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INTRODUCTION

1.1) Historical s Ferrites assume industrial importance 
as they possess high resistivity and wide range of magneti­
sation.

1 9
Hilpert, Kato and Takai, Froesteir# Barth and

Posjnak3 developed the ferrites from various points of view.
Snock4 and his colleagues carried out extensive work on
ferrites to study their electrical and magnetic properties, 

eNeel proposed a theory of Ferrimagnetism. The experimental 
confirmation was offered by neutron diffraction on Magnetite6 
and Zinc ferrites.*^ Neel in his basic theory of spin-spin 
interaction for ferrites# introduced the concept of magnetic 
sublattices. He applied the same molecular field theory of 
exchange Interaction in ferrimagnetic materials except for 
the possibility of spin alignment in the antiparallel sense. 
Yafet and Kittel® extended the theory of two sub-lattices 
by postulating a "trangular" arrangement of three sublattices.

9 mGorter and Gulliaud gave a direct experimental 
proof of Neel's theory. Gorter measured magnetisation of 
Mn, Fe, Co» Ni, Cu and Mg ferrites mixed with Zn ferrites 
as a function of Zn composition.

Other research workers especially Smart11 and Gorter12
also correlated independently the cation distribution found
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out by microwave resonance and magnetisation*

1*2) Crystal Structure of Ferrites *

Ferrites are Ferrimagnetic oxides where they exhibit
the spinel structure*which is shown in (Fig. 1.1). The
general chemical formula is MFe2<>4* where M represents a
divalent metal ion (M2+) and iron is travalent ion (Fe+3).

The compounds of these typeshave generally a cubic* face
centered crystal structure. The oxygen ions form essentially
a face centred cubic lattice. The smallest cubic unit cell
consists of eight molecules of MFe204 having the range of

_ 14lattice parameter from a = 8.3A° to a * 8.5 A . Therefore* 

the unit cell formula becomes Mg Fe|g O32 . The oxygen ions 
are arranged in close packed foe lattice. There are two 
kinds of total 96 interstices in the fee lattice in which 
cations occupy their interstitial positions known as 32 
"tetrahedral" or 'A-site* and 64 "octahedral" or *B-site*. 
In the unit cell of this structure only eight tetrahedral 
(A-sites) and sixteen octahedral sites (B-sites) are 
occupied by metal cations. The A-site is surrounded by 
four oxygen ions while B-site is surrounded by six oxygen 
ions as shown in figure 1.2(a) and 1.2(b) respectively.

The distribution of cations on the A and B-sites is 
dominated by the relative site preference energies of the 
respective metal ions present in the ferrite. Ferrites can 
be classified on the basis of cation distribution.
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1.2 (a) Normal spinel Ferrites s In the normal spinel
2+ferrites all the M ions occupy the tetrahedral (A-sites), 

while Pe3+ ions occupy the octahedral (B-sites).

ZhPe204 and CdFe2c>4 are the ferrites with normal 
spinel structure. Therefore the cation distribution of 
ZnFe204 is given by

Zn+2J A Fe+3 Fe+3 B -2

The normal spinel ferrites do not exhibit ferrimagnetic 
behaviour.

1.2. (b) Inverse Spinel Ferrites : In the inverse spinel
ferrites, the cations and half of Pe cations occupy 
B-sites and the remaining Fe cations occupy A-sites. This 
is presumably because of the tendency of large divalent ion 
to prefer roomier octahedral positions. In general the cation 
distribution may be represented by

[ M+2 Fe+3J oj2

The inverse spinel ferrites exhibit ferrimagnetic behaviour.

1.2. (c) Random Spinel Ferrites 1 In the random spinel 
ferrites, M+2 (metal cations) and Fe+3 are randomly distri­
buted over the A and B-sites depending on the physico­
chemical conditions of preparation. Intermediate degrees 
of freedom are also exhibited by ferrite systems. The general 
formula for partially inverted ferrites is usually written as
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]A[ ]
B

MnPe204 and CuFe204 are examples of partially inverted 

ferrites.

In ferrites, every oxygen ion is surrounded by three
15B-cations and one A-cation, the angles are given below'

A-O-B * 125° 9*; A-O-A = 79° 58*; B-O-B = 90°.

If metal oxygen distances are small and M-o-M angles are

180° the interactions are strong. So A-B interaction is

strongest, while B-B interaction is weak and A-A interaction 

is the weakest of three.

1.3) Substitutional Ferrites : A few or all divalent metal 

ions or the iron ions in a ferrite may be substituted by
16

alternative cation of magnetic or non-raagnetic in nature.

The resulting ferrites are called substitutional ferrites.

The substitution can be done by two ways t

+21) Replacing divalent M ion by other divalent M ion

2) Replacing the trivalent iron ions by other trivalent 

M*3 ions.

For example, in copper ferrite CUFe2(>4 copper may be 

substituted partly or completely by Zinc.

Cu^_x Znx Fe2(>4 —Copper-Zinc ferrite

or a part of iron may be substituted by one of trivalent
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non~magnetic, Al, Cr or Ga elements?

CuFe2_xAlx04 —► Copper-Aluminium ferrite

The resulting substitutional ferrites are equivalent to a 
solid solution of the two pure end member ferrites*

1.4) Electrical Properties of Ferrites :

1.4 (a) Introduction *

Basically, ferrites are semiconductors having their
-3 +11resistivity value in the range 10 ohm-cm to 10 ohm-cm. 

Studies on resistivity and thermoelectfic power in ferrites 
render comprehensive information of the d-c conduction 
mechanism. It is established that the mechanism of conduction 
in ferrites is modulated by firing atmosphere, impurities 
inherent with the ingradient oxides and picked up while 
annealing. The conduction mechanism has been studied by 
various workers. Yet a satisfactory model to explain the 
process of conduction completely is not available. The 
studies on seebeck effect give valuable information on 
conduction through impurity levels, types of carriers 
responsible for conduction, and so on.

1.4 (b) Thermoelectric power t In an electric circuit, two
dissimilar semiconductors or a metal and semiconductor,
connected in series, when the junctions between materials
are held at different temperatures, an emf is produced. This

17is called Seebeck effect.
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When one end of semiconductor is more hot than the 
other, the free carriers at the hot end will have higher 
energies and speed than at the cold end. As a consequence, 
the flow of free carriers diffusing from the hot region in 
to the cold region will be stronger than the counter flow 
of free carriers. If densities or mobilities of electrons 
and holes are different in magnitude, the semiconductor 
ends accumulate charges opposite in sign. An equilibrium 
sets when counter flow due to temperature gradient equals 
the flow due to electric field. The thermo emf in equilibrium 
is called space thermo emf. The thermoelectric power with 
respect to unit temperature difference is called differential 
thermo rmf and leads to evaluation of Seeback coefficient.

dva =----
dT

The value of a is given by the relation

(otn ^n + ®p ^p) ,,
(X ~ • • • \1 • 1}^n + *p

)))) ... (1.2))
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the electron and hole mobilities, Ef is the Fermi energy 
and Eg is the band gap.

If the bands are partially filled, the Seebeck 
Coefficient (a) changes linearly with the change of 
temperature.

an ---) t
3e

— 1_ 6 (E)
dE E*Ej

(1.3)

where 6 (E) refers to the value of conductivity for a 
specimen in which Fermi level is at E * E^.

The temperature dependent thermoelectric power in
case of a ferrite material having one kind of carriers is 

18expressed as

a
K
e

N, a1 (---- 1 ) + —
n KT

.. (1.4)

where K and e are the Boltzman constant and the electronic
charge respectively. NQ is the concentration of trivalent

+2ion on B-site, n is the concentration of Fe ions. The term 
•a' is the part of activation energy transported by the 
electrons, and T is absolute temperature.

1.5) Magnetic Properties of Ferrites :

1.5.1) Magnetisation in Ferrites :

Ferrites are ferrimagnetic oxides. The magnetisation 
exhibited by ferrites was firstly explained by Weiss*s
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molecular field theory. The spontaneous magnetisation is 
characteristic of ferrimagnetic materials which arises due 
to alignments of atomic magnets under the exchange forces.
The coupling between the magnetic atoms in a substance mayv
cause parallel or antiparallel alignments of the spins of 
neighbouring atoms. Ferromagnetism is observed when the 
alignment is parallel and ferriraagnetism or antiferromagne­
tism results when the alignment is antiparallel.

The exchange interaction between the neighbouring 
atoms may be indirect and can take place through intermediate 
nonmagnetic atom such as oxygen or Sulphur.19 Ferrites exhibits 
all the properties similar to those of ferromagnetic materials. 
The term ferrimagnetism was introduced by Neel in connection 
with the properties of ferrites.

The properties of ferrites are classified into two 
groups -

I) Intrinsic properties and#
II) Structure sensitive properties

Saturation magnetisation, Curie temperature and 
magnetostriction are some of the intrinsic properties while 
hysteresis, resistivity dielectric constant etc. are structure 
sensitive properties. The grain size, impurity, inclusions 
and porosity affect the structure sensitive properties of 
ferrites.20



1.5.2) Hysteresis and Domains : The parameters >i-

like permeability, saturation magnetisation and coersive 
force obtained from Hysteresis studies characterise the 
ferrites for suitable applications. Ferrites with low 
coercive force are called "soft** ferrites and those with 
high coercive force as "hard" ferrites, which are generally 
used for permanent magnets.

The state of zero magnetisation exhibited by demagne-
21tised ferromagnetic material was explained by Weiss. He 

showed that magnetic materials are composed of large number 
of small regions called domains in which the spins are uni- 
directionally aligned. These domains are arranged in such a 
way that the net magnetisation becomes zero.

The change in direction of spins between the two 
domains takes place through the domain wall. The thickness 
of this domain wall is of the order of a few hundreds of 
interatomic distances. The spins in the domain walls 
gradualy change from one direction to other direction when 
the direction of spin is not parallel to the direction of 
magnetisation due to applied field. The irreversibility and 
hysteresis in ferromagnetic material are due to the impedi­
ments to the motion of domain walls. The rotation of domains

22is observed by Barkhahusen. The wall energy is maximum at 
very high fields which leads to irreversible increase in 
magnetdelastic and magnetostatic energies of materials. Some
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residual magnetisation remain even when the magnetic field 
is reduced to zero. Therefore in order to bring the domains 
to their original state of zero magnetisation the reversal 
field is applied which gives the hysteresis of the magneti­
sation cycle.

1.5.3} Structural Explanation of Ferrimagnetism

Ferrites which possess inverse spinel structure have 
the cation distribution given by

Fe+3 M+2 _ +3Fe'

where the cations shown in the bracket are on the B-sites
22and those in the outer are on the A-sites. The unit cell 

of ferrite contains eight molecules. Accordingly, on the A 
sublattice magnetic moments of 8 Fe cations are located

i nwhile on the B sublattice the magnetic moments of 8{Fe +

M ) cations are present. The resultant magnetisation is 
given by

M = Mb - ma ... (1.5)

* 8 (mj, + mpe) - 8mpe

M - 81^

Where MA and Mg are the moments of sublattices and and 
aipe are the spin magnetic moment of the individual ions.
The parallel alignment of moments on each sublattice which 
is characteristics of ferrimagnetism requires the sufficient
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concentration of the magnetic species on one sublattice to^ 
maintain parallel alignment on other sublattice. As discussed 
earlier, the ferrites with normal spinel structure are non­
ferromagnetic. In these ferrites the A-B interaction does not 
exists because there are no magnetic ions on the A-sites, 
the B-B interaction lines up half the magnetic ions in one 
direction so that alternate planes of B-sublattice are 
magnetised in opposite directions rendering these ferrites 
non-ferromagnetisra. The angles between A-A, B-B and A«B 
cations in a spinel structure are shown in figure (1.3).

1.5.4) Neel's Theory of Ferrimagnetism s Neel proposed 
the theory of ferrimagnetism by assuming two sublattices 
formed due to location of magnetic ions at crystallographically 
different sites. The computation of magnetisation and suscep­
tibility in 'terras of molecular field coefficient can be 
done with the help of Neel's theory, further, theory 
characterises the A-A, B-B and A-B interactions.

Neel put forward the concept of negative interactions 
between the ions on A-site and B-sites to promote an anti­
parallel alignment of moments. Besides A-B interaction. A-A 
interaction and B-B interaction are taken into account though 
they are negative interactions. Then molecular field acting 
on an atom of A site and B site is given by
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Hma * ” y aaMA “ ?ab }a ) ... (1.6)
and )

Hmb = “ Tbb “ Yba ma )

where y*s are appropriate molecular field constants# MA * 
Magnetisation of A-lattice, Mg * Magnetisation of B-lattice 
At Equilibrium yab * yba. But in ferrimagnetics the sub­
lattices are crystallographically equivalent making 
yaa - Ybb» Unless two sublattices are identical, yab > o 
favouring antiparallel alignment of MA and Mg giving rise 
to net magnetisation of ferrimagnets. In presence of external 
field (H)# total magnetic field acting on an atom in each 
lattice is given by

ha * H ” ?aa MA * Tab j
sind } * • • (1*7)

)
HB “ H - Tbb »B ' Vba mA )

I) Paramagnetic Region s In an assembly of N atoms per 
unit volume, each with angular momentum quantum number J, 
the sublattice magnetisation are represented by

and

Ca )
ma * — Hmaip a )

))
Cb )

*8- -- Hn»wT ^ )
(1.8)

where Ca 

cb

^ Ni92)*B si(si + l)

| Nj g2*i| Sj (Sj + 1)
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Here N^ and Nj are number of atoms per unit volume with spin 
quantum numbers and Sj respectively.

g *» Lande’s splitting factor 
= Bohr magneton.

Now the volume susceptibility can be defined as 
Ma + MrX = ------- ... (1.9)

H

By substituting the values of MA and Mg from equation (1.8) 
in equation (1.7) and simplifying further, the expression 
for inverse of susceptibility becomes

T 1
C X. T - ©

(1.10)
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•A sketch of the inverse susceptibility .of ,a‘ ferrimagnetic 

| substance, as a function of absolute -.temperature .

J'lg. l.Aca) ■*

The anamalous shapes of the spontaneous magnetisation 

vs. temperature curves for ferrimagnetic substances according 

neels* theory.

. Pig. 1.1\ CO
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i

X

T 1 ... (1.11)

• the expression for volume susceptibility becomes
♦ e

C
X * «■*••“** ... (1*12)

t + e
where © > 0

The quantity 1/x becomes zero at 'O'# where X becomes 
theoretically infinity or X is practically very large and 
substance passes from the paramagnetic to ferrimagnetic with 
decrease in temperature. In otherwqrds the substance obeys 
Curie-Weiss law with asymptotic Curie point '©1.

II) Spontaneous Magnetisation : At low temperature the 
magnetisations of the sublattices of ferrimagnetic substance 
from the spontaneously magnetised systems. The expressions 
for spontaneous magnetisations are given by

MAsp
and

M,Bsp

Na sa Ba xa

Kb 9 l*B Sb Bb Xb .
... (1.13)

. * s * swhere B are Brillouin's functions N are number of atoms
per unit volume of appropriate lattices.

Sa»B<3 
KT

sbHg

a < ^ab^ " *aa ma >

KT
(?ab MA ” Ybb Mg )
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Therefore the net spontaneous magnetisation can be written 
as

M * "b. M. ... (1.14)
sp sp

The graphs of M versus T are shown in figure (1.4a) and 
(1.4b). Such curves are of different variety. They provide 
information of about spontaneous magnetisation and exchange 
energy at different temperature. The above theory is supported 
by experimental curves of Neel, 24 Gorter2^ and Smart. 2cF$-

1.5.5) Yafet-Kittel Theory

Neel's theory stands good for pure ferrites. But it
is inadequate for spinels which contain other than iron

8ions. Therefore Yaffet and Kittel proposed triangular type 
of spin arrangements.

They considered the possibility of each lattice to 
account for the magnetic ordering within the lattice, other 
than parallel arrangement of spins. They found that when 
strong negative interaction exists within the sublattice B, 
the two equivalent sublattices B-^ and being spontaneously 
magnetised, are not exactly antiparallel. Instead, they 
align at some angle other than 180°. Thus there is a resultant 
magnetisation of B lattice setting antiparallel to the 
magnetisation of A lattice as shown in figure (1.5)

These triangular arrangement within the lattice 
result in values of reduced magnetisation of the same order
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and magnitude as those predicted by Neel model. However, 
they are free from thermodynamic difficulties near absolute 
zero. The interaction energy for this case is given by

E * 8N 6 Jabsasb Cos ^ “ Jbb sb <2 Cos 0 - 1) ... (1.15)

where 0 * Angle between A and subdivisions of B 
J*s * exchange integrals

Interaction energy is minimum for Jab negative and positive 
Jkk. If 0 * o, then Neel*s state is obtained. If J^b is also 
negative, then the ratio of exchange energies is given by

rex
Jbb s b 

Jab sa
... (1.16)

Under such condition Neel*s state will not be minimum and 
magnetisation of sublattice and B2 will be inclined to 
sublattice A at an angle given by

■a J Sa
CoS 0 a _ --- ... (1.17)

4 Jbb sb

3They proved that Neel's structure is stable for yex< -
4

if the total number of sublattices is restricted to six.
The existance of triangular arrangement has been reported 

28by Lotering in some particular cases.

1.5.6)< Spiral Spins : Lyon and Kaplan have given
a generalized treatment of spin configuration along with



y-k model* They have suggested the possibility of spiral
or helical spin arrangements by neutron diffraction in some
compounds and showed that they have lower energy for all

2 29values of y > - . Corliss and Hastings observed theSX 3
existance of such configuration in magganese chromite. 
Similarly spiral spin configuration has been reported by 
Enz^® in hexagonal ferrites.

1.6) Applications of ferrites : Ferrites as they exhibits
suitable magnetic and electrical properties havft.7 growing

31demands in electronic industry and microwaye engineering.
The high permeability renders them suitable for telephone
circuits in 50 KH to 150 KH_ pass band, IFT of radio
reclevers, inductors for TV receivers, pulse transformers
used in data handling systems, and so on. Because of high
permeability ferrite rod antennas have improved sensitivity
over the conventional loop types with air core. Ferrites
with square hysteresis loops find use as switching element
to store binary information in digital computer circuits.
The high resistivity gives them application in the form of
pdle pieces so as to concentrate magnetic flux in hf inductor 

33heaters with negligible eddy current losses.

The largest use of ferrites today is in flyback 
transformers for television picture tubes. The cores of 
these transformers must have low loss at high flux densities 
and high frequencies of the order of 100 kHz, which is 
effective flyback frequency used in scanning a television
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picture tube.

1.7) Orientation of the problem s Ferrites assume 
importance since they find applications in electronic and 
electrical fields. Efforts are being made to prepare the 
ferrites to suit their utility for core memories, core of 
transformers, core of antenna and so on. From the applica­
tion point of view, the studies on electrical and magnetic 
properties have been carried out by many workers. The 
preparation techniques have also been innovated to improve 
upon the factors like porosity and keep at minimum the 
factors that degrade these properties.

Mixed Cu-Zn ferrite system have been studied by many 
workers, however, effect of charge carriers in modulating 
electrical properties and effect of temperature on suscepti­
bility and magnetisation needs to be carefully studied for 
no data are available on this system. We therefore, proposed 
to carry out the following studies :

1) Preparation of ferrites by standard ceramic technique 
for Cu3cZn^-3CFe204 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) system 
is selected.
2) X-ray diffraction study for characterization of the 
material.
3) Thermoelectric power from room temperature upto 873°K 
and variation of Seebeck coefficient (a) with temperature 
to gain information on type of carriers, their behaviour
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at various temperatures and so on.

4) Determination of Curie temperature to know the npJLe 
of Zn+2 ions in influencing A-B interaction.

5) Variation of susceptibility with temperature to know 
whether the material contains single domain (SD), multi- 
domain (MD) or superparamagnetic (SP) particles and to 
confirm Curie temperatures.

6) Saturation magnetisation to calculate ng (300°K) and 
to know whether two sublattice or three sublattice model 
is applicable to the system. The information of Mp/Mg and
Hc are also supplimentary to susceptibility Xac-T variation.
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