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INTRODUCTION

1.1) Historical : Ferrites assume industrial importance

as they possess high resistivity and wide range of magneti-

sation.

1 ,
Hilpert, Kato and Takai, Froesteir,2 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.
Neel5 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 antiparaliel sense.‘
Yafet and Kittel® extended the theory of two sub-lattices

by postulating a "trangular" arrangement of three sublattices,

Gorter9 and Gulliaudlo 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 smartll and Gorterl?

also correlated independently the cation distribution found



out by microwave resonance and magnetisation.

1.2) Crystal Structure of Ferrites

Ferrites are Ferrimagnetic Oxides where they exhibit
the spinel structure,13 which is shown in (Fig. 1l.1). The
general chemical formula is MFe;04, where M represents a
divalent metal ion (MZ*) and iron is travalent ion (Fe'3).
The compounds of these typeghave 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 MFe,04 having the range of
lattice parameter from a = 8.3a° to a = 8.5 AP.14 Therefore,
the unit cell formula becomes M§+Fei; OE% . The oxygen ions
are arranged in close packed foc lattice, There are two
kinds of total 96 interstices in the fcc 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 catiors on the A and B-gites 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.



A — TETRAHEDRAL
B — OCTAHEDRAL

Fig..1-1 The spine! stracture.




Centres of oxygen ions

(a)

(b)

Fig. 1.2



5]

1.2 (a) Normal spinel Ferrites : 1In the normal spinel
2+

ferrites all the M~ ions occupy the tetrahedral (A-sites),

while Fest ions occupy the octahedral (B-sites).

ZnFe204 and CdFe,0, are the ferrites with normal
spinel structure, Therefore the cation distribution of

ZnFe204 is given by

A -
[Zn-o-z] [Fe+3 F@+3] B 042

The normal spinel ferrites do not exhibit ferrimagnetic

behaviour,

1.2. (b) 1Inverse Spinel Ferrites : In the inverse spinel

ferrites, the Mt2 cations and half of Fe'3 cations occupy

3 cations occupy A-sites, This

B-sites and the remaining Fe'
is presumably because of the tendency of large divalent ion
to prefer roomier octahedral positions. In general the cation

distribution may be represented by

A B
[Fe+3] [ m+2 Fe+3_] 032
The inverse spinel ferrites exhibit ferrimagnetic behaviour.

1.2. (c) Random Spinel Ferrites : In the random spinel

ferrites, M2 {metal cations) and Fet3 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



B

+ 2 -2
Mx Fel x:l I:M Fe l+x:l 4

Mn:Fezo4 and CuFe,04 are examples of partially inverted

ferrites,

In ferrites, every oxygen ion is surrounded by three

B-cations and one A-cation, the angles are given belowlsz

A-0-B = 125° 9*; A-0-A = 79° 58¢; B-0-B = 90°,

If metal oxygen distances are small and M-0-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
alternative cation of magnetic or non-magnetic in nature,
The resulting ferrites are called substitutional ferrites.

The substitution can be d&ne by two ways @
1) Replacing divalent M ion by other divalent M+2 ion

2) Replacing the trivalent iron ions by other trivalent
M+3 ions.

For example, in copper ferrite CuFe,;04 copper may be

substituted partly or completely by Zinc.
Cu an Fe,04 —>» Copper-Zinc ferrite

or a part of iron may be substituted by one of trivalent



non-magnetic, Al, Cr or Ga elements;
Cure, . Al 04 =—> Copper-Aluminium ferrite

The resulting substitutional ferrites are eguivalent to a

s0lild solution of the two pure end member ferrites,

1.4) Electrical Properties of Ferrites :

1.4 (a) Introduction 3

Basically, ferrites are semiconducters having their

3 ohm-cm to 10+11 ohm-cm,

resistivity value in the range 10~
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 :+ 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

1s called Seebeck effect.17



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 tﬁan'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 themmoelectric power with
respect to unit temperature difference is called differential

thermo rmf and leads to evaluation of Seeback coefficient.

dav
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The value of a 1is given by the relation
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Here n and p are electron and hole densities, Bn and pp are



the electron and hole mobilities, E¢ 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,
n2g2 a
an = o ( - - ) T L dd ln 6 (E) L 1 (1.3)
3e dE E=E¢

where § (E) refers to the value of conductivity for a

specimen in which Fermi level is at E = Eg,

The temperature dependent thermoelectric power in
case of a ferrite material having one kind of carriers is
expressed as18

o« = l}n (2 1y -f-] vee (1.4)

e n KT ~

where K and e are the Boltzman constant and the electronic
charge respectively. N, is the concentration of trivalent
ion on B-site, n is the concentration of Fe+2 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 betwe?? the magnetic atoms in a substance may
cause parallel or antiparallel alignments of the spins of_
neighbouring atoms. Ferromagnetism is observed when the
alignment is parallel and ferrimagnetism or antiferromagne-

tism results when the alignment 1s antiparallel.

The exchange interaction between the neighbouring
atoms may be indirect and can take place through intermediate
nonmagnetic atom such as oxygen or Sulphur.lg 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) 1Intrinsic 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.zo
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1.5.2) Hysteresis and Domains : The parameters -i -

like perméability, 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 pemmanent magnets.

The state of zero magnetisation exhibited by demagne-
tised ferromagnetic material was explained by Weiss.z1 He
showed that magnetic materials are composed of latge number
of small regions called domains in which the spins are uni-
directionally aligned. Theée domains are arranged in such a

way that the net magnetisation becomes zero.

The change in direction of spins betwéen the two
domains takes place through the domain wall. The thickness
of this domain wall is of the order of a few ﬁundreds 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
is observed by Barkhahusen.22 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
Fet3 [M-»-z r e+3:’ 04

where the cations shown in the bracket are on the B-sites
and those in the outer are on the A-sites.22 The unit cell
of Fferrite contains eight molecules., Accordingly, on the A

e+3 cations are located

sublattice magnetic moments of 8 F
while on the B sublattice the magnetic moments of g(ret3 +

M+2) cations are present. The resultant magnetisation is

given by
M= %nMA *es e (1'5)
= 8 (my + mg,) - 8mpg
M= 8my,
Where M

p and My are the moments of sublattices and my and
Mo 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



Pig. 1. 8

13



14

concentration of the magnetic species on one sublattice tg/
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-ferromagnetism, The angles between A-A, B-B and Ae«B

cations in a spinel structure are shown in figure (1.3).

1.5.4) Neel's Theory of Ferrimagnetism : Nee123 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 'terms of molecular field coefficient can be

done with the help of Neel's theory, further, tﬁeory

' characterises the A-2A, 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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Hpg ®* = Taaa - Tap Mg (1.6)
and

Hmy, = = Tob Mg -~ Tha Ma

where y's are appropriate molecular field constants, M, =
Magnetisation of A-lattice, My = Magnetisation of B-lattice

At Equilibrium Tap ™ Ypa+ But in ferrimagnetics the sub-

a
lattices are crystallographically equivalent making
Taa = Tob* Unless two sublattices are identical, 7,,> 0
favouring antiparallel alignment of M, and MB gi#ing rise

to net magnetisation of ferrimagnefs. In presence of external
field (H), total magnetic field acting on an atom in each

lattice i3 given by

Hp = H = 733 My ~ Yap M

and eee (1.7)

St Nast? St el et

Hp = H - ¥pp Mg - Tba Ma

I) Paramagnetic Region : In an assembly of N atoms per

unit volume, each with angular momentum quantum number J,

the sublattice magnetisation are represented by

Ca )
and ) oo (108)
Cb ;
=2 === H
Mg o Timy

where C, = = Nigzp,g Sy(8; + 1)

[

Cp= = Ny g%l sy (s5+ 1)

-
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Here Ny and.Nj are number of atoms per unit volume with spin

guantum numbers Sy and Sj respectively.

g = Lande's splitting factor

pg = Bohr magneton.
Now the volume susceptibility can be defined as

X = - o - eve (109)

By substituting the values of M, and My from equation (1.8)
in equation (1.7) and simplifying further, the expression

for inverse of susceptibility becomes

1 T 1 s

- - B - L — -

X c X T -~ ©

'vO‘ (1.10)

where C = Cy + Cp

1l 1l 2 2
.}-E- = .(-:5 [C a 4 aa + Cb Ybb + 2C acby ab]
o

CsCp 2 2 2 2
6 = -85- [:Ca (Yaa = Top) * Cp (Ypp = Vap) -

2
- 2CCy {Vab - Yap (Yaa * Tpp) *+ Taa 7bb}:l

Equation (1.10) represents the hyperbola which cuts the

temperature axis at 6 = - (FPig.\-40)

ONI()

where '6' is asymptotic Curie point. The asymptote is

given by (as T —>» )
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1l T 1
- = Ll + - - swe (1011)
x C xbﬂ

.o, the expression for volume susceptibility becomes
C

X = [ROg— oee (1012)
T+ 6

where 6 >0

The quantity 1/x becomes zero at '6*', where X becomes
theoretically infinity or X is practically very large and
substance passes from the paramagnetic to ferrimagnetic with
decrease in temperature. In otherwords the substance obeys

Curie-Weisgss law with asymptotic Curie point ‘e°’.

II) Spontaneous Magnetisation : At low temperature the

magnetisations of the sublattices of ferrimagnetic substance
from the spontaneously magnetised systems. The expressions

for spontanecus magnetisations are given by

Magp = Na OW Sa Ba %Xa
and L ] (1.13)

MBSP = Nb g pB Sb Bb Xb

]
where B's are Brillouin'’s functions N S are number of atoms

per unit wvolume of appropriate lattices.

Ky = ===== (Yap Ma = T Mg )
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Therefore the net spontaneous magnetisation can be written

as

M= o0 (1014)

Mg =My

sp sp

The graphs of M versus T are shown in figure (1.4a) and
(1.4b). Such curves are of different va:iety. They provide
information of about spontaneous magnetisation and exchange
energy at different temperature. The above theory is supported

by experimental curves of Neel,244Gorter25 and Smart.z%ﬁg,v4wxx

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
ions. 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 Bz,being spontaneocusly
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

2
E = 8N [:6 Jabsasb Cos ﬂ - Jbb 3b (2 Cos ﬂ - 1{] 000(1015)

where # = Angle between A and subdivisions of B

J'8 = exchange integrals

Interaction energy is minimum for J,), negative and positive
Jppe If # = 0, then Neel's state is obtained. If Jpp is also

negative, then the ratio of exchange energies is given by

J s 3
bb =b
Yex B eosweeas :> - se o (1016)
J.p Sa 4

Under such condition Neel's state will not be minimum and
magnetisation of sublattice B; and B, will be inclined to

sublattice A at an angle given by

3 J Sa
COS ﬂ = - -EP“-- L ) (1.17,
4 Jpp Sp
They proved that Neel's structure is stable for Tex < 3
4

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

by Lotering28 in some perticular cases.

1.5.6) Spiral Spins : Lyon and Kaplan28 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

29 observed the

values of yexj>»§ « Corliss and Hastings
existance of such configuration in magganese chromite.
Similarly spiral spin configuration has been reported by

Enz3° in hexagonal ferrites.

1.6) Applications of ferrites : Ferrites as they exhibits

suitable magnetic and electrical properties havé#. growing
demands in electronic industry and microwagg/engineering.31
The high permeability renders them suitable for telephone
circuits in 50 KHz to 150 KH, pass band, IFT of radio
recievers, inductors for TV receivers, pulse transformers
used in data handling systems, and so on. Because of high
permeability ferrite rod antennas have impréved sensitivity
over the conventional loop types with ailr core. Ferrites
with square hysteresis loops find use as switching element
to store binary information in digitalvcomputer circuits.32
Tﬁe high resistivity gives them application in the form of
pale pleces so as to concentrate magnetic flux in hf inductor

33

heaters 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 kH,, which is

effective flyback frequency used in scanning a television



picture tube.

1.7) oOrientation of the problem ¢ 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-2Zn ferrite system have been studied by many
workers, however, effect of charge carriers in mpdulating
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 étandard ceramic technique
for Cu,zn, . Fe,0, (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%
and variation of Seebeck coefficient (a) with temperature

to gain information on type of carriers, their behaviour



at various temperatures and so on.

4) Determination of Curie temperature to know the rple

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 Mn/Ms and

H, are also supplimentary to susceptibility X,.-T variation.
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