEM micrographs of Ni1−x Znx Fe2 O4 in the range 0.0 ≤ x ≤ 1.0.

(at A sites), Ni ion concentration (at B sites) will decrease. This
leads to the migration of some Fe ions from A sites to B sites to
substitute the reduction in Ni ions concentration at B sites. As a
result, the number of ferrous and ferric ions at the B sites (which
are responsible for electrical conduction in ferrites) increases.
Consequently, resistivity decreases on increasing Zn ion substitution. Therefore, ρ decreases by increasing Zn contents [20,21].
Similar trend but with different magnitude of resistivity have
been reported by Ghazanfar et al. [4]. The later difference may
be due to different starting compositions and the impure Fe2 O3
containing small percentage of SiO2 used.
Temperature dependent DC electrical resistivity measured
in the temperature range of 300–540 K is given in Fig. 5
follows Arrhenius plot. This graph shows that by increasing
temperature, conductivity of Ni–Zn ferrites increases and hence

Fig. 5. Temperature dependent resistivity along with x (Zn) in Ni1−x Znx Fe2 O4 .
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Table 1
Grain size, DC electrical resistivity (ρ), activation energy (E), correlation coefficient (R), dielectric constant (έ) and loss factor (tan δ) of Ni1−x Znx Fe2 O4 ferrites
Parameters

x=0

x = 0.2

x = 0.4

x = 0.6

x = 0.8

x = 1.0

Grain size (m)
ρ at 360 K ×106 ( cm)
E (eV)
R
έ at 1 kHz
έ at 100 kHz
έ at 1 MHz
tan δ at 1 kHz
tan δ at 100 kHz
tan δ at 1 MHz

2.36
1.629
0.388
0.995
11,863
54
13
9.057
1.344
0.481

3.15
1.500
0.374
0.994
771
63
17
1.512
1.001
0.456

3.22
0.282
0.371
0.999
11,141
233
101
3.369
0.721
0.552

3.46
0.189
0.313
0.996
25,732
2803
1394
1.162
0.600
0.830

6.16
0.035
0.217
0.995
321,046
7167
1384
2.560
1.881
1.453

3.79
0.003
0.217
0.998
364,855
31,580
11,886
1.123
0.966
1.481

The value of x was confirmed by electron microprobe analysis (EMPA) measurements.

resistivity decreases. This confirms that the said ferrites have
semi-conductor behavior [22].
3.3.1. Activation energy
Activation energy of the samples in the measured temperature range was determined from the slope of the linear plots
of DC electrical resistivity using Eq. (4) and is tabulated in
Table 1 along with other parameters. The value of activation
energy decreases from 0.388 to 0.217 eV as the Zn concentration increased from 0.0 to 1.0. The decrease in activation energy
may be attributed to the creation of small number of oxygen
vacancies [22]. It may also be justified due to the decrease in
resistivity with the increase in Zn concentration because activation energy behaves in the same way as that of DC electrical
resistivity [21].

hopping of charge carriers from one site to another as the temperature increases. Our results of drift mobility have a similar
trend as reported by Ghazanfar et al. [4], though the results differ in magnitude because of dissimilar compositions and impure
Fe2 O3 containing small percentage of SiO2 .
3.4. Dielectric constant

3.3.2. Drift mobility
Drift mobility of the above system has been calculated
using Eqs. (5) and (6). There is increase in drift mobility from
1.390 × 10−10 to 9.270 × 10−8 cm2 /V s at 360 K with concentration of Zn varying from 0.0 to 1.0 as is evident from Fig. 6.
It can be seen that samples having higher resistivity have low
mobility and vice versa [22]. To examine the temperature dependence of mobility a graph between mobility (μd ) and 1000/T is
shown in Fig. 7. It is noticed from the graph that by increasing temperature, mobility also increases. It may be due to the

Dielectric constant (έ) in ferrites is contributed by several
structural and micro structural factors. Compositional variation
of dielectric constant at 100 kHz frequency is shown in Fig. 8. It
is observed that dielectric constant increases with the increase in
Zn concentration. In Ni–Zn ferrites, zinc ions occupy tetrahedral
(A) sites whereas Ni ions prefer to go to octahedral (B) sites. Fe
ions which exist in 2+ as well as in 3+ states, occupy both A and
B sites. When Zn is added in place of Ni2+ ions, some of the Fe3+
ions are converted to Fe2+ ions to maintain the charge neutrality. As a result, hopping between Fe3+ and Fe2+ ions increases
hence the resistance of grains decreases. This increases the probability of electrons to reach the grain boundary. Consequently,
polarization and dielectric constant increase [23].
Variation of dielectric constant (έ) with frequency is shown
in Fig. 9. The value of έ is much higher at lower frequencies. It
decreases with the increase in frequency. At very high frequencies, its value becomes so small that it becomes independent
of frequency. Other researchers have also observed similar kind

Fig. 6. Drift mobility as a function of x (Zn) in Ni1−x Znx Fe2 O4 at 360 K.

Fig. 7. Variation of drift mobility with inverse of temperature in Ni1−x Znx Fe2 O4 .

M. Ajmal, A. Maqsood / Materials Science and Engineering B 139 (2007) 164–170

169

Fig. 8. Dielectric constant as a function of x (Zn) at 100 kHz in Ni1−x Znx Fe2 O4 .
Fig. 10. Variation of loss factor with frequency in Ni1−x Znx Fe2 O4 .

of behavior [24,25]. The variation in dielectric constant may be
explained on the basis of space charge polarization. According
to Maxwell and Wagner two-layer model [26,27], space charge
polarization is because of inhomogeneous dielectric structure of
the material. It is formed by large number of well conducting
grains separated by thin poorly conducting intermediate grain
boundaries. Other researchers [28,29] have also explained the
compositional dependence of dielectric constant by taking the
mechanism of dielectric constant to be similar to that of conduction. The electronic exchange between Fe2+ and Fe3+ is due
to the local movement of electrons in the direction of electric
field which determines the polarization in ferrites. Polarization
decreases with the rise in frequency and then attains a constant
value. It is because of the fact that beyond a certain value of
frequency of external field, the electron exchange Fe2+ ↔ Fe3+
cannot follow the alternating field [30].
The variation of dielectric constant with frequency can be
explained on the bases of dispersion due to the Maxwell–Wagner
interfacial polarization with Koop’s phenomenological theory
[31]. Dielectric constant decreases with the increase of frequency. It is by virtue of decrease in polarization with the
increase in frequency. Ultimately, it reaches a constant value.
Shaikh et al. [32] have quoted a similar kind of trend for dielectric
constant with the change in frequency. Rabinkin and Novikova
[33] pointed out that polarization in ferrites is similar to that of

conduction. The electron exchange between Fe2+ ↔ Fe3+ results
the local displacement of electrons in the direction of the applied
field that determines the polarization. Polarization decreases
with the increase in value of frequency and then reaches a constant value. It is due to the fact that beyond a certain frequency of
external field, the electron exchange Fe2+ ↔ Fe3+ cannot follow
the alternating field [30].
Dielectric constant έ has large value at lower frequency. It
is because of the predominance of species like Fe2+ ions, oxygen vacancies, grain boundary defects, interfacial dislocation
pile-ups, voids, etc. [27,34]. The decreasing trend in έ with the
increase in frequency is natural due to the fact that any species
contributing to polarizability is found to show lagging behind
the applied field at higher frequencies [30].
The loss factor decreases from 19.82 to 0.481 with the
increase in frequency from 80 Hz to 1 MHz as shown in Fig. 10.
The values of tan δ depend on a number of factors such as stoichiometry, Fe2+ content and structural homogeneity, which in
turn depend on the composition and sintering temperature of the
samples [35]. The initial decrease of tan δ with an increase in
frequency may also be explained on the basis of Koops’ phenomenological model [31]. None of the samples exhibit the loss
peak. The peaking nature occurs when the jump frequency of
the electrons between Fe2+ and Fe3+ is equal to the frequency
of the applied field. All the samples show dispersion in tan δ
at lower frequencies. It can be concluded that the frequency at
which maximum in tan δ occurs in these samples is outside the
frequency range studied [30].
4. Conclusions

Fig. 9. Variation of dielectric constant with frequency in Ni1−x Znx Fe2 O4 .

On the basis of results, one can conclude that the substitution of Zn in the Ni1−x Znx Fe2 O4 ferrites produced appreciable
changes in its structural, electrical and density related properties. Grain size reached the maximum limit of 6.16 m. Unit cell
parameters ‘a’ varied from 8.337 to 8.490 Å. Porosity decreased
much and reached up to 10.2%. The resistivity varied from
1.629 × 106 to 3.0 × 103  cm at temperature of 360 K and activation energy had a significant variation from 0.388 to 0.217 eV.
All these changes are favorable for electronic applications. The

170

M. Ajmal, A. Maqsood / Materials Science and Engineering B 139 (2007) 164–170

dielectric constant has much better results and reached up to
31,580 with the increase in Zn concentration at a frequency of
100 kHz. Loss factor remained in the range of 9.057–0.456 with
the variation in frequency from 80 Hz to 1 MHz, respectively.
This study reveals the wide range of variation in Zn concentration as well as frequency variation that are not reported earlier.
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