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ABSTRACT
Various Ba3Ni2-xZnxFe24O41 (x=0.0, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 and 1.7) hexaferrites were
prepared by a conventional solid state reaction technique. Stoichiometric amounts of BaCO3,
Fe2O3, NiO and ZnO were milled for 12 h. After milling, composition was subjected to
calcining wherein it was controlled at 900°C and calcined powder was crushed into fine
powder. The prepared fine powder was pressed into pellets and was sintered at 1200, 1250
and 13000C for 5 h. The X-ray diffraction (XRD) patterns for different compositions were
analyzed and compared with previously reported XRD patterns of Z-type hexaferrites. This
comparison confirms the formation of the Z type hexaferrites. The lattice parameters „a’ and
„c‟, and c/a ratio for all samples are calculated. The values of lattice parameters are close to
the reported values. The lattice parameters increase due to Zn substitution. The increase in
lattice parameters with increasing Zn content can be explained on the basis of the ionic radii.
The bulk density of the samples is observed to be decreased slightly with increasing Zn
content. This decrease in density with increasing Zn content can be explained on the basis of
the atomic weight and unit cell volume. The optical micrographs show that the average grain
size increases with Zn content. The ac magnetic properties of the hexaferrites are
characterized within the frequency range 100 kHz- 120 MHz. The real part of the complex
initial permeability (   ) for different compositions indicates that   decreases with
increasing frequency. It is observed that real part of initial complex permeability increases
with the increase in Zn content up to x = 1.1 for all sintering temperatures and then it
decreases. The saturation magnetization increases with Zn content up to x = 1.3 and then
decreases.
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CHAPTER 1
INTRODUCTION
1.1

Introduction
The hexagonal (Ba3Co2Fe24O41) ferrite has been intensively investigated due to their

high uniaxial magnetic anisotropy and chemical stability. They can compete technically and
economically with metallic permanent magnets [1]. This ferrite is also a promising candidate
for noise absorbent devices in the range of GHz frequency because of its high permeability
even at the high frequency range [2]. The information technologies using the GHz band
signals have been developed wireless LAN construction, in order to untie the complicated
circuit which connects the office and home electric devices. The high-frequency noises which
are generated by recent computer systems may have a serious influence on communication
quality. Materials with much higher permeability are required to shield crucial devices from
the high-frequency noises [3]. To improve the magnitude of permeability in high-frequency
regions, many studies have been carried out concerning the cation substitution and sintering
conditions. In some experiments, a divalent metal ion, i.e. Sr and the others (Mg, Cu, and Zn)
was employed to substitute for Ni and Co, respectively [4, 5]. And in some other
experiments, sintering conditions affecting the resistivity of the substance were investigated
[6]. Besides these in recent years, multilayer chip inductors (MLCIs) have been developed as
the most important passive components with the development of surface mounting
technology [7-10]. MLCIs are manufactured by laminating ferrite layers and internal
conductors alternately and then cofiring to form a monolithic structure. NiCuZn ferrites have
been widely used in MLCIs industry in the medium high frequency with the ceiling
frequency up to 300 MHz: Beyond 300 MHz; there is still no ideal soft magnetic material for
MLCIs manufacturing. Recently, more attention has been paid to the hexaferrite
1
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Ba3Co2Fe24O41 [7-10], which has a much higher permeability, high thermal stability (high Tc
= 4100C) and high ferromagnetic resonance frequency up to GHz region. The application of
barium hexaferrite, both pure and doped, remains important presently due to its low
production cost and excellent magnetic properties [7]. This works focuses on the effect of
substitution on magnetic properties of Z-type hexaferrites. In present research Zn is used as a
dopant in the parent Ba3Ni2Fe24O41 hexagonal ferrite. The intention of this work is to
investigate the influence of Zn in the structural and magnetic properties of the proposed
Ba3Ni2-xZnxFe24O41 ferrites.
In the present work, the preparation of Zn doped Ba3Ni2-xZnxFe24O41 polycrystalline
bulk samples were carried out by the conventional solid-state reaction method. Complex
initial permeability was investigated in the frequency region of 100 kHz–120 MHz. Structural
and magnetic properties, the effect of composition, sintering temperature and frequency on
complex initial permeability were also investigated.

1.2 Objectives of the Present Work
Ferrites are especially convenient for high frequency uses because of their high
resistivity. The high frequency response of the complex permeability is therefore very useful
in determining the convenient frequency range in which a particular ferrite material can be
used. The mechanism of eddy current losses and damping of domain wall motion can be
understood from the relative magnitudes of the real and imaginary parts of the complex
permeability. The effect of composition and microstructure on the frequency response is
therefore very useful.

The main objectives of the present research are as follows:
 Preparation of various Ba3Ni2-xZnxFe24O41 (x=0.0, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3,
1.5 and 1.7) samples.
2
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 To perform structural characterizations (x-ray diffraction), density and
porosity of the samples.
 To study of surface morphology (grain size).
 Measurement of initial permeability as a function of frequency (100 kHz120 MHz) for samples having various sintering temperature.
 Measurement of relative quality factor and loss factor as a function of
frequency (100 kHz-120 MHz) for Ba3Ni2-xZnxFe24O41 samples having
various sintering temperature.
 To perform magnetization as a function of applied magnetic field for
Ba3Ni2-xZnxFe24O41 samples sintered at 13000C.

1.3

Summary of the Thesis
The arrangement of the thesis is as follows:
Chapter 1 of this thesis deals with the importance of hexaferrites and objectives of the

present work.
Chapter 2 gives a brief overview of the materials, theoretical background as well as
crystal structure of the spinel and hexagonal type ferrites.
Chapter 3 gives the details of the sample preparation and describes the descriptions of
different measurements that have been used during this research work.
Chapter 4 is devoted to the results of various investigations and explanation of results
in accordance with the existing theories.
The conclusions drawn from the overall experimental results and discussion are
presented in Chapter 5.

3
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CHAPTER 2
LITERATURE REVIEW
Most of the hexaferrites have been developed over the past several decades. Their crystal structure and
magnetic properties have been studied in detail. There complex magnetic properties were found outstanding and
can be varied to tailor their magnetic properties for various high frequency applications. This section will
devote to describe the basic knowledge of hexaferrites, including chemical composition, crystal structure and
static magnetic properties.

2.1 Hexaferrites
There are fourteen Bravais lattice in three dimensions which are divided into seven
crystal systems. Hexaferrites have the hexagonal crystal structure. Relation among lattice
parameter of hexagonal structure is a = b ≠ c; and = and . Fig.2.1 shows a
unit cell of hexagonal crystal.

Fig.2.1 Unit cell of hexagonal crystal. (Bolded line shows primitive unit cell)

5
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2.1.1 Identifying planes of hexaferrites
To identify the planes of hexagonal crystal Miller Bravais indices are used instead of
Miller indices. It is a set of four points instead of three points. Miller Bravais indices are
expressed as (hkil) whereas Miller indices are expressed as (hkl). The relation among h, k and
i is,

h +k =-i
The procedures to find the Miller Bravais indices of a plane are as follows,
Step-1: Define a set of four basis vectors, a1, a2, a3, and c as shown in fig.2.2.
Step-2: Determine the intercepts of the plane of interest on the four basis vectors
Step-3: Take the reciprocals of the intercepts
Step-4: Multiply the reciprocals by the smallest common factor that will clear all fractions
Step-5: Enclose in parentheses (h k i l)
Advantage of using Miller Bravais indices for Hexagonal crystal is that
crystallographically similar planes, planes that are identical to each other by virtue of the
ordinary translational symmetry of the lattice, and directions give same form of similar
indices. Four axes system bring the six-fold symmetry of the hexagonal crystal lattice. We
can find the similar planes by the permutations of the (first three) indices, as with Miller
indices for the other systems. For example, {1120} consist of (1120)
(1120) (1210) (2110) planes which is shown in fig.2.2.

6
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Fig.2.2 Identifying Miller Bravais indices of planes of hexaferrites

2.1.2 Composition and crystal structure of hexaferrites
The chemical compositions of the hexagonal compounds are shown in Fig. 2.3 as part
of a ternary phase diagram and in Table 2.1 for the BaO-MeO-Fe2O3 system. It is evident that
hexaferrites include a large amount of different compounds and have many types, including
BaFe12O19 (M-type, BaM), BaMe2Fe16O27 (W-type, BaW), Ba2Me2Fe12O22 (Y-type, BaY),
Ba3Me2Fe24O41 (Z-type, BaZ), Ba2Me2Fe28O46 (X-type, BaX) and Ba4Me2Fe36O60 (U-type,
BaU). Here, „Me‟ represents a divalent ion, such as Fe2+, Co2+, Ni2+, Cu2+ and Zn2+, or a
combination of them. In addition, S, T and R are constituent blocks of the hexagonal
compounds, which will be explained in detail later.
7
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Table 2.1 also lists the crystallographic building for each type of hexaferrites. R
(BaFe6O11), S (Fe6O8 or Me2Fe4O8) and T (Ba2Fe8O14) are the building blocks of the crystal.
R*, S* and T* indicate the blocks obtained by rotating R, S and T through 1800 around the
vertical axis, respectively. Figure 2.4 shows the perspective drawing of blocks R, S and T
separately. All of them have a close-packed arrangement of O atoms. Ba2+ is located in
oxygen layer to replace O2-. Fe ion occupies the interstitial positions of the oxygen lattice. Me
ion also locates at the interstitial positions of the oxygen lattice by replacing Fe. The S unit is
formed by two formula units Fe3O4 with the spinel structure thus containing two tetrahedral
and four octahedral cation sites. The R block has the stoichiometry BaFe6O11, with five
octahedral sites of two different types and one trigonal bipyramidal site. The T unit has four
layers with formula Ba2Fe8O14, where Fe ions occupy two tetrahedral sites, and six octahedral
sites of two different types. The block lengths are 4.81 Å, 11.61 Å and 14.52 Å for the S, RS
and TS blocks, respectively [1]. The crystal for any type of hexaferrite is built up by the
superposition of these blocks along the vertical axis, which is characterized as c-axis

8

Chapter 2

Literature Review

Fig.2.3. The relationships of chemical compositions among barium hexaferrites. Reproduced from [2].
Table. 2.1. Chemical composition and crystallographic building for hexaferrites. Reproduced from [3]

Designation

No. of Molecules

Formula

Abbreviation

Building block

M

BaFe12O19

BaM

RSR*S*

2

Y

Ba 2 Me2 Fe12O22

BaW or Me2W

(TS)3

3

W

BaMe2 Fe16O27

BaY or Me2Y

R(S)2R*(S*)2

2

X

BaMe2 Fe28O46

BaZ or Me2Z

(RSR*S*2)3

2

Z

Ba2 Me2 Fe24O41

BaX or Me2X

RSTSR*S*T*S*

2

U

Ba4 Me2 Fe36O60

BaU or Me2U

RSR*S*T*S*

3

9
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R

T

S

Fig.2.4. Perspective drawings of building blocks S, R and T in the hexagonal compounds (The big white ball,
middle hatched ball and small ball represent O2-, Ba2+and Fe3+ions, respectively). Reproduced from [4].

2.1.3 Z type hexaferrites
The crystalline structure of BaZ is very much complicated. The unit cell is formed by
the superposition of four S-blocks, two T-blocks and two R-blocks as shown in fig.2.5. The
divalent and trivalent cations are distributed among ten different lattice sites which are 12kVI
(Octahedral), 2dV (Five-fold), 4fVI (Octahedral), 4fVI* (Octahedral), 4eIV (Tetrahedral l), 4fIV
(Tetrahedral), 12kVI* (Octahedral), 2aVI (Octahedral), 4eVI (Octahedral), 4fIV* (Tetrahedral)
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Spinel block
Hexagonal block
Cation in tetrahedral site
Cation in octaahedral site
Direction of magnetic
moment
O2Ba2+

(a)

(b)

Fig. 2.5. (a) Unit cell of the Ba3Me2Fe24O41. Reproduced from [5] (b) Cross-section of one unit cell of the Ztype barium hexaferrite structure. Reproduced from [6].

2.2 Magnetic ordering
The onset of magnetic order in solids has two basic requirements:
(i) Individual atoms should have magnetic moments (spins),
(ii) Exchange interactions should exist that couple them together.
11
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Magnetic moments originate in solids as a consequence of overlapping of the
electronic wave function with those of neighboring atoms. This condition is best fulfilled by
some transition metals and rare-earths. The exchange interactions depend sensitively upon the
inter-atomic distance and the nature of the chemical bonds, particularly of nearest neighbour
atoms. When the positive exchange dominates, which corresponds to parallel coupling of
neighbouring atomic moments (spins), the magnetic system becomes ferromagnetic below a
certain temperature TC called the Curie temperature. The common spin directions are
determined by the minimum of magneto-crystalline anisotropy energy of the crystal.
Therefore, ferromagnetic substances are characterized by spontaneous magnetization. But a
ferromagnetic material in the demagnetized state displays no net magnetization in zero field
because in the demagnetized state a ferromagnetic of macroscopic size is divided into a
number of small regions called domains, spontaneously magnetized to saturation value and
the directions of these spontaneous magnetization of the various domains are such that the net
magnetization of the specimen is zero. The existence of domains is a consequence of energy
minimization. The size and formation of these domains is in a complicated manner dependent
on the shape of the specimen as well as its magnetic and thermal history. When negative
exchange dominates, adjacent atomic moments (spins) align antiparallel to each other, and
the substance is said to be anti-ferromagnetic below a characteristic temperature, TN, called
the Néel temperature. In the simplest case, the lattice of an anti-ferromagnet is divided into
two sublattices with the magnetic moments of these in anti-parallel alignment. This result is
zero net magnetization. A special case of anti-ferromagnetism is ferrimagnetism. In
ferrimagnetism, there are also two sublattices with magnetic moments in opposite directions,
but the magnetization of the sublattices are of unequal strength resulting in a non-zero
magnetization and therefore has net spontaneous magnetization. At the macroscopic level of
domain structures, ferromagnetic and ferrimagnetic materials are therefore similar.
12
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The Curie and Néel temperatures characterize a phase transition between the
magnetically ordered and disordered (paramagnetic) states. From these simple cases of
magnetic ordering various types of magnetic order exists, particularly in metallic substances.
Because of long-range order and oscillatory nature of the exchange interaction, mediated by
the conduction electrons, structures like helical, conical and modulated patterns might occur.
A useful property for characterizing the magnetic materials is the magnetic susceptibility, ,
defined as the magnetization, M, divided by the applied magnetic field, H i.e.   M / H .
The temperature dependence of susceptibility or, more accurately, inverse of susceptibility is
a good characterization parameter for magnetic materials, Fig. 2.6.(a-d) Fig. 2.6(e) shows that
in the paramagnetic region, the variation of the inverse susceptibility with temperature of a
ferrite material is decidedly non-linear. Thus the ferrite materials do not obey the CurieWeiss law,   C /(T  TC ) [7].
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Fig. 2.6. Temperature dependence of the inverse susceptibility for: (a) a diamagnetic material; (b) a paramagnetic
material, showing Curie‟s law behaviour; (c) a ferromagnetic material, showing a spontaneous magnetization for
T<TC and Curie-Weiss behaviour for T>TC; (d) an antiferromagnetic material; (e) a ferrimagnetic material,
showing a net spontaneous magnetization for T<TC and non linear behaviour for T>TC.

2.3 Exchange interactions in ferrites
The intense short-range electrostatic field, which is responsible for the magnetic
ordering, is the exchange force that is quantum mechanical in origin and is related to the
overlapping of total wave functions of the neighbouring atoms. The total wave function
consists of the orbital and spin motions. Usually the net quantum number is written as S,
because the magnetic moments arise mostly due to the spin motion as described above. The
exchange interactions coupling the spins of a pair of electrons are proportional to the scalar
product of their spin vectors [8-10],




Vij  2 J ij Si. . S j

(2.1)

where J ij is the exchange integral given in a self explanatory notation by
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1
1 1
1 
J ij   i* (1) *j (2)      i (2) j (2)dv1 dv2
 r12 rij ri1 r j 2 

(2.2)

In this expression r ‟s are the distances, subscripts i and j refer to the atoms, 1 and 2 refers to
the two electrons. If the J in equation (2.1) is positive, we achieve ferromagnetism. A
negative J may give rise to anti-ferromagnetism or ferrimagnetism.
Magnetic interactions in ferrites as well as in some ionic compounds are different
from the one considered above because the cations are mutually separated by bigger anions
(oxygen ions). These anions obscure the direct overlapping of the cation charge distributions,
sometimes partially and some times completely making the direct exchange interaction very
weak. Cations are too far apart in most oxides for a direct cation-cation interaction. Instead,
superexchange interactions appear, i.e., indirect exchange via anion p-orbitals that may be
strong enough to order the magnetic moments. Apart from the electronic structure of cations
this type of interactions strongly depends on the geometry of arrangement of the two
interacting cations and the intervening anion. Both the distance and the angles are relevant.
Usually only the interactions within first coordination sphere (when both the cations are in
contact with the anion) are important. In the Neél theory of ferrimagnetism the interactions
taken as effective are inter- and intra-sublattice interactions A-B, A-A and B-B. The type of
magnetic order depends on their relative strength.
The superexchange mechanism between cations that operate via the intermediate
anions was proposed by Kramer for such cases and was developed by Anderson and Van
Vleck [11]. A simple example of superexchange is provided by MnO which was chosen by
Anderson. From the crystal structure of MnO it will be seen that the antiparallel manganese
ions are collinear with their neighbouring oxygen ions. The O2- ions each have six 2p
electrons in three antiparallel pairs. The outer electrons of the Mn2+ ions are in 3d sub-shells
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which are half filled with five electrons in each. The phenomenon of superexchange is
considered to be due to an overlap between the manganese 3d orbits and the oxygen 2p orbits
with a continuous interchange of electrons between them. It appears that, for the overall
energy of the system to be a minimum, the moments of the manganese ions on either side of
the oxygen ion must be antiparallel. The manganese magnetic moments are thus, in effect,
coupled through the intervening oxygen ion. The idea is illustrated in Fig. 2.7.
In Figs. 2.7(a) and 2.7(c) the outer electrons in a pair of Mn2+ ions, and in an
intervening O2- ion in the unexcited state, are shown by the arrows. One suggested mode of
coupling is indicated in Fig. 2.7(b). The two electrons of a pair in the oxygen ion are
simultaneously transferred, one to the left and the other to the right. If their directions of spin
are unchanged then, by Hund‟s rules, the moments of the two manganese ions must be
antiparallel as shown. Another possibility is represented in Fig. 2.7(d). One electron only has
been transferred to the manganese ion on the left. The oxygen ion now has a moment of 1 B
and if there is negative interaction between the oxygen ion and the right-hand manganese ion
then again the moments of the manganese ions will be antiparallel. If these ideas are accepted
then the oxygen ions play an essential part in producing antiferromagnetism in the oxide.
Moreover, because of the dumbbell shape of the 2p orbits, the coupling mechanism should be
most effective when the metal ions and the oxygen ions lie in one straight line, that is, the
angle between the bonds is 1800, and this is the case with MnO.
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Fig. 2.7. Illustrating superexchange in MnO

Fig. 2.8. Schematic representation of the superexchange interaction in the magnetic oxides. The p orbital of an
anion (center) interact with the d orbitals of the transitional metal cations.

In the case of ferrites the coupling is of the indirect type which involves overlapping
of oxygen wave functions with those of the neighboring cations. Consider two transition
metal cations separated by an O, Fig. 2.8. The O2- has no net magnetic moment since it has
completely filled shells, with p-type outermost orbitals. Orbital px has two electrons: one with
spin up, and the other with spin down, consistent with pauli‟s exclusion principle. The
essential point is that when an oxygen p orbital overlaps with a cation d orbital, one of the p
electrons can be accepted by the cations. When one of the transition-metal cations is brought
close the O2-, partial electron overlap (between a 3d electron from the cation and a 2p
electron form the O2-) can occur only for antiparallel spins, because electrons with the same
17
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spin are repelled. Empty 3d states in the cation are available for partial occupation by the O2electron, with an antiparallel orientation. Electron overlapping between the other cation and
the O2- then occurs resulting in antiparallel spins and therefore antiparallel order between the
cations. Since the p orbitals are linear, the strongest interaction is expected to take place for
cationO2-cation angles close to 1800 [12].

2.4 Neel theory of ferrimagnetism
If we consider the simplest case of a two-sublattice system having antiparallel and
non-equal magnetic moments, the inequality may be due to:
1) different elements in different sites,
2) same element in different ionic states, and
3) different crystalline fields leading to different effective moments for ions having the
same spin.
The spins on one sublattice are under the influence of exchange forces due to the
spins on the second sublattice as well as due to other spins on the same sublattice. The
molecular fields acting on the two sublattices A and B can be written as [9, 12-13]



H A   AA M A   AB M B ,




H B   AB M A  BB M B


where M A and M B are the magnetizations of the two sublattices and  ‟s are the Weiss

constants. Since the interaction between the sublattices is antiferromagnetic,  AB must be
negative, but  AA and BB may be negative or positive depending on the crystal structure and
the nature of the interacting atoms. Probably, these interactions are also negative, though they
are in general quite small.
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Assuming all the exchange interactions to be negative the molecular fields will be
then given by



. H A   AA M A   AB M B ,



H B   AB M A  BB M B

Since in general,  AA and BB are small compared to  AB , it is convenient to express the
strengths of these interactions relative to the dominant  AB interaction.
Let

 AA  AB

and

BB   AB


In an external applied field H , the fields acting on A and B sites are




H A  H   AB (M A  M B ) ,




H B  H   AB (M A  M B )




At temperatures higher than the transition temperature, TN , H A , M A and M B are all parallel

and we can write



C 
M A  A [ H   AB (M A  M B )] ,
T

(2.3)




C 
M B  B [ H   AB ( M A  M B )]
T

(2.4)

where C A and C B are the Curie constants for the two sublattices.
C A  N A g B2 S A (S A  1) 3K

and

C B  N B g B2 S B (S B  1) 3K
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N A and N B denote the number of magnetic ions on A and B sites respectively and S A and

S B are their spin quantum numbers. Solving for the susceptibility,  , one gets [12-13]
1


1





T
1
b


C 0 T 



T  (C /  0 )
b

C
T 

(2.5)

where C ,  0 , b and  are constants for particular substance and are given by

C  C A  CB
1

0



b

1
[C A2  AA  C B2  BB  2C AC B  AB ]
2
C

C AC B 2
[C A ( AA   BB ) 2  C B2 ( BB   AB ) 2
3
C

 2C AC B {2AB  ( AA  BB ) AB   AA BB }]

 

C AC B
( AB  BB )  2 AB
C

Equation (2.5) represents a hyperbola, and the physically meaning part of it is plotted
in Fig. 2.9. This curvature of the plot of 1/ versus T is a characteristics feature of a
ferrimagnet. It cuts the temperature axis at TC , called the Ferrimagnetic Curie point. At high
temperatures the last term of equation (2.5) become negligible, and reduces to a Curie-Weiss
law:



C
T  (C /  0 )
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This is the equation of straight line, shown dashed in Fig. 2.9, to which the 1/ versus
T curve becomes asymptotic at high temperatures.

Fig. 2.9. The temperature dependence of the inverse susceptibility for ferrimagnets

The Ferrimagnetic Curie temperature TC is obtained from equations (2.3) and (2.4)
with H  0 and setting the determinant of the coefficients of M i equal to zero. This gives
1
TC  [C A  AA  C B  BB  {(C A  AA  C B  BB ) 2  4C AC B 2AB }2 ]
2

(2.6)

Equation (2.5) is in good agreement with the experiment, except near the Curie point.
The experimental Curie temperature, the temperature at which the susceptibility becomes
infinite and spontaneous magnetization appears, is lower than the theoretical Curie
temperature [13]. This disagreement between theory and experiment in the region of Curie
point is presumably due to the short-range spin order (spin clusters) at temperatures above
experimental TC [12-13].
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Fig. 2.10. Superposition of various combinations of two opposing sublattice magnetizations producing differing
resultants including one with a compensation point (schematic)

The sublattice magnetizations will in general have different temperature dependences
because the effective molecular fields acting on them are different. This suggests the
possibility of having anomaly in the net magnetization versus temperature curves, Fig. 2.10.
For most ferrimagnets the curve is similar to that of ferromagnets, but in a few cases there be
a compensation point in the curve, Fig. 2.10(c) [11, 14]. At a point below the Curie
temperature point, the two sublattice magnetizations are equal and thus appear to have no
moment. This temperature is called the compensation point. Below this temperature one
sublattice magnetization is larger and provides the net moment. Above this temperature the
other magnetization does dominates and the net magnetization reverses direction.

22

Chapter 2

Literature Review

The essential requisite for Néel configuration is a strong negative exchange
interaction between A and B sublattices which results in their being magnetized in opposite
directions below the transition point. But there may be cases where intrasublattice
interactions are comparable with intersublattice interaction. Neel's theory predicts
paramagnetism for such substances at all temperatures. This is unreasonable since strong AA
or BB interaction may lead to some kind of ordering especially at low temperature. In the
cases of no AB interaction, antiferromagnetic ordering may be expected either in the A or in
the B sublattice. Under certain conditions there may be non-collinear spin arrays of still lower
energy.

2.5 Microstructure
A polycrystal is much more than many tiny crystals bonded together. The interfaces
between the crystals, or the grain boundaries which separate and bond the grains, are complex
and interactive interfaces. The whole set of a given material‟s properties (mechanical,
chemical and especially electrical and magnetic) depend strongly on the nature of the
microstructure.
In the simplest case, the grain boundary is the region, which accommodates the
difference in crystallographic orientation between the neighbouring grains. For certain simple
arrangements, the grain boundary is made of an array of dislocations whose number and
spacing depends on the angular deviation between the grains. The ionic nature of ferrites
leads to dislocation patterns considerably more complex than in metals, since electrostatic
energy accounts for a significant fraction of the total boundary energy [12].
For low-loss ferrite, Ghate [14] states that the grain boundaries influence properties
by
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1) creating a high ressistivity intergranular layer,
2) acting as a sink for impurities which may act as a sintering aid and grain growth
modifiers,
3) providing a path for oxygen diffusion, which may modify the oxidation state of
cations near the boundaries.
In addition to grain boundaries, ceramic imperfections can impede domain wall
motion and thus reduce the magnetic property. Among these are pores, cracks, inclusions,
second phases, as well as residual strains. Imperfections also act as energy wells that pin the
domain walls and require higher activation energy to detach. Stresses are microstructural
imperfections that can result from impurities or processing problems such as too rapid
cooling. They affect the domain dynamics and are responsible for a much greater share of the
degradation of properties than would expect [14].
Grain growth kinetics depends strongly on the impurity content. A minor dopant can
drastically change the nature and concentration of defects in the matrix, affecting grain
boundary motion, pore mobility and pore removal [12, 15]. The effect of a given dopant
depends on its valence and solubility with respect to host material. If it is not soluble at the
sintering temperature, the dopant becomes a second phase which usually segregates to the
grain boundary.

Fig. 2.11. Porosity character: (a) intergranular, (b) intragranular.
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The porosity of ceramic samples results from two sources, intragranular porosity and
intergranular porosity, Fig. 2.11. An undesirable effect in ceramic samples is the formation of
exaggerated or discontinuous grain growth which is characterized by the excessive growth of
some grains at the expense of small, neighbouring ones, Fig. 2.12. When this occurs, the
large grain has a high defect concentration. Discontinuous growth is believed to result from
one or several of the following: powder mixtures with impurities; a very large distribution of
initial particle size; sintering at excessively high temperatures; in ferrites containing Zn and
/or Mn, a low O2 partial pressure in the sintering atmosphere. When a very large grain is
surrounded by smaller ones, it is called „duplex‟ microstructure.

Fig. 2.12. Grain growth (a) discontinuous, (b) duplex (schematic)

2.6 Theories of permeability
Permeability is defined as the proportionality constant between the magnetic field
induction B and applied field intensity H [12-13, 16]:
B  H

(2.7)

If the applied field is very low, approaching zero, the ratio will be called the initial
permeability, Fig. 2.13 and is given by

i 

B
H

( H 0 )
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This simple definition needs further sophistications. A magnetic material subjected to an ac
magnetic field can be written as
H  H 0 e it

(2.8)

It is observed that the magnetic flux density B lag behind H. This is caused due to the
presence of various losses and is thus expressed as

B  B0 e i(t-)

(2.9)

Here  is the phase angle that marks the delay of B with respect to H. The
permeability is then given by



B
B
B B0 e i (t  ) B0 e i


 0 cos   i 0 sin    /  i //
it
H
H0
H0
H0
H 0e

(2.10)

where

/ 

B0
cos 
H0

(2.11)

and

 // 

B0
sin 
H0

(2.12)

The real part (  / ) of complex permeability (  ), as expressed in equation (2.10)
represents the component of B which is in phase with H, so it corresponds to the normal
permeability. If there are no losses, we should have    / . The imaginary part  //
corresponds to that of B, which is delayed by phase angle 900 from H [15, 17]. The presence
of such a component requires a supply of energy to maintain the alternating magnetization,
regardless of the origin of delay. The ratio of  // to  / , as is evident from equation (2.12)
and (2.11) gives
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B0
sin 
H0


 tan 
B0
/
cos 
H0
//

(2.13)

This tan  is called loss factor.

The quality factor is defined as the reciprocal of this loss factor, i.e.
Quality factor 

1
tan 

And the relative quality factor, Q 

(2.14)

/
tan 

(2.15)

Fig. 2.13. Schematic magnetization curve showing the important parameter: initial permeability,

i

(the slope

of the curve at low fields) and the main magnetization mechanism in each magnetization range.

The curves that show the variation of both  / and  // with frequency are called the
magnetic spectrum or permeability spectrum of the material [17]. The variation of
permeability with frequency is referred to as dispersion. The measurement of complex
permeability gives us valuable information about the nature of domain wall and their
movements. In dynamic measurements the eddy current loss is very important. This occurs
due to the irreversible domain wall movements. The permeability of a ferrimagnetic
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substance is the combined effect of the wall permeability and rotational permeability
mechanisms.

2.6.1 Mechanisms of permeability
The mechanisms can be explained as follows: A demagnetized magnetic material is
divided into number of Weiss domains separated by Bloch walls. In each domain all the
magnetic moments are oriented in parallel and the magnetization has its saturation value M s .
In the walls the magnetization direction changes gradually from the direction of
magnetization in one domain to that in the next. The equilibrium positions of the walls result
from the interactions with the magnetization in neighboring domains and from the influence
of pores; crystal boundaries and chemical inhomogeneities which tend to favour certain wall
positions.
2.6.1.1 Wall Permeability
The mechanism of wall permeability arises from the displacement of the domain walls
in small fields. Lets us consider a piece of material in the demagnetized state, divided into
Weiss domains with equal thickness L by means of 180° Bloch walls (as in the Fig. 2.14).
The walls are parallel to the YZ plane. The magnetization M s in the domains is oriented
alternately in the  Z or  Z direction. When a field H with a component in the  Z
direction is applied, the magnetization in this direction will be favoured. A displacement dx
of the walls in the direction shown by the dotted lines will decrease the energy density by an
amount [18-19]:
2M s H z dx
L
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This can be described as a pressure M s H z exerted on each wall. The pressure will be
counteracted by restoring forces which for small deviations may assume to be kdx per unit
wall surface. The new equilibrium position is then given by
d

M s H z dx
L

From the change in the magnetization
M 

2M s d
,
L

the wall susceptibility  w may be calculated. Let H makes the angle  with Z direction. The
magnetization in the  direction becomes
(M ) 

2M s d
2M s H z
cos  , And with H z  H cos  and d 
L
K

we obtain

(M ) 4M s2 cos 2 
w 

H
KL

(2.16)

Fig. 2.14. Magnetization by wall motion and spin rotation.
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2.6.1.2 Rotational Permeability
The rotational permeability mechanism arises from rotation of the magnetization in
each domain. The direction of M can be found by minimizing the magnetic energy E as a
function of the orientation. Major contribution to E comes from the crystal anisotropy
energy. Other contributions may be due to the stress and shape anisotropy. The stress may
influence the magnetic energy via the magnetostriction. The shape anisotropy is caused by
the boundaries of the sample as well as by pores, nonmagnetic inclusions and
inhomogeneities. For small angular deviations,  x and  y may be written as

x 

My
Mx
and  y 
.
Ms
Ms

For equilibrium Z -direction, E may be expressed as [15, 20]
1
1
E  E0   x2 E xx   y2 E yy
2
2

where it is assumed that x and y are the principal axes of the energy minimum. Instead of
E xx & E yy , the anisotropy field H xA and H yA are often introduced. Their magnitude is given

by

H xA 

E yy
E xx
and H yA 
,
2M s
2M s

H xA & H yA represent the stiffness with which the magnetization is bound to the equilibrium

direction for deviations in the x and y direction, respectively. The rotational susceptibilities

 r , x and  r , y for fields applied along x and y directions, respectively are

 r,x 

Ms
M
and  r , y  As .
A
Hx
Hy
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For cubic materials it is often found that H xA and H yA are equal. For H xA  H yA  H A and a
field H which makes an angle  with the Z direction (as shown in Fig. 2.14) the rotational
susceptibility,  r ,c in one crystallite becomes

 r ,c 

Ms
sin 2 
HA

(2.17)

A polycrystalline material consisting of a large number of randomly oriented grains of
different shapes, with each grain divided into domains in a certain way. The rotational
susceptibility  r of the material has to be obtained as a weighted average of  r ,c of each
crystallite, where the mutual influence of neighbouring crystallites has to be taken into
account. If the crystal anisotropy dominates other anisotropies, then H A will be constant
throughout the material, so only the factor sin 2  (equation 2.17) has to be averaged. Snoek
[21] assuming a linear averaging of  r ,c and found

r 

2M s
3H A

The total internal susceptibility

  w  r 

4M s2 cos 2  2M s

KL
3H A

(2.18)

If the shape and stress anisotropies cannot be neglected, H A will be larger. Any estimate of

 r will then be rather uncertain as long as the domain structure, and the pore distribution in
the material are not known. A similar estimate of  w would require knowledge of the
stiffness parameter k and the domain width L . These parameters are influenced by such
factors as imperfection, porosity and crystallite shape and distribution which are essentially
unknown.
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2.6.1.3 Frequency dependent Permeability Curve
The techniques of impedance spectroscopy, widely used in dielectrics have been
applied to magnetic materials [21]. In this method, impedance measurements as a function of
frequency are modified by means of an equivalent circuit and its elements are associated with
the physical parameters of the material. The complex permeability, µ*, is determined from
the complex impedance, Z*, by:
µ* = (jk/ω) Z*

(2.19)

where k is the geometric constant relating to inductance, l, to the permeability. The equivalent
circuit for domain wall bowing (applied field lower than critical field) is a parallel RL
arrangement; for wall displacement, additional Warbarg-type impedance element is required
(Irvine et al.) [16].

Fig. 2.15. Permeability spectra of NiFe2O4 samples with different grain size: (a) 11µm; (b) 5µm; (c)2 µm (d)size
<0.2 µm( single domain behaviour). Reproduced from [12]
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Fig. 2.16. Permeability spectrum of a Ni-Zn sample at fields above (open circles) and below (filled circles)

the

critical field. Reproduced from [18].

Many of the specific applications of ferrites depend on their behavior at high
frequencies. When subjected to an ac field, ferrite permeability shows several dispersions; as
the field frequency increases, the various magnetization mechanisms become unable to
follow the field. The dispersion frequency for each mechanism is different time constants,
Fig. 2.17. The low frequency dispersions are associated with domain wall dynamics and the
high frequency dispersion, with spin resonance. The spin resonance phenomena occur usually
in the GHz range. The two main magnetization mechanisms are wall bowing and wall
displacement as discussed before in section 2.8. Any field results in a bowing of pinned
walls, and if this field has higher value than the corresponding critical field, walls are
unpinned and displaced. Otherwise, bowed walls remain pinned to material defects.
Measurements at low fields therefore show only one wall dispersion. Measurements at high
fields, several, complex dispersions are observed, such as those in Fig. 2.16. Wall
displacement dispersion occurs at lower frequencies than wall bowing, since hysteresis is a
more complex phenomenon of wall bowing, unpinning, displacement and pinning steps.
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Fig. 2. 17. (a) Schematic representation of the spin deviation from an easy axis by precessional spiralling into
the field direction, (b) Precession is maintained by a perpendicular rf field, hrf. Reproduced from [12].

At very high frequencies, domain walls are unable to follow the field and the only
remaining magnetization mechanism is spin rotation within domains. This mechanism
eventually also shows a dispersion, which always takes the form of a resonance. Spins are
subjected to the anisotropy field, representing spin-lattice coupling; as an external field is
applied (out of the spins‟ easy direction), spins experience a torque. However, the response of
spins is not instantaneous; spins precess around the field direction for a certain time (the
relaxation time, τ) before adopting the new orientation, Fig. 2.17.
The frequency of this precession is given by the Larmor frequency:

ωL =γ µo HT

(2.20)

where HT is the total field acting on the spin.
HT =HK+H+Hd+……, where HK ,H, Hd are the anisotropy and the external and
demagnetization fields, respectively. If an ac field of angular frequency ωL is applied to the
sample, a resonant absorption (ferromagnetic resonance) occurs. The Larmour frequency is
independent of the precession amplitude.
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Magnetization Mechanism

2.7.1 Concept of Magnetic Domain and Domain Wall
In 1907 Pierre Weiss in his paper “Hypothesis of the molecular field” [19, 22] postulated
that a ferromagnetic material rather than be uniformly magnetized, is divided into a number
of regions of domains, each of which is magnetized to saturation level but the direction of
magnetization from domain to domain need not be parallel. The magnetization vectors are
parallel to preferred direction such that the demagnetization field, and hence the
demagnetization energy (Wdem. = 1/8π H2D) is as small as possible. The total magnetization is
then given by the vector summation of individual magnetization over all domains. The
demagnetized state of the magnet is from the view point of an observer outside the material.
In ferromagnetic materials, the atomic magnetic moments aligned in parallel fashion, while in
ferrite domain, the net moments of the anti ferromagnetic interaction are spontaneously
oriented parallel to each other (even without applied magnetic field) [23]. The applied field
serves as a control in changing the balance of potential energy within the magnetic material.
These uniformly magnetized domains are separated by a thin layer in which the
magnetization gradually changes from one orientation to another. This transition boundary is
called domain wall or Bloch wall.
The domain structure are found basically to reduce the magnetostatic energy i.e., the
magnetic potential energy contained in the field lines (or flux lines) connecting north and
south poles outside of the material. This concept can be understood by considering a simple
case, as shown in Fig. 2.18, in which (a) to (e) represents a cross section of a ferromagnetic
single crystal. In Fig. 2.18 (a) a single domain crystal is shown, the value of magnetostatic
energy is high. The arrow indicates the direction of magnetization and hence the direction of
spin alignment in the domain. If the crystal is divided into two domains (Fig. 2.18 (b), the
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magnetic energy will be reduced by roughly one half of the single domain case. This splitting
process continues to lower the energy of the system until more energy is required to form the
domain boundary. When a large domain is split into n domains, as shown in Fig. 2.18 (c) the
magnetic energy will be reduced to approximately 1/n of the magnetic energy of that of type
(a). For the domain structure configuration in Fig. 2.18 (d) and (e), the magnetic energy is
zero as the flux circuit is completed within a crystal, (i.e., flux path never leaves the boundary
of the material). These triangular domains are callled closure domains. Therefore the
magnetostatic energy is reduced. This type of structure may also be found at the surface of
the material.

Fig. 2.18. Possible domain structures showing progressively low energy .Each part is representing a crosssection of a ferromagnetic single crystal. Reproduced from [12, 21].

The boundaries between the domains are not sharp on atomic scale but are spread
over a finite thickness within which the direction of the spin changes gradually from one
domain to the next [19]. The spin within a domain wall as shown in Fig. 2.19, are pointing in
necessary directions, so that the crystal anisotropy energy within the wall is higher than it is
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in the adjacent domains. The exchange energy tries to align the spin in a direction parallel to
the direction in the domain while the anisotropy energy tries to make the wall thin to
minimize misalignment within the easy directions. The actual thickness of the domain wall is
determined by the counterbalance of the exchange energy and anisotropy energy.

2
z
Easy-axis

y

1
x

Wall



Fig. 2.19. Schematic representation of a domain wall. All spins, within the wall thickness are in non easy
direction.

2.7.2 The dynamic behavior of Domains
Two general mechanisms are involved in changing the magnetization in a domain
and, therefore, changing the magnetization in a sample. The first mechanism acts by rotating
the magnetization towards the direction of the field. Since this may involve rotating the
magnetization from an axis of easy magnetization in a crystal to one of more difficult
magnetization, a certain amount of anisotropy energy is required. The rotations can be small
as indicated in Figure 2.20(a) or they can be almost the equivalent of a complete 180˚
reversal or flip if the crystal structure is uniaxial and if the magnetizing field is opposite to
the original magnetization direction of the domain. The other mechanism for changing the
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domain magnetization is one in which the direction of magnetization remains the same, but
the volumes occupied by the different domains may change. In this process, the domains
whose magnetizations are in a direction closest to the field direction grow larger while those
that are more unfavorably oriented shrink in size. Fig. 2.20(b) shows this process which is
called domain wall motion.
The mechanism for domain wall motion starts in the domain wall. Present in the wall
is a force (greatest with the moments in the walls that are at an angle of 90˚ to the applied
field) that will tend to rotate those moments in line with the field. As a result, the center of
the domain wall will move towards the domain opposed to the field. Thus, the area of the
domain with favorable orientation will grow at the expense of its neighbor.

(a)Volume constant, directions changed

b) Volume changed, directions constant

Fig. 2.20. (a) Change of domain magnetization by domain wall movement and (b) Change of domain
magnetization by domain rotation. Reproduced from [21].
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2.7.3 Bulk Material Magnetization
Although domains are not physical entities such as atoms or crystal lattices and can
only be visualized by special means, for the purpose of magnetic structure they are important
in explaining the process of magnetization. A material that has strongly oriented moments in
a domain often has no resultant bulk material magnetization. Non-magnetic material can be
transformed into a strongly magnetic body by domain dynamics discussed above. If the
material has been demagnetized, the domains point in all random directions so that there is
complete cancellation and the resultant magnetization is zero (Fig. 2.21). The possible steps
to complete orientation of the domains or magnetization of the material are also shown in Fig.
2.21 [21].

Fig. 2.21. Stages in Magnetization of a sample containing several crystals. Reproduced from [28]

2.7.4 The Magnetization Curve
For unmagnetized bulk material, there is a zero net magnetic moment. It can be
predicted that there will be an infinite number of degree of magnetization between the
unmagnetized and saturation condition, when the material is subjected to an external
magnetic field. These extreme situations correspond respectively, to random orientation of
domains complete alignment in one direction with elimination of domain walls. It can be
started with a demagnetized specimen and increase the applied magnetic field and then the
bulk material will be progressively magnetized by the domain dynamics. The magnetization
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of the sample will follow the course as shown in Fig. 2.22 (a) [21]. The slope from the origin
to a point on the curve or the ratio M/H is defined as magnetic susceptibility. This curve is
called Magnetization Curve. This curve is generally perceived as being made of three major
portions.
The first, the lower section, is the initial susceptibility region and is characterized by
reversible domain wall movements and rotations. Reversible means that after the
magnetization with a slight increase in field the original magnetization conditions can be
regained if the field is reduced to initial value. The contribution of the displacement walls to
an initial permeability is entirely dependent on the sort of material studied.
In the second stage magnetization curve, if the field is increased, the intensity of the
magnetization increases more drastically, is called the irreversible magnetization range. This
range is obtained mainly by the irreversible domain wall motion from one stable state to
another.

(a)

(b)

Fig. 2.22. Domain dynamics during various parts of the magnetization curve. Reproduced from [21]

If the field is increased further, the magnetization curve become less steep and its
process become reversible once more. In the third section of magnetization curve, the
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displacement of domain walls has already been completed and the magnetization takes place
by rotation magnetization. This range is called rotation magnetization range. Beyond this
range the magnetization gradually approaches to saturation magnetization. (Fig. 2.22 (b))

2.8

Previous works on hexaferrites
Due to outstanding complex magnetic properties which are possible to tailor by

varying its composition hexaferrites is the top area of interest of most scientists. A lot of
work has been done over hexaferrites in last few decades. Among them some remarkable
work will be discussed here which are relevant to present work.
Xiaohui Wang et. al. [24] studied the Electromagnetic properties of low-temperaturesintered Ba3Co2-xZnxFe24O41 ferrites prepared by solid state reaction method. In their study
they found that the permeability of composition is dependent on Zn concentrations. With the
increasing in Zn content permeability increase and get its maximum value for x = 1.2 and
then it decreases. Dependency of permeability with Zn content at different frequencies (100
MHz, 300 MHz, 500 MHz and 800 MHz) is shown in fig. 2.23 [24]. Also the permeability is
dependent on frequency. The dependency of permeability with frequency is shown in fig.2.24
[24].
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Fig.2.23. Zn content dependence of permeability at different frequencies for low-temperature-ﬁred
xZnxFe24O41

Ba3Co2-

hexaferrites. Reproduced from [24]

Fig.2.24. Frequency dependence for low-temperature-fired Ba3Co2-xZnxFe24O41 hexaferrites. Reproduced from
[24]

Hongguo Zhang et. al. [25] investigated the physical characteristics of novel Z-type
Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite. In their investigation they reported the lattice
constant a and c as (a~0.582 nm or 5.82 A0) and (c~ 5.236 nm or 52.36 A0). The variation of
lattice parameter a and c is shown in fig.2.25 [25].
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(a)

(b)

Fig. 2.25 (a) Variation of lattice parameter a with Zn content (b) Variation of lattice parameter with Zn content
of Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite. Reproduced from [25].

In their investigation they also calculate the frequency dependent initial permeability
within the frequency range 100 MHz to 1 GHz. The frequency dependent initial permeability
is given in fig.2.26 [25].

Fig. 2.26 Frequency dependence of initial permeability of Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite. Reproduced
from [25]

Hysteresis behavior of the Zn-modified Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite was
also investigated in their research. They found the sample as soft magnet. The hysteresis
curve of the Zn-modified Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite is given in fig. 2.27 [25].
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Fig. 2.27 Hysteresis behavior of the Zn-modified Ba3Co2(0.8-x)Cu0.40Zn2xFe24O41 hexaferrite. Reproduced from
[25].

Lara Jean Martin, in his Ph. D. research entitled “Flexible magnetic composite for
antenna applications in radio frequency identification (RFID)” analyze the structure of
hexaferrites in details [26]. According to his work the structure of hexaferrites is given on fig.
2.28 [26].

Fig. 2.28. Cross-section through a plane of symmetry of the “blocks” M5, W7, and Y6, which comprise the
crystal structure of the M-, W-, Y-, and Z-phases of the ternary BaO·MeO·Fe2O3 system. Reproduced from [26].

The hexagonal crystal structure of the phases may be described as the close-packing
of spheres of the large oxygen and barium ions. Layers of these ions are perpendicular to the
hexagonal axis. In the unit cell, each layer contains four large ions. The layers are most often
four oxygen ions but, occurring at regular intervals, can be three oxygen ions and one barium
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ion. These layers are indicated by the horizontal lines. In the M-phase, the barium-containing
layers occur once in five layers, and, in the W-phase, once in seven layers. In Y-phase, two
adjacent barium-containing layers occur followed by four oxygen-containing layers. Hence,
the cross-sections shown here containing five, seven, and six layers are termed M5, W7, and
Y6, respectively. The large ions shown are oxygen ions (O2+) and barium ions (Ba2+ ). The
small metal ions are found in the interstices of the oxygen lattice. The small black circles
represent metal ions (Me) at the tetrahedral sites, and the small white circles represent metal
ions at the octahedral sites. In the M- and W-phases, an additional metal ion occurs in the
barium-containing layer, at a site surrounded by five oxygen ions. The small hatched circles
represent metal ions surrounded by five oxygen ions. The crosses represent centers of
symmetry, and the vertical lines are the threefold axes of symmetry. The unit cells of M-, W-,
and Y-phases can be built by stacking together two M5, two W7, and three Y6 cross sections,
respectively. In doing so, the cross sections must be turned such that the crosses shown
become centers of symmetry. The unit cell of Z-phase is built by first placing Y6 in the
orientation as it is shown here upon M5, which is a new cross section termed Z11. Then, two
Z11 cross sections are stacked together. It is observed that W7 can be considered as a stacking
of M5 with two layers of an oxygen-containing layer with S composition. Finally, to realize
the complete spatial structure of the unit cells for the M-, W-, Y-, and Z-phases, the described
cross sections are rotated about the central axis of symmetry 1200 forward and 1200 backward
out of the plane [26].
Most of the work over Z type hexaferrite was done over Co2Z hexaferrites wheras
Ni2Z hexaferrites is less studied. Hence we are interested to investigate the structural and
magnetic properties of Ni2Z hexaferrites.
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CHAPTER 3
EXPERIMENTAL
In this chapter the basic experimental methods and techniques to measure the lattice parameters, frequency
dependent AC permeability and DC magnetization of ferrite sample are discussed. The experimental technique
for the measurement of temperature dependent initial permeability is also discussed.

3.1

Introduction
A goal common to all the ferrites is the common formation of the spinel structure.

Today, the large majority of ferrite powders are made by the conventional Ceramic process
or Solid State Reaction method. Most non-conventional process involves producing the
powder by a wet method. Among these methods, some are [1]:
1) Co-precipitation
2) Organic precursors
3) Sol-gel synthesis
4) Spray-drying
5) Freeze-drying
6) Combustion synthesis
7) Glass crystallization
In this chapter, we will describe the solid state reaction method that is used in this research
work.

3.2

Conventional Solid State Reaction Method
In the solid state reaction method, the required composition is usually prepared from

the appropriate amount of raw mineral oxides or carbonates by crushing, grinding and
milling. The most common type of mill is the ball mill, which consists of a lined pot with
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hard spheres or rod inside. Milling can be carried out in a wet medium to increase the degree
of mixing. This method depends on the solid state inter-diffusion between the raw materials.
Solids do not usually react at room temperature over normal time scales. Thus it is necessary
to heat them at higher temperatures for the diffusion length (2Dt)1/2 to exceed the particle
size, where D is the diffusion constant for the fast-diffusing species, and t is the firing time.
The grinded powders are then calcined in air or oxygen at a temperature near 1000ºC. For
some time, this process is continued until the mixture is converted into the correct crystalline
phase. The calcined powders are again crushed into fine powders. The pellets or toroid
shaped samples are prepared from these calcined powders using die-punch assembly and
hydrostatic or isostatic pressure. Sintering is carried out in the solid state, at temperature
ranging 1200-1300ºC, for times of typically 1-40 h and in various atmospheres (e.g. Air, O2
and N2) [3-6]. Fig. 3.1 shows, diagramatically, the stages followed in ferrite preparation.
The general solid state reaction leading to a hexaferrite Ba3Me2Fe24O41 may be represented as
2MeO +12 Fe2O3 + 3BaCO3

Ba3Me2Fe24O41 + 3CO2+3O2 (Z-type hexaferrite)

where Me is the divalent ions. There are basically four steps in the preparation of ferrite:
1) Preparation of materials to form an intimate mixture with the metal ions in the ratio
which they will have in the final product,
2) Heating of this mixture to form the ferrite (often called calcining),
3) Grinding the calcined powders and pressing the fine powders into the required shape,
and
4) Sintering to produce a highly densified product.

3.3

Details of Calcining, Pressing and Sintering
Calcining is defined as the process of obtaining a homogeneous and pure phase

composition of mixed powders by heating them for a certain time at a high temperature and
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then allowing it to cool slowly to discard the unwanted CO2 and O2. During the calcining
stage, the reaction of Fe2O3 with metal oxide and carbonate (say, MeO and BaCO3) takes
place in the solid state to form ferrites according to the reactions [7]:
2NiO +12 Fe2O3 + 3BaCO3

Ba3Ni2Fe24O41 + 2CO2+3O2(Z-type hexaferrite)

After that Zn2+ ions are introduced by
(2-x)NiO+xZnO+12 Fe2O3 + 32BaCO3

Ba3Ni2-xZnxFe24O41 + 3CO2+3O2

The calcining process can be repeated several times to obtain a high degree of
homogeneity. The calcined powders are crushed into fine powders. The ideal characteristics
of fine powders are [2]:
1) small particle size (sub micron)
2) narrow distribution in particle size
3) dispersed particles
4) equiaxed shape of particles
5) high purity
6) homogeneous composition.
A small particle size of the reactant powders provides a high contact surface area for
initiation of the solid state reaction; diffusion paths are shorted, leading to more efficient
completion of the reaction. Porosity is easily eliminated if the initial pores are very small. A
narrow size distribution of spherical particles as well as a dispersed state is important for
compaction of the powder during grain-body formation. Grain growth during sintering can be
better controlled if the initial size is small and uniform.
A binder is usually added prior to compaction, at a concentration lower than 5wt %
[2]. Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl
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alcohol. The binder facilitates the particles flow during compacting and increases the bonding
between the particles, presumably by forming bonds of the type particle-binder-particle. During
sintering, binders decompose and are eliminated from the ferrite. Pressures are used for
compacting very widely but are commonly several tons per square inch (i.e., up to 108 N m-2).
Sintering is defined as the process of obtaining a dense, tough body by heating a
compacted powder for a certain time at a temperature high enough to significantly promote
diffusion, but clearly lower than the melting point of the main component. The driving force
for sintering is the reduction in surface free energy of the powder. Part of this energy is
transferred into interfacial energy (grain boundaries) in the resulting polycrystalline body [2,
8]. The sintering time, temperature and the furnace atmosphere play very important role on
the magnetic property of ferrite materials. The purposes of sintering process are:
1) to bind the particles together so as to impart sufficient strength to the product,
2) to densify the material by eliminating the pores and
3) to homogenize the materials by completing the reactions left unfinished in the
calcining step.
Oxides of raw materials

Finished products

Weighing by different
mole percentage

Sintering

Dry mixing by agate
mortar

Pressing to desired
shapes

Wet mixing by ball
milling

Milling and adding
binder

Drying

Calcining

Fig. 3.1. Flow chart of the stages in preparation of spinel ferrite
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Sintering of crystalline solids is dealt by Coble and Burke [9] who found the
following empirical relationship regarding rate of grain growth:


d =ktn


where d is the mean grain diameter, n is about 1/3, t is sintering time and k is a temperature
dependent parameter. Sintering is divided into three stages, Fig. 3.2 [2, 10].
Stage 1. Contact area between particles increases,
Stage 2. Porosity changes from open to closed porosity,
Stage 3. Pore volume decreases; grains grow.

Fig. 3.2. Schematic representation of sintering stages: (a) grain-body, (b) initial stage, (c) intermediate stage,
and (d) final stage.

In the initial stage, neighbouring particles form a neck by surface diffusion and
presumably also at high temperatures by an evaporation-condensation mechanism. Grain
boundaries begin to form at the interface between particles with different crystallographic
orientation. Pores appear as voids between at least three contacting particles. Shrinkage
occurs. The second stage of sintering begins when a three dimensional network of necks is
achieved. During this stage most of the densification occurs. To decrease and eventually
eliminate pore volume, a net transport of materials to the pores by volume diffusion is
required. The mobility of the atoms or ions is greatly enhanced by the presence of lattice
defects. The sintering mechanism involves creation of vacancies in the curved surfaces of
pores, their transport through the grain and their absorption at the grain boundaries, which
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play the role of a sinks. Grain growth begins during the intermediate stage of sintering. Since
grain boundaries are the sinks for vacancies, grain growth tends to decrease the pore
elimination rate due to the increase in distance between pores and grain boundaries, and by
decreasing the total grain boundary surface area. In the final stage, the grain growth is
considerably enhanced and the remaining pores may become isolated.

3.4

Preparation of the Present Samples
Polycrystalline Ba3Ni2-xZnxFe24O41 (x = 0.0, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 and 1.7)

samples were synthesized using the standard solid state reaction technique which is discussed
in section 3.2. High purity powders of NiO (99.9%), ZnO (99.9%), BaCO3 (99.9%), Fe2O3
(99.9%), were mixed thoroughly in an appropriate amount. Mixing was performed in the ball
mill for 12h, which consists of a lined pot with hard spheres inside. Milling was carried out in
a wet medium to increase the degree of mixing. The mixed powders were calcined at 9000C
for 5 hours. For some time this process is continued until the mixture is converted into the
correct crystalline phase. The calcined powders are again crushed into fine powders. The
toroid and disk shape samples (Fig. 3.3.) were prepared from these calcined powders using
uniaxial or isostatic pressure and were sintered at temperatures between 1200-1300ºC in air
for 5 hours.

Fig. 3.3. Samples (a) disk shaped, (b) toroid shaped.
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X-ray Diffraction
Bragg reflection is a coherent elastic scattering in which the energy of the X-ray is not

changed on reflection. If a beam of monochromatic radiation of wavelength  is incident on a
periodic crystal plane at an angle  and is diffracted at the same angle as shown in Fig. 3.4,
the Bragg diffraction condition for X-rays is given by
2d Sin  n …

…

…

…

…

…

…

(3.1)

where d is the distance between crystal planes and n is the positive integer which represents
the order of reflection. Equation (3.1) is known as Bragg law. This Bragg law suggests that
the diffraction is only possible when  ≤ 2d [11]. For this reason we cannot use the visible
light to determine the crystal structure of a material. The X-ray diffraction (XRD) provides
substantial information on the crystal structure.
The XRD was carried out with an X-ray diffractometer for the value of 2 from 200 to
600 with a step size 0.01 for the samples. For this purpose monochromatic Cu-K radiation
was used. The lattice parameter for each peak of each sample was calculated by using the
formula
C

A
D

F

θ
B

d

2θ

θ θ
G

E
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d sin θ

Fig. 3.4. Graphical representation of Bragg‟s diffraction
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where h, k and l are the Miller indices of the crystal planes.
The theoretical density th was calculated using following expression:

th 

2nM
g / cm3 …
2
3N A a c

…

…

…

…

(3.3)

where n is the number of molecules per unit cell, NA is Avogadro's number (6.02  1023 mol-1),
M

is

100

the
th

molecular

weight.

 exp / th % , where

The

porosity was

calculated

from

the

relation

exp is the bulk density measured by the formula

exp  M / V [12].

3.6

Microstructural Investigation
The microstructural study of the Ba3Ni2-xZnxFe24O41 hexaferrite samples was

performed in order to have an insight of the grain structures. The samples of different
compositions and sintered at different temperatures were chosen for this purpose. The
samples were visualized under a high-resolution optical microscope and then photographed.
Average grain sizes (grain diameter) of the samples were determined from optical
micrographs by linear intercept technique [3]. To do this, several random horizontal and
vertical lines were drawn on the micrographs. Therefore, we counted the number of grains
intersected and measured the length of the grains along the line traversed. Finally the average
grain size was calculated.
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Complex Permeability Measurement
For high frequency application, the desirable property of a ferrite is high permeability

with low loss. One of the most important goals of ferrite research is to fulfill this requirement.
The techniques of permeability measurement and frequency characteristics of the present
samples are described in sections 3.7.1 and 3.7.2.

3.7.1. Techniques for the Permeability Measurement
Measurements of permeability normally involve the measurements of the change in
self-inductance of a coil in presence of the magnetic core. The behavior of a self-inductance
can now be described as follows. We assume an ideal loss less air coil of inductance L0 . On
insertion of a magnetic core with permeability  , the inductance will be L0 . The complex
impedance Z of this coil [1] can be expressed as follows:
Z  R  jX  jL0   jL0 ( /  j // ) …

where the resistive part is
and the reactive part is

…

…

…

(3.4)

…

…

…

…

(3.5)

X  L0  / … …

…

…

…

(3.6)

R  L0  // …

The RF permeability can be derived from the complex impedance of a coil, Z, given by
equation (3.4). The core is taken as toroidal to avoid demagnetizing effects. The quantity Lo
is derived geometrically as shown in section 3.7.2.

3.7.2. Frequency Characteristics Measurement
The frequency characteristics of the Ba3Ni2-xZnxFe24O41 hexaferrite samples i.e. the
initial permeability spectra were investigated using a WAYNE KERR Impedance Analyzer
(model no. 6500B). The complex permeability measurements on toroid shaped specimens
were carried out at room temperature on all the samples in the frequency range 1 kHz - 120
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MHz. The real part ( i/ ) and imaginary part ( i// ) of the complex permeability were
calculated using the following relations [4]: i/  Ls L0 and i//  i/ tan  , where Ls is the
self-inductance of the sample core and L0  o N 2 S d is derived geometrically. Here Lo is
the inductance of the winding coil without the sample core,
N is the number of turns of the coil (N = 4), S is the area of cross section of the
toroidal sample as given below:
S  d h,

where

d

d 2  d1
,
2

d1  Inner diameter,

d 2  Outer diameter,
h  Height


and d is the mean diameter of the toroidal sample as given below:
d

d1  d 2
2

The relative quality factor is determined from the ratio

3.8

i/
.
tan 

DC magnetization measurement
For the macroscopic magnetic measurement, a Quantum Design MPMS (Magnetic

Property Measurement System) was used. The MPMS is a computer controlled
magnetometer, whose detecting ability is enhanced by SQUID (Superconducting Quantum
Interference Device) electronics. Commercial SQUID magnetometers, model MPMS-5S,
from Quantum Design, Inc., San Diego, CA were used for the DC magnetic measurements.
The model MPMS-5S is equipped with a 5 T longitudinal superconducting magnet and with
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options including AC measurement, magnet reset, environmental magnetic shield, and
degauss shield. This section first introduces the configuration of the MPMS hardware and the
principle of the DC magnetic measurement in Section 3.8.1. Second, a typical procedure for
the DC magnetic measurements will be presented in Section 3.8.2

3.8.1. Configuration of MPMS Hardware
In general MPMS consists of six main parts: a sample rod, a probe, a longitudinal
superconducting magnet, a liquid helium dewar, a console cabinet, and a computer, as
schematically shown in Figure 3.5.

3.8.1.1.

Sample Rod

A typical sample rod provides a place to mount a sample and can be inserted into the
probe at standard operating temperatures (1.9 K ~ 400 K). A long thin stainless steel tube (39
inch) is connected to a short quantalloy (silicon copper alloy) tube (8 inch) to make the body
of sample rod. The sample rod goes through a slide seal assembly, which engages to the
probe head and allows the sample rod to move in the longitudinal direction while maintaining
an air leak tight environment on the sample side. The sample is usually placed inside a
transparent beverage straw, and the straw is fixed to the end of quantalloy side of the sample
rod. Although the beverage straw provides a sufficient housing for most samples, the auto
tracking function of the MPMS, which compensates the thermal contraction of sample rod,
was originally calibrated for quartz sample tube. As a consequence, there is a small drift in
sample position with respect to the magnet center, when the straw was used as a sample
housing, even when the auto tracking function is enabled. When the straw was used, a typical
sample center shift between 310 K and 2 K is ~ 0.1 cm, which is not negligible when
studying the absolute magnetization of a spatially small sample.
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Fig.3.5. Schematics of MPMS (Magnetic Property Measurement System)

3.8.1.2.

Probe

The probe contains many parts, such as the probe head, the sample space, a cooling
annulus, the liquid helium reservoir, primary and secondary impedance tubes, thermometers
and heaters, a detection pickup coil, and the SQUID electronics. Briefly, the main function of
the probe is to provide the computer controlled temperature (within 0.5%) environment for
the sample and to measure the SQUID enhanced magnetic signals from the sample. The
probe is sitting in the liquid helium dewar and regulates the temperature of the sample space
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by withdrawing the liquid helium through the impedance tubes to the cooling annulus, which
surrounds the sample space concentrically as shown in Figure 3.5. The liquid helium in the
cooling annulus is further manipulated by the PID (Proportional, Integral, and Derivative)
temperature controller and by adjusting the pumping power to deliver the desired temperature
to the sample space. The heat transfer between the cooling annulus and the sample space is
meditated by the conduction through a copper jacket that shields the sample space. The
sample space is filled with low pressure helium gas (~ 0.1 mbar at room temperature) to
provide heat exchange between the sample and the wall of the sample space. Since the
temperature control mainly relies on the helium flowing through the impedances, the
regulation of the amount withdrawn from the dewar is critical. The worst case will be realized
if no helium is available to pass from the dewar to the cooling annulus. Occasionally, this
unexpected incidence happens due to the plugging in the impedance tubes. The exact causes
of the plugging are not certain but can be related to impurities such as ices (e.g. water ice and
nitrogen ice) that nucleated to block the impedance tubes. For this reason, great care is
needed when transferring the helium from the transport dewar to the system dewar. In order
to filter the impurities from the transport helium dewar during the transfer, a homemade filter,
which attaches to the end of the transfer line, was built. Figure 3.6 shows a schematic view of
the homemade filter. The filter was assembled by placing charcoal particles in an existing
stainless steel porous filter. Wool-like stainless mesh was also inserted to prevent the
charcoal particles from moving. Before transferring liquid helium, the filter was warmed to ~
330 K or higher, while blowing dry helium gas through it. The process was repeated two or
three times to remove water contaminants in the charcoal filter. If the impedance tubes
become completely plugged, temperature control is lost. In this unfortunate case, the whole
system has to be warmed by boiling the liquid helium, and the impedance tubes must be
cleaned.
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Fig.3.6. Schematics of the impurity filter and liquid helium transfer.

Most of the time, if ice blocks the impedance, it will melt and unplug the impedance
when the system is warmed to room temperature. However in some cases, impurity, such as
residual oil, blocks the impedance tubes and does not melt upon warming. In this case, the
impedance tubes must be cleaned by blowing helium gas through the cooling annulus
pumping line, or the impedance tube itself has to be replaced with a clean one. On the other
hand when the impedance is partially plugged, the control of the temperature is partially
enabled. The quick solution for this partial plugging is to set the probe temperature to 300 ~
310 K for an extended period, usually overnight, expecting the impurity ice to melt and to be
pumped. However, 13 when this quick solution fails, the whole system has to be warmed as
in the case of complete plugging.
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Console and Computer

The pumping tubes and electric cables from the probe and the magnet are connected
to the console cabinet. The console cabinet consists of a pump, gas handling system, a
temperature controller, a magnetic measurement unit, and a power source for the magnet. The
main role of the console cabinet is to provide electronically controlled pumping power to the
probe for temperature regulation as well as electric controls to the probe and the magnet. The
computer is connected to the console cabinet via a GPIB (General Purpose Interface Bus)
cable and operates all activities of the console using Multi-View, a LabVIEW based
computer program that can be controlled locally and remotely via the internet. Once the
sample is placed, all other standard activities of MPMS, such as sample positioning, ramping
magnetic field, changing temperature, magnetic measurement, and recording data, can be
controlled using Multi-View program.

3.8.1.4.

Principle of DC Magnetization Measurement

To measure the DC magnetization of the sample, the sample is first placed near the
bottom of the pickup coil, which is a single superconducting coil wound by one clockwise
turn at the top position, and then by two counter-clockwise turns at the middle position, and
finally by one clockwise turn at the bottom position, as shown in Figure 3.7 (a). This type of
coil is called a second-derivative coil and the main purpose of winding in different directions
is to cancel the uniform external magnetic field (HE) from superconducting magnet of MPMS
and other stray fields in the lab. In principle, as a sample moves along the axis of the
detection pickup coil to the top position, an electromotive force (EMF) is induced in the
pickup coil. This induced EMF is proportional to the sample magnetization, and the MPMS
electronics detect the amplified EMF signals using SQUID electronics as the sample moves
along the pickup coil. The detected signal is then fit into the calculated model curve [13] to
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give the actual magnetic moments of the sample. Figure 3.7 (b) shows a typical detected
signal and the fit as a

Fig.3.7. Second-derivative pickup coil and centering magnetic signal. The Second derivative pickup coil (a) is a
single superconducting coil wound by one clockwise turn at the top position then by two counterclockwise turns
at the middle position and finally by one clockwise turns at the bottom position. In principle, as a sample moves
along the axis of the detection pickup coil to the top position, the electromotive force (EMF) is induced to the
pickup coil. This induced EMF is proportional to the sample magnetization and the MPMS electronics detect the
amplified EMF signals using SQUID electronics as the sample moves along the pickup coil as shown in (b). The
sample, in this case moved 4 cm along the pickup coil from the near bottom of the coil (0.0 cm position in (a)) at
T = 298 K with HE = 100 G. For this detection 16.04 mg of K 0.6Co1.2[Fe(CN)6]·4H2O powder was used.
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3.8.2. DC Magnetization Measurement Procedure
A typical DC magnetization measurement involves two steps. The first step is to
measure magnetization of the sample holder only and the next is a measurement of the
sample in the holder. The sample in powder or microcrystalline form is usually packed into
the holder such as gelatin capsule (gelcap) or plastic can (capped polyethylene vial). The
diamagnetic background signals from these holders are measured and then subtracted from
the total signal of the sample and the holder. The diamagnetic signals from different holders
are similar but not identical maybe due to the unequal numbers of electronic centers in
polymers [14]. Therefore, the background signal must be measured individually and
independently before the sample measurement, especially for a weak magnetic sample,
whose magnetic moment is comparable to that of the holder. Figure 3.8 shows typical
temperature and field dependent magnetic measurements of the plastic can and the gelcap
with their pictures. Since the magnetic pickup coil and the sample moving distance have
finite lengths of ~ 3 cm and ~ 4 cm (to 12 cm) respectively, a short sample and a symmetric
(along the horizontal plane) sample packing are desired. The sample size dependent
magnetization was studied previously by Jackson and coworkers [15] and the result shows
that in order to minimize the sample size dependency, the optimal value of the sample
volume is between 10 mm3 and 15 mm3.
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Fig.3.8. Magnetization signals of the holders. The sample, in powder or microcrystalline form, is usually packed
into holder such as gelatin capsule (gelcap) or plastic can (capped polyethylene vial). The diamagnetic
background signals from these holders are measured and then subtracted from the total signal of the sample in
the holder. The figure shows the typical temperature and field dependent magnetic measurements of the plastic
can and the gelcap with their pictures.

For an unknown molecule-based magnetic material, typical magnetization measurement
sequence involves a zero-field-cooled (zfc), field-cooled (fc), and magnetization vs. field (M
vs. H) measurements. These zfc, fc, and M vs. H sequences are usually the standard
measurements to characterize the overall magnetic properties of unknown materials.
Variations of these standard measurements are also performed frequently in order to probe
specific aspects of a magnetic property of a sample. Typical procedures to perform the zfc, fc,
and M vs. H measurements are listed in Table 3.1 to 3.3.
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Table.3.1. Zero-field-cooled magnetization measurement procedure
Step

Procedure

1.

Center the sample and measure the magnetization at 300 K.

2.

Cool the sample without the magnetic field to the lowest temperature.

3.

Apply a suitable measuring magnetic field.

4.

Center the sample by measuring and adjusting the positional dependent
magnetic signal as shown in Figure 3.7 (b)

5.

Measure the magnetization upon warming the sample.

Table 3.2. Field-cooled magnetization measurement procedure
Step

Procedure

1.

Center the sample and measure the magnetization at 300 K.

2.

Cool the sample with the magnetic field to the lowest temperature.

3.

Center the sample by measuring and adjusting the positional dependent
magnetic signal as shown in Figure 3.7 (b).

4.

Measure the magnetization upon warming the sample.

Table 3.3. Magnetization vs. magnetic field (M vs. H) measurement procedure
Step

Procedure

1.

Center the sample and measure the magnetization at 300 K.

2.

Cool the sample without the magnetic field to the desired temperature.

3.

Apply a small magnetic field for centering purpose.

4.

Center the sample by measuring and adjusting the positional dependent magnetic
signal as shown in Figure 3.7 (b).

5.

Measure the magnetization upon sweeping the field.
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CHAPTER 4
RESULTS AND DISCUSSION
Various polycrystalline Ba3Ni2-xZnxFe24O41 hexaferrites are studied. The hexaferrite series have
been prepared using conventional solid state reaction route. Pellet-shaped and ring-shaped
samples were prepared from this powder. Microstructural variations with composition have
been found with XRD and optical microscope. Different Z-type hexaferrite samples are
sintered at various temperatures (1200- 13000C) for five hours. The role of sintering
temperature on the mechanism of Z-type hexaferrites formation is discussed. Internal
structure of the above mentioned samples sintered at 12000C are studied by X-ray diffraction.
The DC magnetic properties were studied by SQUID magnetometer. Complex permeability of
the Z-type hexaferrite series Ba3Ni2-xZnxFe24O41 have been examined in the frequency range from
100 kHz-120MHz.

4.1

X-ray diffraction
The XRD patterns for various Ba3Ni2-xZnxFe24O41 (x=0.9, 1.1, 1.3, 1.5 and 1.7) Z-type

hexagonal ferrites are shown in Fig.4.1. All peaks observed in the XRD patterns are
identified with their Miller indices using the JCPDS 19-0097 for z type hexaferrites. The
XRD patterns for these compositions confirm the formation of Z-type hexaferrite with a few
impurity peaks [1]. The impurity peaks are mainly from the unreacted ingredients of these
compositions such as (202) planes of Fe2O3, (110) planes of NiO. The lattice parameters „a‟
and „c‟ of Ba3Ni2-xZnxFe24O41 compositions are plotted Fig. 4.2 as a function of Zn content. It
is observed from the figure that the lattice parameters „a’ and „c‟ increases with Zn content in
the Ba3Ni2-xZnxFe24O41. Similar behavior was observed by Hongguo Zhang et al. [2] for
Ba 3Co 2(0.8x)Cu 0.40Zn2xFe24O41 hexaferrite. The increase in lattice parameter with increasing

Zn content can be explained on the basis of the ionic radii. The ionic radii of the cations used
in Ba3Ni2-xZnxFe24O41 are 0.83Å (Ni2+), 0.88Å (Zn2+) and 0.69Å (Fe3+) [3]. Since the ionic
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radius of Zn2+ is more than that of Ni2+, the increase in lattice constant with the increase in Zn
substitution is expected. The lattice parameter „a’ and ‘c‟ of Ba3Ni2-xZnxFe24O41
compositions are plotted in Fig. 4.2 as a function of Zn content.
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Fig. 4. 1. X-ray diffractogram (XRD) for different compositions.
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Fig. 4.2. Variation of lattice parameters (a) „a‟ (b) „c‟ (c) c/a with Zn content „x‟ of polycrystalline
Ba3Ni2-xZnxFe24O41 hexaferrites
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Table 4.1. The lattice parameters, sintering temperature, density, porosity, and average grain size of the

Ba3Ni2-xZnxFe24O41 samples sintered at various temperatures with fixed dwell time 5 h.
a

c

Ts

Ρth

ρB

P

µ/ (at 100

Grain Size

(Å)

(Å)

(ºC)

(g/cm3)

(g/cm3)

(%)

kHz)

(m)

4.59

17

4.91

11

x

1200
0.9

5.8139 52.1375

1250

5.51

15.27
6.48

1.1

5.8153 52.1412

1300

4.61

16

1200

4.62

16

4.89

11

1250

5.51

17.22

16.04
7.00

1.3

5.8195 52.1485

1300

4.6560

15

1200

4.561

17

4.921

11

1250

5.50

18.96

16.64
8.97

1.5

5.8252 52.1614

1300

4.641

16

1200

4.61

16

4.95

10

1250

5.49

15.72

14.97
9.45

1.7

5.8304 52.2136

1300

4.63

16

1200

4.60

16

4.92

10

1250

5.48

14.75

14.90
9.72

1300

4.70
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Density and porosity
Fig.4.3 shows the calculated density from XRD pattern (th) and the bulk density

measured using Archimedes' principle (exp) of the samples and is observed to be decreasing
slightly with increasing of Zn content. This decrease in density with increasing Zn content
can be explained on the basis of the atomic weight and unit cell volume. Since, the atomic
weight of Ni (47.88 amu) is less than that of Zn (65.39 amu) therefore, with the increase of
Zn content mass of unit cell is increased. Also with the increasing of Zn content lattice
parameter hence unit cell volume is increased. Increase of unit cell volume is slightly greater
in respect to increase in mass of unit cell. That‟s why density decreases slightly with
increasing Zn content.
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5.6
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0
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0
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1.2
1.4
Zn Content, x

1.6

1.8

Fig. 4.3. Variation of calculate density from XRD pattern (th) and bulk density using (exp) with Zn content ’x‟
of polycrystalline Ba3Ni2-xZnxFe24O41 hexaferrites
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The variation of bulk density measured using Archimedes' principle and porosity for the
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Ba3Ni2-xZnxFe24O41
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Fig.4.5. The Variation of density with various sintering temperature of polycrystalline Ba3Ni2-xZnxFe24O41
samples

Fig. 4.5 shows that the density of all samples increases with increasing sintering temperature
from 12000C to 12500C and then it decreases for further increase in sintering temperature
13000C. The increase in density with sintering temperature is expected. This is because
during the sintering process, the thermal energy generates a force that drives the grain
boundaries to grow over pores, thereby decreasing the pore volume and densifying the
material. It is known that the porosity of ceramic samples results from two sources,
intragranular porosity and intergranular porosity [4]. Thus the total porosity could be written
as P=Pintra+Pinter. The intergranular porosity mainly depends on the grain size [4]. At higher
sintering temperatures the density decreases because the intragranular porosity increases
resulting from discontinuous grain growth. When the grain growth rate is very high, pores
may be left behind by rapidly moving grain boundaries, resulting in pores that are trapped
inside the grains. The discontinuous growth of the grain rises with temperature and hence
contributes toward the reduction of bulk density.
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Microstructures of polycrystalline Ba3Ni2-xZnxFe24O41
Fig.4.6

shows

the

microstructures

of

polycrystalline

Ba3Ni2-xZnxFe24O41

compositions. The average grain size increases with the increase of Zn content. It is observed
that the sample composition has an influence on the enhancement of grain size. Normally Zn
lowers sintering temperature and promotes grain growth. In this case, as Zn content increases
and Ni content decreases so the grain size also increases. The grain size reflects the presence
of more or less grain boundary area. Even porosity may be strongly related to boundaries
since they can remove porosity. The uniformity in the grain size can control properties such
as the magnetic permeability. When the grain growth rate is very high, pores may be left
behind by rapidly moving grain boundaries, resulting in pores that are trapped inside the
grains. This intragranular porosity is practically impossible to eliminate, leading to poor
magnetic and mechanical properties.
The driving force for grain growth is the surface tension of the grain boundary [5].
The interaction of grain boundary and porosity along with sintering temperature is important
in determining the limiting grain size [6].When many pores are present and the sintering
temperature is not too high for certain composition, grain growth is inhibited. Once the
porosity has decreased to a value such that secondary grain growth can occur, extensive grain
growth may result if the sintering temperature is too high for certain composition. As a result,
many pores become isolated from grain boundaries, and the diffusion distance between pores
and grain boundary becomes large.
The behaviour of grain growth reflects the competition between the driving force for
grain boundary movement and the retarding force exerted by pores [7]. When the driving
force of the grain boundary in each grain is homogeneous, the sintered body attains a uniform
grain size distribution; in contrast, discontinuous grain growth occurs if this driving force is
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inhomogeneous. The discontinuous growth of grain rises with temperature, hindering the
migration of the pore to the grain boundary and hence, contributing toward the reduction of
the sintered density.
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Fig. 4.6. The optical micrographs of the polycrystalline Ba3Ni2-xZnxFe24O41 samples sintered at temperature
13000C in air for 5h.
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Initial Complex permeability
The initial complex permeability is given by  *     i  , where   and   are the

real and imaginary parts of initial permeability, respectively. The real permeability  
describes the stored energy expressing the component of magnetic induction B in phase with
the alternating magnetic field H. The imaginary permeability   describes the dissipation of
energy expressing the component of B at 900 out of phase with the alternating magnetic field.
The frequency dependence of the complex permeability of all samples is illustrated in Figs.
4.7 to 4.8 in the range from 100 kHz to 120 MHz. Initial permeability is found to increase
significantly with the increase of zinc content. The initial permeability of ferrite material
depends on many factors like reversible domain wall displacement, domain wall bulging as
well as microstructural features viz., average grain size, intra-granular porosity, etc. [8]. In a
demagnetized magnetic material, there are a number of Weiss domains with Bloch walls
separating two domains. These walls are bound to the equilibrium positions. It is well known
that the permeability of polycrystalline ferrite is related to two magnetizing mechanisms: spin
rotation and domain wall motion. [9], which can be described as follows:

 i  1   w   spin
where  w is the domain wall susceptibility;  spin is intrinsic rotational susceptibility.  w and

 spin may be written as :  w  3M s2 D 4

and  spin  2M s2 K with Ms saturation

magnetization, K the total anisotropy, D the average grain diameter, and  the domain wall
energy. Thus the domain wall motion is affected by the grain size and enhanced with the
increase of grain size. The initial permeability is therefore a function of grain size. The
magnetization caused by domain wall movement requires less energy than that required by
domain rotation. As the number of walls increases with the grain sizes, the contribution of
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wall movement to magnetization increases.   decreases monotonically with frequency for all
samples, and this decrease is more rapidly at low frequencies.   is also annealing
temperature and composition dependent, which is depicted in Figs 4.7 and 4.8. It is clear
from the Figs 4.9 that permeability increases as the sintering temperature increases from 1250
to 13000C. Higher sintering temperatures result in the increase in the density of the specimen
which facilitates the movement of the spins as the numbers of pores which impede the wall
motion are reduced. Increase in the sintering temperature also results in a decrease in the
internal stresses, which reduce the hindrance to the movement of the domain walls resulting
thereby in the increased value of   [10] Similar results were observed for all the studied
samples by H.P.J. Wijn [11]. However, natural resonance phenomenon is not observed in  
for any sample within measurement frequency range. Hence the natural resonance is more
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4.5

Loss factor
Energy loss is an extremely important factor in ferromagnetic materials, since the

amount of energy wasted on process other than magnetization can prevent the AC
applications of a given material. The ratio of

 i/ and  i// representing the losses in the

material are a measure of the inefficiency of the magnetic system. Obviously this parameter
should be as low as possible. The magnetic losses, which cause the phase shift, can be split
up into three components: hysteresis losses, eddy current losses and residual losses. This
gives the formula tan  m  tan  h  tan  e  tan  r . As  i is the initial permeability which is
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measured in presence of low field, therefore, hysteresis losses vanish at very low field
strengths. Thus at low field the remaining magnetic losses are due to eddy current losses and
residual losses. Residual losses are independent of frequency. Eddy current losses increase
with frequency and are negligible at very low frequency. Eddy current loss can be expressed
as Pe  f 2 /  , where Pe is the energy loss per unit volume and  is the resistivity [9]. To
keep the eddy current losses constant as frequency is increased; the resistivity of the material
chosen must increase as the square of frequency. The ferrite microstructure is assumed to
consist of grains of low resistivity separated by grain boundaries of high resistivity. Thicker
grain boundaries are preferred to increase the resistance.
The variation of loss factor, tanδ, with frequency for the polycrystalline
Ba 3 Ni2x Znx Fe24O 41 compositions are shown in Fig. 4.10 to 4.11 for different sintering

temperatures at 1250°C (Fig. 4.10), 1300°C (Fig. 4.11) respectively.
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Fig. 4.10 The variation of loss factors with frequency for polycrystalline Ba3Ni2-xZnxFe24O41 samples sintered at
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Fig. 4.11 The variation of loss factors with frequency for polycrystalline Ba3Ni2-xZnxFe24O41 samples sintered at
13000C

4.6

Relative quality factor
Figs. 4.12- 4.13 show the frequency dependence of relative quality factor (RQF) of

the samples sintered at 1250 0 C and 13000C . The quality factors were calculated from the
magnetic loss tangent measured on the coil wound toroidal samples. The variation of the
relative quality factor with frequency showed a similar trend for all the samples. Q-factor
increases with an increase of frequency, showing a peak and then decreases with frequency.
This happens at the frequency where the permeability begins to drop. This phenomenon is
associated with the ferrimagnetic resonance within the domains [12] and at the resonance
maximum energy is transferred from the applied magnetic field to the lattice resulting in the
rapid decrease in RQF. But no resonance phenomenon due to domain wall rotation was
observed in the permeability spectra within the measured frequency range but a small peak
was observed in all samples. Thus, the observed resonance phenomenon is associated with
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the ferrimagnetic magnetic domain wall resonance. This type of magnetic domain wall

Relative quality factor, Q

resonance peak was found in other hexaferrites [13].
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DC magnetization of Ba3Ni2-xZnxFe24O41
An intrinsic property such as saturation magnetization ( M s ) is controlled by the

composition whereas an extrinsic property by the microstructure that is in turns governed by
the processing techniques. The magnetization of magnetic materials is a structural sensitive
static property (intrinsic property), the magnetic field required to produce the saturation value
varies according to the relative geometry of the field to the easy axes and other metallurgical
conditions of the material.
The magnetization as a function of applied magnetic field, M-H, upto 1 T for
polycrystalline Ba3Ni2-xZnxFe24O41 samples at room temperature (300K) is shown in Fig.
4.14. The magnetization of Ba3Ni2-xZnxFe24O41 samples increases linearly with increasing the
applied magnetic field up to 0.1 T and attains its near saturation value for fields 1 Tesla. The
saturation magnetization of the polycrystalline Ba3Ni2-xZnxFe24O41 sample is above 1 Tesla.
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Fig. 4. 14. The magnetization as a function of applied magnetic field plots for sintered (1250˚C) samples
Ba3Ni2-xZnxFe24O41 measured at 300 K.

In low field Rayleigh region, magnetization is believed to change entirely by domain wall
motion. Between the low-field Rayleigh region and the high field region near saturation
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there exists a large section of the magnetization curve, comprising most of the change of
magnetization between zero and saturation. The main processes occurring here are large
Barkhausen jump, and the shape of this portion of the magnetization curve varies widely
from one kind of specimen to another. In high field region, on the other hand, domain
rotation is predominant effect, and this phenomenon obeys fairly simple rules.
The saturation magnetization of those samples was calculated from M versus (1/0H) curve.
Variation of the saturation magnetization of the compositions with the Zn content is plotted in
Fig 4.15. Similar trend in saturation magnetization was observed by Hongguo Zhang et al.
[2]. It is clearly indicated that the saturation magnetization of the compositions increases with
increasing Zn content up to x = 1.3 and then decrease. In Z-type ferrites, metal ions (Fe3+,
Ni2+ and Zn2+) are located in nonequivalent interstitial sites: octahedral and tetrahedral.
Especially, Ni2+ belongs to the strongly magneto crystalline anisotropic element, and its
partial replacement by Zn2+ leads to more complex magnetic properties. When Zn2+ ions
enter the lattice interstitial, Fe–Fe strong interactions that dominate in saturation
magnetization are partially replaced by Zn–Fe anti ferromagnetic interactions. Due to the
isotropic arrangement of Fe–Fe strong interactions, the Zn–Fe anti ferromagnetic interactions
will counteract some of Fe–Fe strong interactions in a certain range of solubility, and
consequently, the anisotropy of the ferrites increases, then the magnetization increases. This
phenomenon is in accordance with Jonker et al.‟s report [14]. Moreover, Zn2+ specially
prefers A sites and this will modify the original distribution of the Fe3+ or Ni2+ on two
interstitial sites (A site: octahedral interstice; B site: tetrahedral interstice). Due to electronic
configuration, Zn2+ will distort the lattice or crystalline field, and then generate an internal
stress. As a result, the magnetization decreases. Different sub lattice and other particulates of
Z-type hexaferrites are given in table. 4.2
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Table 4.2 Number of ions, coordination and spin orientation for the various cations of Z-type [15] structures.
Sublattices having the same crystalline symmetry but belonging to different blocks are marked by an asterisk.

Sub-lattice

Coordination

Number of

Block

Spin

Position
12kVI

Octahedral

12

R-S

↑

2dV

Five-fold

2

R

↑

4fVI

Octahedral

4

R

↓

4fVI*

Octahedral

4

S

↑

4eIV

Tetrahedral

4

S

↓

4fIV

Tetrahedral

4

S

↓

12kVI*

Octahedral

12

T-S

↑

2aVI

Octahedral

2

T

↑

4eVI

Octahedral

4

T

↓

4fIV*

Tetrahedral

4

T

↓

The number of µB per atom for each composition is calculated using the experimental values
of Ms using following relation, [16]
n

M Ms
N  B

where M is the molecular weight of the specimen, N is Avogadro‟s number, and µB is
9.27×10-21 emu. The number of µB increases with the increase of Zn content as shown in Fig.
4.16.
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Fig. 4.16: Number of μB for different values of Zn content, x.

Fig.4.17 shows the magnetic hysteresis curve for sample Ba3Ni0.9Zn1.1Fe24O41 at temperature
300K and 10K. It is observed from the fig.4.17 that sample at 10K presents a larger hysteresis
loop and higher magnetic losses than the room temperature. The sample become magnetically
harder at low temperature due to the freezing of spins [17]. Maaz et.al. reported that Hc
increases with decreasing temperature of the nickel ferrite nanoparticles [18]. The reason for
the increase in Hc with decreasing temperature can be understood by considering the effects
of thermal ﬂuctuations of the blocked moment across the anisotropy barrier [18].
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Fig. 4.17: Magnetic Hysteresis curve for sample Ba3Ni0.9Zn1.1Fe24O41 at 300K and 10K.

Fig. 4.18 shows the variation of magnetization at Zero-field cooled and field cooled for
sample Ba3Ni0.9Zn1.1Fe24O41. When a magnetic sample is cooled in a zero applied DC
magnetic field through its critical temperature (Curie temperature in the case of ferromagnetic
and ferrimagnetic systems, blocking temperature for super paramagnetic systems and
freezing temperature for spin-glasses) and the magnetization is recorded while warming the
sample in the presence of a magnetic field, zero-field-cooled (ZFC) magnetization, MZFC , is
obtained. This mode of measuring the magnetization is different from the field-cooled (FC)
magnetization measurements. In the field cooled case, the sample is cooled through the
critical temperature while a magnetic field is applied and the magnetization, MFC, is measured
while cooling or while warming the sample after the cooling process. These two different
types of magnetization measurements are generally used to characterize spin glasses [19].
There exists a thermal irreversibility between field-cooled and zero-field-cooled
magnetization of Ba3Ni0.9Zn1.1Fe24O41 as shown in fig. 4.18 at temperature 3600C. This
temperature is called spin glass transition temperature.
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Fig. 4.19 shows the M-H loops for samples Ba3Ni2-xZnxFe24O4. It is seen from the fig.4.19
that increasing Zn content from x = 1.3 to x = 1.7 saturation magnetization and Hc decreases.
The decreases in saturation magnetization can be explained by cation distribution in different
sub lattice.
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CHAPTER 5
CONCLUSSIONS
5.1 Conclusions
The XRD patterns for the polycrystalline Ba3Ni2-xZnxFe24O41 (x=0.9, 1.1, 1.3, 1.5 and
1.7) compositions confirm the formation of Z-type hexaferrites. Lattice parameter increases
with increasing of Zn content for all the compositions. The increase in lattice parameter with
increasing Zn content can be explained on the basis of the ionic radii. The ionic radii of the
cations used in Ba3Ni2-xZnxFe24O41 are 0.83Å (Ni2+), 0.88Å (Zn2+) and 0.69Å (Fe3+) [3].
Since the ionic radius of Ni2+ is less than that of the Zn2+, increase in lattice constant with the
increase in Zn substitution is expected. The microstructural study of the series of
Ba3 Ni2 x Znx Fe24O41 hexaferrites shows that the average grain size increases with increase in

Zn content. the theoretical density is decreasing slightly with increasing of Zn content. This
decrease in density with increasing Zn content can be explained on the basis of the atomic
weight and unit cell volume. Since, the atomic weight of Ni (47.88 amu) is less than that of
Zn (65.39 amu) therefore, with the increasing of Zn content mass of unit cell is increased.
Also with the increasing of Zn content lattice parameter hence unit cell volume is increased.
Increase of unit cell volume is slightly greater in respect to increase in mass of unit cell.
That‟s why density decreases slightly with the increasing of Zn content. Initial permeability
value increases with increasing Zn content up to a certain level x = 1.1 and then decreases.
The increase in initial permeability may be due to the increase in density and grain size. It is
also observed that the real part of initial permeability,

 i/

of polycrystalline

Ba3 Ni2 x Znx Fe24O41 compositions increases with increasing sintering temperature Ts from

12500C to 13000C. The decreasing trend in permeability  i/ with frequency is a general
92

Chapter 5

Conclusions

phenomenon and is ascribed to the limited speed of spin and domain wall movement in the
samples. The increase in permeability  i/ with increasing sintering temperature is due to the
fact that during the sintering process, the thermal energy generates a force that drives the
grain boundaries to grow over pores, thereby decreasing the pore volume and increasing the
density of the materials. It is observed from permeability vs frequency curves that the cut off
frequency lies in the high frequency region. Therefore it can be used for microwave
application. From the loss factor, the relative quality factor (or Q factor) are calculated for all
compositions sintered at various temperatures. For inductors used in filter applications, the
quality factor is often used as a measure of performance. From the M-H curve it is clear that
at room temperature the polycrystalline

Ba3 Ni2 x Znx Fe24O41 compositions are in

ferrimagnetic state. The saturation magnetization as well as the number of Bohr magnetron,
μB of the polycrystalline Ba3 Ni2 x Znx Fe24O41 compositions increases with increasing Zn
content up to x = 1.3 and then decreases with further increase in Zn content. This can be
explained by the fact that the diamagnetic Zn2+ cation occupies on the spin-down and
tetrahedral sites of T- and S-blocks. In order to explain this lower value of saturation above
x = 1.3 can be explained by local spin canting with a magnetic component along the
hexagonal c-axis.
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